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STUDY ON DRAG-THRUST FORCES OF A SCRAMJET MODEL
IN BLOW-DOWN AND HOT-SHOT WIND TUNNELS

N.P. Adamov, Yu.P. Goon'ko, A.M. Kharitonov,
A.F. Latypov, I.I. Mazhul, M.I. Yaroslavtsev,

Institute of Theoretical and Applied Mechanics (ITAM) SB RAS,
630090, Novosibirsk, Russia

F.Chalot, P.Perrier, Ph.Rostand
Dassault Aviation, Paris, France

One of the main problems determining the prospects of creating aerospace planes and
hypersonic aircraft is the development of an air-breathing engine with supersonic combustion
(scramjet). The gas dynamics of internal scramjet flows, including the inlet/combustor
interaction, the combustion and mixing processes in a supersonic flow, etc., and also the
integral characteristics of the engine as a whole are still poorly studied. This hinders the
prediction of scramjet characteristics in the system of a flying vehicle. The use of numerical
methods for simulation of the integral scramjet characteristics is also hampered by the
absence of representative experimental data that would meet all demands of verification of
numerical models and methods [1]. Results of an experimental investigation of the total
thrust-aerodynamic characteristics of a scramjet are described in the present paper. The
objective of this work was to obtain experimental data both for extending the knowledge
about the gas dynamic processes and scramjet characteristics and for verification of numerical
algorithms and computational methods [1].

To perform this study, a special scramjet model was designed, which allowed to test the
complete engine configuration and its truncated variants corresponding to the inlet alone and
the engine without the nozzle. The experiments with this model were performed in two wind
tunnels based at ITAM. The hot-shot wind tunnel IT-302 with a discharge chamber was used
to study the thrust-aerodynamic characteristics at Mach numbers M=6 and 8 in the
combustion mode, with gaseous hydrogen supplying as a fuel, and without combustion. The
flow structure in the inlet was studied in detail and the longitudinal force characteristics of the
all model versions in regimes without fuel injection were studied in the blow-down wind
tunnel T-313. The aerodynamic characteristics of the model versions obtained in both wind
tunnels at Mach numbers close to M=6 were compared.

CONFIGURATION OF THE MODEL

The general configuration of the scramjet model is shown in Fig.1. The model length is
Lmodej=8 6 0 mm, the mid-section is 153.8x 102 mm. The configuration of the model engine was
determined by the necessity of reflecting the typical features of 3D flow in scramjet ducts. At
the same time, the model is simplified and non-optimized, but workable and representative for
the purposes of the conducted study.

The 3D inlet configuration of the model is akin to that of the inlets with side compression
wedges studied in NASA Langley and CIAM. The external compression of the stream
captured by the inlet is ensured by a ramp wedge with an angle 4•=12.5° and a non-swept
leading edge, as well as by two side wedges with angles $l=10' and a sweep angle X.sw=45'.

© N.P. Adamov, Yu.P. Goon'ko, A.M. Kharitonov, A.F. Latypov, 1I. Mazhul, M.I. Yaroslavtsev,
F.Chalot, P.Perrier, Ph.Rostand, 1998
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The choice of the geometric parameters of internal compression section of the inlet was
determined, first of all, by the conditions of model testing with combustion in IT-302. Taking
into account these conditions, the relative throat area was preset as Ahoat/Anie=O.l, where
Ainlet is the frontal area of the inlet. In addition, it was necessary to obtain satisfactory
characteristics of the model with a fixed inlet geometry in the examined range of Mach
numbers M=4-8 in the both wind tunnels. In particular, the inlet cowl lip angle 5,,w1=9' and
the inlet duct entry contraction Athoat/Anty=0.543 were determined by the inlet starting
conditions at the lowest Mach number M=4 of the examined Mach range. Preliminary testing
of the inlet flow regimes confirmed the characteristics of its starting within the range of
operating parameters.

The inlet duct has a rectangular cross-section. The inlet throat is a short duct section of
constant cross-section area (the throat length is about one height of its cross-section).
Downstream of the inlet throat the duct is expanded due to a small angle between the lower
wall and the model axis df=2'. The diffuser ends giving a backward-facing step with a
sudden expansion of the duct cross-section up to the area ratio Acomb/Addt-

2 where Acomb

corresponds to the cross-section of the combustor beginning section.
The combustor is a channel of rectangular cross-section with an initial section of constant

area Acomb=const and a subsequent divergent section whose lower wall is inclined to the
model axis at an angle 6 comb=2'. The initial section of combustor contains two rows of vertical
fuel struts for injection of gaseous hydrogen. The first row of the strut-injectors is located
behind the diffuser step at a distance of 50 mm from the combustor entrance, the second one
is located at a distance of 118 mm from the latter.

The 3D nozzle is constructed very simply by flat walls as an "opposite inlet". Its exit

cross-section is skewed at an angle Xnozzie=30' and has the relative area AnozjI!A 1rýl1.3. The
asymmetric three-dimensional configuration of the nozzle ensures the divergence of the
exhausted jet in the horizontal and vertical planes.

The external surfaces of the model excluding those of the inlet cowl are parallel with the
free-stream direction and so Anoze/Am,d= 1.

4



TEST CONDITIONS

The axial component of the resulting forces acting upon the model was measured by a
special external strain-gage balance in the both wind tunnels. The balance was fastened in a
special housing in the lower wall of the model and the model together with this balance was
mounted on vertical pylon-struts, the balance was covered by a fairing shield. When the
model was tested in T-313, the longitudinal force measurement performed by the strain-gage
balance was verified by simultaneous measurement performed by the mechanical
aerodynamic balance. At testing the model in IT-302, regimes with and without combustion
in the engine were investigated, the balance measurements were performed in the both
regimes. The influence of the fuel supply system on the balance measurements was negligibly
small, which was confirmed by testing the model with a detached fuel manifold and by testing
a special calibration model, which was a plate mounted on the strain-gage balance shield.

In the course of experiments, the flow pattern in the inlet duct was visualized, the static
pressure and heat flux distributions on the inlet ramp and in the engine duct were measured,
and the pitot pressure was measured by two rakes installed in the combustor (Fig. 1). On
regimes with and without combustion, the pitot pressure distribution in the duct exit cross-
section and the static pressure on the base face were measured for the inlet alone and for the
engine without the nozzle, as well as the pitot pressure distribution in the nozzle exit cross-
section of the complete engine model.

The IT-302 tests were conducted for wind tunnel operation with the pressure stabilization
in the plenum chamber. The test conditions are listed below.

Wind tunnel Mach number M. P0, [bar] To, [K] Re, (106), [1/M]

4.05 8.2-10.6 280-295 38.5-54
T-313

5.85-6.0 8.3 280-430 20-9.3

5.58-5.88 15.7-28.4 1450-1630 1.4-2.1
IT-302

7.61-7.89 113.7-124.5 2130-2350 1.2-1.6

FLOW REGIMES IN THE ENGINE DUCT OBTAINED ON THE BASIS OF
MEASURED PRESSURE AND HEAT FLUX DISTRIBUTIONS

The schlieren pictures of the flow obtained in T-313 tests of the inlet equipped with
optical glasses showed that a system of oblique shock waves forms in the duct and so a
supersonic flow occurs in the duct and at its exit. Figure 2 shows the flow pattern in the
symmetry plane, which is based on the data of optical visualization and calculated estimates
of the shock structure over the external compression section of the inlet. Detailed studies of
the inlet flow structure showed that it is characterized by a multiple complex three-
dimensional interaction of shock waves between themselves and with the boundary layer.
Glancing shocks induce multiple oblique separations and reattachments of the boundary layer
with formation of spiral curls. A complex system of shocks, expansion waves and spiral
separation vortices forms a significant non-uniformity of velocity field in the exit cross-
section.

Based on data of the inlet model tests with the natural boundary layer development, the
flow about the external compression section of the inlet in T-313 at M=6 was identified as
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1 2 3 4 rather corresponding to a transitional
I boundary layer. The boundary layer in IT-

302 at M=6 and 8 is laminar. When the
inlet model was tested with boundary

16 26 0X 430layer tripping, the flow both in T-313 at
M=6 and in IT-302 at M=6 and 8 had a

by the -p wedgey the W turbulent boundary layer on the surfaces
3-Sshocksnta 4-stemf*Coke of external compression wedges. Thebm -the diransonelly exeinad In the tNet duct

5- Mainption zones efficiency of the boundary layer tripping
Fig.2. Inlet flow picture In the symmetry plane at M = 6 was confirmed by special tests with the

oil-film visualization of the surface
streamlines and the pressure and heat flux

C d, 20 n, measurements on the surfaces of the rampS•.,d and side wedges.

Bounlar , "WteNob.W.I t•h•pr Figure 3 shows the heat flux
bdistribution over the lower wall of the

inlet by the model tests with and without
boundary layer tripping at M=6 in IT-

With W. b 302. The characteristics presented refer to
0 100 o 3w X-r 40 the time moment about z-120 ms at the

end of the wind tunnel operation regime
Fig.3. Lengthwise heat flux distribution in the inlet when the heat exchange in the model duct

(lower wall), M= 5.7
is already almost a steady process. The

heat flux is normalized to the flux of specific kinetic energy, Cq=ql/(poV V. ý/2). Here p.,
V. are the density and flow velocity of the free-stream, q,. is the specific heat flux. Note, the
heat flux distribution was measured in a longitudinal plane shifted by 20 mm from the
symmetry plane. The maxima and minima of the heat flux changing along the model length
correspond to the transition through the lines of flow separation and reattachment in
separation regions induced by shock waves, which can be seen by comparing Figs.2 and 3.
Figure 3 also shows the calculated heat flux estimates for the measure point located on the
ramp wedge at the distance x-105 mm from the leading edge. This point does not experience
the influence of quasi-conical separation regions induced by glancing shocks from the side
compression wedges. It is seen that the calculated estimates for the laminar and turbulent
boundary layers, respectively, confirm the boundary layer state determined in tests without
and with boundary layer tripping.

In model testing with combustion at M=6, the hydrogen was supplied in the regime with
a falling pressure in the fuel tank, and the fuel-to-air ratio was f-=0.7-1.6. At M=8, the
pressure in the fuel tank was kept practically constant and f-=0.9-1.4. When analyzing the
experimental data on combustion we determined the flow pattern in the engine duct indirectly
from the pressure and heat flux distributions in comparison with the calculated one-
dimensional estimates of characteristics of the duct flow with the heat input in the combustor
and taking into account the flow velocity values obtained from pitot pressure measurements in
the combustor. The level and the character of pressure and heat flux variations over the engine
duct and depending on the time show that a quasi-steady flow regime with thermal choking

was observed in the engine duct both for M=8 and M=6 within the time range 7-80-120 ms, a

flow pattern with X-like shock waveforms forms here in the inlet. The flow structure in the
inlet duct and in the beginning of the combustor in this case can be identified as rather a
pseudo-shock.
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3- Combustion mode, hydrogen fuel, f = 0.7-1.0

Fig.A. Lengthwise static pressure (a) and heat flux (b) distribution (lower wall)

Figure 4 shows the static pressure and heat flux distributions on the inlet ramp and on the
lower wall of the engine duct for M=8 in the said time range. The data presented were
obtained in model testing with and without combustion. The pressure is related to the free-
stream pressure, the heat flux is normalized to the flux of specific kinetic energy. One can see
in Figure 4 that the beginning of heat flux increase in the pseudo-shock establishes in the
beginning of the inlet duct, upstream of the throat, but the pseudo-shock, apparently, does not
come upstream from the duct to the position in front of the inlet entry.

CHARACTERISTICS OF THE THRUST-AERODYNAMIC FORCES

The results of balance measurement are illustrated below as a diagram of the longitudinal
force coefficients of the model CxgX/(q•.Ao) at M=6 for different tested model variants
(Fig.5) and as a plot of the same coefficients versus the Mach number (Fig.6). Here X is the
axial component of the resulting force acting upon the model in the downstream direction,
AO=O.0123 m2 is the reference area of the model, which is equal to the frontal area of the inlet
(AO=Awet), and q. is the free stream dynamic pressure. A reasonable agreement between the
aerodynamic forces measured by mechanical and strain-gage balances is observed for the
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models at their testing in T-313, at
M=6 the difference is less than 4%
for the complete model. The IT-302
tests were performed in small series,

No W supply and a good agreement of balance
measurements was observed, which
"is seen in Figs. 5 and 6.

The results of model testing at
M=6 with boundary layer tripping

coms m,,ods, allowed for direct comparison of
ho aerodynamic characteristics of the

model obtained in wind tunnels with
_ different operation principles. The

analysis of pressure distributions in
comparative tests showed that

_ _ identical flow regimes around the
Inlet model Engine without Complete engine

alone nozzle model inlet formed in T-313 and IT-302.
MB - mechanical balance measurement, SGB - strain-gage balance messurement, At the same time, it follows from the

3-pread values of data oblained in mulltiplate ltofducted models inT-313. results presented in Figs. 5 and 6
Flg.5. Diagram of drag force coefficients for that the drag of the models in IT-302

different model versions at M = 6 tests without fuel injection are

systematically slightly higher than the data obtained in T-313. This can be attributed to the
difference in flow parameters (total pressure and temperature) accessible in the wind tunnels
under consideration. In IT-302 test conditions, the Reynolds number per meter was noticeably
lower than in T-313 (see the table above). In particular, there are ReIz-l8.10 6 for T-313 and
Rer=2-2.5. 106 for IT-302 in the comparative tests at Mct6. Besides, some difference in Cx is
caused by the lower free-stream Mach number M,=5.6-5.8 obtained in IT-302 in comparison
with Mci6 in T-313. The calculated estimates of the inlet drag show that we can expect a 10-
15% increment of this drag due to smaller values of the Mach and Reynolds numbers in IT-
302. The possible estimated increment of Cx is in agreement with the difference in
experimental data obtained in the said wind tunnels. On the whole, taking into account the
difference in total flow parameters in the wind tunnels under consideration, the agreement of
the characteristics of the longitudinal aerodynamic force obtained for the examined scramjet
model can be considered as quite satisfactory.

The longitudinal force coefficients obtained in model testing of the inlet alone, the engine
without the nozzle and that of the complete configuration without combustion are in
agreement with their expected variation depending on the examined configuration (Fig.5).
The drag force of the engine without the nozzle increases in comparison with the inlet alone
due to both internal drag of the combustor, which is blocked by fuel struts, and additional
friction drag because of increasing wetted area of external surfaces. For the complete engine
model in comparison with its truncated variant without the nozzle, the drag decreases because
the air stream passing through the duct engine expands in the nozzle. At the same time, the
complete model drag is slightly higher than the drag of inlet alone with the base face. This can
be attributed to the internal drag of the combustor duct and the friction drag of external
surfaces with a larger wetted area.

The diagram in Fig.5 shows also the data for the complete engine model and its truncated
variant without the nozzle in the combustion mode with hydrogen supply as a fuel. The axial
force directed downstream is significantly lower in the combustion mode, i.e., internal thrust

8



of the engine is obtained. The drag CA T-313 IT-302
reduction due to internal thrust at
M=6 is about 30% for the model- -
without the nozzle and about 60% Measurcmant

for the complete model. At M=8 the balanceor

drag reduction of the complete strain-gage

engine model due to internal thrust balance

is about 80%. C combustion mode,

The evolution in the model drag hydrogen fuel.

coefficients versus the Mach
number, which were obtained in
tests without fuel supply both in T- 2 4 6 8 M
313 and IT-302, is shown in Fig. 6.
An identical character of this Fig.6. Coefficient of the total axial aerodynamic-thrust force for
evolution in both wind tunnels can the complete model versus free-stream Mach number
be noted, which is evidenced by
almost equal slope of the CQ{M) curves for M=4-6 in T-313 and M=6-8 in IT-302. The base
drag of the inlet alone and the engine without the nozzle is close in value. For M=4 and 6 it is,
respectively, 18% and 7.5% of the total drag, for M=8 the base drag is negligibly small.

CONCLUSION

A scramjet model with a three-dimensional inlet was tested in blow-down and hot-shot
wind tunnels at Mach numbers M=4-8 on regimes with and without combustion (in the
former case, gaseous hydrogen was used as a fuel). The aerodynamic drag of the engine
constituents (the inlet alone and the engine without the nozzle) were determined taking into
account the base drag. The total thrust-aerodynamic characteristics of the examined scramjet
model and its variants were obtained. New experimental data obtained expand significantly
the knowledge about the processes in scramjets of complex three-dimensional configuration
and can be used for verification of numerical methods of flow simulation and for calculating
the engine characteristics.

1. Chalot F., Rostand Ph., Perrier P., Goon'ko Yu., Kharitonov A., Latypov A., Mazhul I., Yaroslavtsev M.
Validation of global aeropropulsive characteristics of integrated configurations. AIAA Paper 98-1624, 1998.

9



HIGH-VOLTAGE PULSE GENERATOR FOR VELOCITY MEASUREMENT IN

GAS FLOWS BY SPARK TRACER METHOD

Yu.V.Afonin and A.P.Petrov

Institute of Theoretical and Applied Mechanics SB RAS, 630090,
Novosibirsk, Russia

Dozens of principally different methods are used now for flow velocity measurement.
These methods are classified into kinematic, dynamic, and physical ones [1]. In the kinematic
method, a label is somehow created in the flow, the label motion is registered by appropriate
equipment, and then either the time of label passage along a certain trajectory or the distance
covered by it during a certain time is measured.

The method of flow tracing by periodic electric discharges is rather evident and based
on the use of high ionization of the spark discharge channel, which is preserved for a time of
about 104 [2]. To detect the spark discharge repeated after a fixed time is used. If the time
between the two discharges is rather small, the second discharge passes along the channel of
the first one, the sections of this channel being shifted during this time at distances
proportional to local flow velocities.

A multichannel generator of high-voltage pulses was developed for implementation of
the above method in various gas dynamic facilities with a wicie range of gas flow velocity. A
sketch of this generator is shown in Fig. 1.

Nrrmo C= IssI600V_ k -1 , t

Fig. 1. Multichannel generator of high-voltage pulses. T1-control transfomer, T2 - output step-
up transformer, T3-preliminary ionization transformer

Generator consists of 10 independent channels, each of them being assembled following

C Yu.V.Afontn, A.P.Petrov, 1998
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a typical scheme.When the trggering pulse from the external generator comes to the primary
winding of a control transformer Ti, the thyratron switch tube works, and the capacitor C1,
being primarily charged from a high-voltage source, discharges rapidly to the primary
winding of the output transformer T2. Due to low resistance of the hydrogen thyratron and
low inductance of the primary circuit of the pulse step-up transformer, a voltage pulse of small
duration (3.10-7 s) with the transformation ratio of 10 is formed at the secondary winding. To
ensure a high (-0.9) coupling coefficient, the primary windings of all ten channels and the
secondary winding are located on one circular core made of ferromagnetic material
K 180x120x20, 400 HH. Thus, a galvanic disconnection between the windings and from the
load is achieved.

It should be noted that the operation of one thyratron induces the electromotive force on
the primary windings of the remaining thyratrons, its minus being applied to anodes of other
thyratrons. Preliminary tests showed, however, that this polarity and duration of the pulse did
not cause the operation of other thyratrons at a three-fold nominal value of anode voltage. To
provide electrical insulation, the windings are reeled up in one layer by a cable with
polyethylene insulation without braiding and separated from each other by a small gap.

The study of recovery time of electric strength of the air gap for a flow velocity of up to
20 m/s and atmospheric pressure showed that the initial break-down of a 30-mm gap between
0 16-mm electrodes requires the pulse amplitude U0'=100 kV with duration of -3 .10-7 s (see
Fig. 2a), while much lower amplitude (0.1- 0.25U0) is needed for the second pulse repeated
after 100-200 Vs.

UH,kv Is, A UT,kv

30

60 20 20
2 10-7 10 10-6

0 t,ss

S_-10

a) b)

Fig. 2. a)no-load voltage oscillograms on the discharge gap (1) and spark current (2)
b) pre-ionization voltage pulse of thyristor generator.

The no-load voltage on the discharge gap and the spark discharge current were measured
using a potentiometer-type voltage divider and high-speed oscilloscope. The total recovery of
electric strength takes place within a millisecond range, and its mechanism at this stage is
apparently connected with heat processes [3], while the second break-down has no
information about the initial velocity distribution in the gas flow. The ionized trace of the
previous discharge retains apparently for 2.10-4 s.

In connection with the above said, the first channel for the primary break-down in this
device is constructed on the basis of thyratron TGI- 1000/25, the capacitor being charged from
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a voltage source up to 15 kV. Nine remaining channels utilize thyrattons TGI-50/5 fed from a
source up to 5 kV. The both sources of high voltage allow one to en-ure a smooth adjustment
of voltage from zero to the maximum value.

To reduce the mass-size dimensions of the entire device, high-voltage sources of d.c.
voltage were developed. They, have a 5 W power and a high-frequency (--10 kltz)
transformation of 12-V d.c. voltage to a.c. unipolar voltage with amplitude of 5 kV on the
basis of inductive charge integrator, the TVS-1 10Il being used for that. A 15-kV voltage is
generated by a three-cascade diode-capacity multiplier. The weight of one source does not
exceed 1 kg.

It is known that the spark discharge time consists of the static delay time t, and
formation time tf. For low-duration (0d) pulsC.. the discharge can be absent because of the
absence of initial electrons in the discharge gap, ie.. t, ts To avoid this effect. the present
device has an additional generator of high-voltage pulses for preliminary ionization of the
discharge gap by an auxiliary spark discharge located near the main discharge zone. Instead of
thyratron, a fast-response thyristor TChI -100 is used in the generator as a switch tube element,
with a 600-V charge of capacitor Civ. The output voltage pulse with amplitude of -35 kV
removed from the secondary winding of the circular transformer T, on the ferrite core
K 120x80x12 is shown in Fig. 2 b.

Operation of thyratrons is controlled by two standard generators GZI-6. Each of them is
a six-channel source of pulses with amplitude of 250 V and growth front of 0.5 _ 10-7 s. and all
channels can be switched on in a certain sequence with a 0 to 10-' s delay relative to each

other and have individual outputs.The pulses
from GZI-6 come to thyratron nets through a
coaxial cable and pulse transformer, and
determine a specified sequence of high-voltage
pulses on the discharge gap. A sketch of the
device is shown in Fig. 3. The device dimensions
arc l500xS00x500 mm.

"Thus, a 10-channel generator of high-
voltage pulses for gas flow velocity
measurements has been developed and
manufactured. It has the following features.

The use of hydrogen thyratrons as switch
tubes in generators of high-voltage pulses with a
transformer output allows one to obtain steep
fronts (10 " s) of the pulses and increase the
accuracy of determining the gas flow velocity.

"I le multichannel structure of this device,
consisting of independent generators, can
increase the pulse repetition frequency up to
2 MIIz and extend the applicability limits of the
method to the high-speed region.

Independent ad ustment of the amplitude of

Fig.3. A scetch of multichannel repeated pulses creates conditions for minimizing

generator. gasdynamic disturbance due to energy production
of a spark discharge in a controlled gas flow.
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THE CONDITIONS OF USING THE MULTI-SPARK DISCHARGE

FOR GAS FLOW VELOCITY MEASUREMENTS

Yu.V.Afonin and A.P.Petrov

Institute of Theoretical and Applied Mechanics SB RAS,
630090,Novosibirsk

The method of gas flow tracing by periodic discharges is based on the use of high
ionization of the spark channel, which is preserved for a considerable time -10.7 s [I].The use

of this method in particular conditions of gas dynamic experiment is primarily related to ob-
taining information about the voltage of impulse breakdown of the discharge gap and the life-

time of an ionized "trace" of primary discharge.
Besides, the spark discharge is a source of gas dynamic disturbances, which can distort

the velocity field of examined flow. Thus, the study of ignition conditions of spark discharge
with the minimum energy release in the channel is important. However, the current value
should be sufficient for its photoregistration.

In the present paper we report some results on this topic, obtained using a two-pulse
high-voltage generator with independent control of pulse amplitude. The duration of a bell-
shaped voltage pulse was 3 10-7 s. The amplitude of the first pulse could be varied within 20
to 160 kV, the repeated pulse amplitude was within zero to 45 kV, the spark discharge current
being less than 50 A.

Figure 1 shows the spark discharge voltage versus the discharge gap for two electrode
configurations at atmospheric pressure: 2 -"spike-spike" with diameter 0.1 mm, 1,3 - "sphere-
sphere" with diameter 28 mm.
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Fig. 1. Voltage of a pulse spark discharge for various configurations of electrode system. 1,3 -
spherical, 2 - spike, 3 - two-pulse regime.

Curves "b" correspond to voltage values for which a definite spark discharge takes

place, curves "a" describe a breakdown with a 50% probability. It is seen from the figures that

using spike electrodes the spark can be obtained at a distance between the electrodes approxi-
mately twice as large as the gap between spherical electrodes. A decrease in voltage leads to

unfinished spark discharge and diffuse discharge shape. The smaller the voltage pulse dura-
C Yu.V.Afonin, A.P. Petrov, 1998
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tion, the higher the accuracy of determining the discharge channel position, but the worse the
conditions for obtaining a channel form of the discharge.

Figure 2 shows a set of typical photographs of discharge shapes for different voltage
values lower curve la with the distance between the electrodes d=20 mm.

1) 2) 3)

Fig. 2. Photographs of pulse discharge for various amplitude of voltage pulse. A spherical con-

figuration of the electrode system 1+3 corresponds to U1=45, 50, 60 kV.

When the voltage shifts below the 50% spark breakdown curve, the discharge shape is
different. At first, the probability of appearance of a spark discharge decreases. Then incom-
plete streamers arise on the background of long-channel diffuse discharge. As the voltage
further decreases, only a diffusion, weakly glowing discharge exists in a certain range. This
discharge vanishes completely when a certain lower threshold voltage is achieved. This volt-
age is about 50 kV for spherical electrodes with discharge gaps larger than 10 mm.

A considerable decrease in initial breakdown voltage of the first pulse could be
achieved by using a sequence of two pulses with equal duration (see Fig. 1, curve 3). The first
pulse with an 80 kV amplitude "prepares" the gap (no spark discharge), and the second pulse
breaks it with significantly lower voltage. This organization of spark discharge allows one to
move to the region of large gaps, reduce energy release in the spark channel, and increase the
accuracy of its temporal fixation. To choose the amplitude of the repeated pulse at a minimum
level sufficient to form a spark discharge, we obtained the voltage of the repeated spark
breakdown versus the time period that passed after the first spark.

Figure 3 shows the curve of recovery of electric strength of a spike gap with a 15 mm
distance between the electrodes.
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Fig. 3. Voltage of the repeated spark breakdown versus the time interval between the pulses.
Discharge gap spike-spike, 0 0. 1 mm, d=15 mm.
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It is seen from the figure that the process of electric strength recovery is characterized by
two different sections. At the first, gently inclined section up to 180 hts, the electric strength of
the gap is roughly constant, the mean value of the repeated breakdown pulse is 0.23 U1. At the
second section the breakdown voltage increases up to the level of the primary breakdown. To
trace the gas flow, it is necessary to use the first section, since at this stage the gap strength is
determined by the electric strength of plasma column remaining after the previous discharge
[2].

Secondary spark discharges occur at the first stage following the existing channel and
require substantially smaller voltages, while the energy contribution can be regulated by an
external ballast resistor up to a level determined by photomaterial sensitivity.

Experiments in the gas at rest showed that after 500 lis the secondary spark does not re-
peat the shape of the primary spark and can deflect from it at a distance up to 2 mm, which is
most probably connected with gas dynamic disturbances from the first spark.

In our conditions an energy release of 10"2_10"3 J/cm in the spark channel is equivalent
to thermal explosion. The gas is heated up to temperature of 104 OK. Up to 10% of energy are
spent on radiation, which is useful for photoregistration. The remaining energy is transformed
into thermal energy. This results in the formation of a shock wave propagating to all directions
from the spark discharge. A four-channel shadow chronograph was used to visualize the pat-
tern of gas dynamic disturbances [4].

A typical picture of disturbance evolution for two sparks with an interval 10 Pis with dif-
ferent moments fotoregistration is shown in Fig. 4. The observation direction coincides with
the discharge channel axis.

a) b)

Fig. 4. Shadowgraphs of shock waves of spark discharges with equal intervals between the pulses
10 gs, but with different moments fotoregistration after first spark : a) t--25 l,.s, b) t=60 gs.

It was found that the second shock wave is not observed for intervals between the
sparks less than 3 pts, and the density gradient of gas disturbed by the second spark is outside
the limits of sensitivity of the shadow chronograph. This circumstance is apparently explained
by a high conductivity of plasma at this time interval and, as a consequence, by low energy
release in the repeated spark discharge.

Thus, the following conclusions can be drawn from the results of conducted work.
1. Ignition conditions of a spark discharge with duration of L3*107 s both in uniform and
strongly nonuniform electric field were determined.
2. A two-pulse regime of spark discharge ignition was obtained, which allows for a 2-3-fold
increase of the controlled gas flow region.
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3. The minimum amplitude of voltage pulse for obtaining a repeated spark discharge and the

maximum time interval sufficient for tracing the primary spark were determined.
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EXPERIMENTAL RESEARCH OF ATOMIC POWER STATION BUILDING
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VELOCITIES WIND TUNNEL WITH VISUALIZATION OF FLOW
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ABSTRACT

The results of experimental research of influence of a direction of wind on performance
of air channels of passive heat removal system (PHRS) of power generating unit of Novo-
Voronezh nuclear power station. The researches were conducted in subsonic aerodynamic
tunnel with opened working part on model of nuclear power station building, made in model-
prototype relationship 1:80, at 60 m/s flow speed with action of wind from all directions.

The measurements of pressure difference on air shafts, and also massflows of air
through shaft were carried out under various conditions of wind action.

It is shown that in case, when the wind blows on the annex side of protective shell, there
is not a significant performance degradation of windward side group of PHRS shafts, in spite
of the fact, that occurs rarefaction in the inlet collector of shafts caused by extensive
recirculation zone at airflowing of annex.

INTRODUCTION

The safety of atomic electric power station is one of main problems, which should be
solved at designing stage.

With the purposes of safety increase of new generation nuclear stations with water
reactors (which Novo-Voronezh Nuclear Power Station - NV NPS-2 - is related too), it is
supposed to equip them by PHRS with air condensers and draft shafts located on the outer
side of protective shell of main building. The system consists of four groups of air shafts
located in regular intervals on a circle of containment dome. In the lower ends of shafts the
heat exchangers are located. The ventilation of heat exchangers implements at the expense of
a natural convection of air shaft. For decrease of influence of wind on PHRS activity the
design solutions such as a general annular collector at air condenser input and output collector
with the deflector at draft shaft exit were offered (all right reserved - patent in Russia
N2 94044806/25/(045040) from 21.12.94. The owner of the patent is the Institute
AtomEnergoProject).

The purpose of experimental researches under discussion was the quantitative
estimation of influence of wind direction on PHRS activity and confirmation of developed
construction solutions.

© L.S.Alekseeva, V.M.Berkovich, M.M.Grigorev, G.S.Taranov, E.F.Shirokov-Bryukhov,
K.A.Kolinko, A.N.Prokhorov, L.I.Semernyak, 1998
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THE DESCRIPTION OF EXPERIMENTAL MODEL

To realize tests on assessment of NV NPS-2 PHRS effectiveness its model was
developed and created in model-prototype relationship 1:80.

The NPS model was prepared by pressure sensors, which measured a static pressure
difference between points located inside input collector-tunnel near every PHRS shaft and
output collector. Static pressure inside output collector of protective shell also was measured.
To measure small pressure difference the method of "thermal balance" was developed. For
this aims the models of all sixteen shafts were equipped with electrical heaters of air and
prepared by thermocouples for measurement of temperature difference between entrance and
exit of shafts.

For visualization of external flow picture the model was prepared by silk threads (t1200
pieces). The airflow pattern was registered by video- and photo-apparatus.

The tests of model NV NPS-2 were conducted in aerodynamic wind tunnel (AWT) of
closed contour with opened working part. The model was fixed on rotary table. It has ensured
capability of model airflowing under any angle in range of-178'...+178*. The scheme of NPS
model layout in working part of AWT is shown in Fig.1.

Fig. 1.

THE DETERMINATION OF PRESSURE DIFFERENCE IN SHAFTS BY METHOD
OF "THERMAL BALANCE"

With the purpose of measurement of small pressure differences on shafts, when
accuracy of pressure sensors is already insufficient, the method of "thermal balance" was
used. For this purpose inside a housing of the shaft model heat exchanger the electrical spiral
heater of air by power of 190 W (see Fig.2) was mounted. At the entrances of PHRS shafts -
in the input collector - the thermocouples were placed with probe head placed in center of
input hole of shafts. In output funnels of shafts thermocouples also were placed with probe
head placed at the upper wall of shaft.

On method of "thermal balance" it is assumed, that at constant heating power the value
of air massflow is inversely as temperature difference at entrance and at exit of shaft.
Knowing value of massflow, it is possible to calculate flow velocity in shaft and value of
pressure difference on shaft.
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The dependencies G=G (AT) and •--•(G) (Fig.3) (where G -mass flowrate of air
through shaft (positive massflow - from down to up), AT=(TLTL), TL - air temperature at
entrance shaft, Tu - air temperature at shaft exit, ý - hydraulic resistance factor of shaft) for
shaft were measured in processes of calibration (see Fig.3).

• I + -hI i-A±•tt hI il GO. LLLL-L-LL

20 -10 0 10 20 -20 10 10 20

G,g/c G~g/c

Fig.3.
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RESULTS OF EXPERIMENTAL RESEARHES

Within the frame of these researches the work parameters of shaft air duct of PHRS
were investigated at flow speed V=60 m/s and angles of wind direction ,=i-175°...+175°.
Reynold's number calculated on diameter of NPS containment dome was Re=3.18x 106, that
exceeds value of critical Reynold's number for sphere.

The relations of values of air massflow through the shafts from angle of wind direction
determined on method of "thermal balance" are shown in Fig.4. The order of numbering of
shaft groups, shafts in group and the scheme of model airflow angle readout is shown in Fig.5.
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The appropriate relations of total pressure drop on shafts evaluated also on method of

"thermal balance" are shown in Fig.6.

150P 150 .

P 12 A p 2 1

! =, : • 100 A P22

P A ! Pi
W 5

50 50.

-180 -120 -60 0 6 120 180 -180 -120 - 0 60 120 180

150 I 15*
1 • A P31 •' A P41

A• P32 A P,2l
A P33 A, - P43

100. AP34 'Do' AP44

50Fg 50

0

-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180

Po 0o

Fig.6.

PHRS SHAFT WORK IN CONDITIONS OF WIND ACTION

As the results of NV NPS-2 building airflow visualization have shown, airflow near the

protective shell of main building of NPS, the upper deflector and zone of input slot of the

lower collector of PHRS is determined by an interference of incident flow and vortexes

formed at main building elements airflowing. Owing to obvious asymmetry of annexes of

main building, the parameters of the working of air channels of PHRS depend on a direction

of wind. It is confirmed by obtained results of parameter measurements of flow in shaft ducts.

As follows from the shown data, in the whole the design of the lower collector and

deflector of NV NPS-2 PHRS provides effective work of system in conditions of wind action.

So in the first group of shafts, due to rarefaction created by the deflector, the value of

the massflow is not lowered below 3 g/s (see Fig.4). In case, when the wind blows on shafts

(/3=-30°...+60') the value of G through shafts reaches 15 g/s, that is explained by significant

ramming arising at incident flow stagnating at the base of NPS main building.

The flow in the second group of shafts, as was emphasized above, is formed in

conditions of the least influence of constructions ambient main building. Therefore at air

onflowing from this group of shafts in range of angles f0r 0'...120* the sharp increase of

massflow (up to Gt15...20 g/s) is marked in all shafts of this group (see Fig.4) and in some
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shafts of the first and third groups.
The decrease of overall performance of the third and fourth shaft group at flA175' is

obviously connected with negative action of vortex appeared at airflowing of lateral wall and
jetty upper part of annex.

Analyzing relations of massflow variation for shafts of the third group it is possible to
note that, as well as for first two groups of shafts, massflow through shaft arising at wind
action practically in all range of angles 13 is not less than 4 g/s. At flow stagnation in the field
of entrance into the lower collector of shafts (ft=60°...135°), the massflow through all shafts
grows and especially in first two one located near aperture formed between ventilating hall
and the base of main building. The appreciable decrease of draft in the fourth shaft of group,
which occurs at airflow with #ft75'...105', apparently, is connected with significant
acceleration of air in slot formed between cover of NPS ventilating hall and lower wall of
annular collector (see Fig.4). The most essential decrease of overall performance of the third
group of shafts is observed at wind action from the annex to protective shell building
f8=165 0 ...175°. In this case the additional pressure difference generated by wind is practically
absent.

The appearance of significant rarefaction in the field of the lower collector is caused by
action of high-power vortex formed on cover of annex. As it is specified in [1], at transversal
flowing of parallelepiped on the forward part of its upper side there is a vortex, therefore on
the upper surface of parallelepiped there is the zone of high-power recirculation. Length of
this zone is approximately equal to two altitudes of forward side of parallelepiped. The
confirmation of this phenomenon can be seen in Fig.7 where the pattern of flowing of building
by a flow directed from the side of machine hall P--90' is shown. It is visible, that the centre
of recirculation zone locates from the forward edge on distance approximately equal to
altitude of the building. In case, when stream is flowing from the side of annex, as it is visible
from visualization pictures shown in Fig.8 (0-=1750), the recirculation zone is closed directly
on the protective shell. As consequence the significant rarefaction appears in the field of input
slot of collector of the third group of shafts.

Fig.7.

The fourth group of shafts is most protected from effect of wind by NPS buildings. The
entrance in lower collector of this group is located below than level of machine hall cover (see
Fig.5). This, from the one hand, descends energy of flow and at wind action from the side of
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shafts (W=- 165*...- 120') significant increase of air massflow through shaft is not observed (see
Fig.4). From the other hand, this weakens also negative influence of wind; therefore both
values of air massflows and dimension less pressure differences (see Fig.6) are varying on the
angle /8 considerably less than for other groups of shafts.

-; -a -•

Fig.8.

CONCLUSIONS

1. The analysis of wind influence on PHRS shaft work in condition typical for NV NPS-
2 shows the significant influence of vortex flow appeared at annex airflowing on pressure
difference on shafts.

2. Minimal value of additional pressure difference generated by the wind is observed at
flow angle #8f165', 1750, when wind acts from the side of annex. In this case the minimal sum
massflow through the shafts is realized, furthermore weak return flow appears in the
windward side shafts.

3. Suggested construction design of PHRS air duct protection in form of lower collector
and deflector fully eliminates negative influence of wind on air flow in PHRS shafts.
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OH" EMMISSION REGISTRATION AT HYDROGEN JET BURNING INSIDE ON-
WAY SUPERSONIC FLOW IN THE SCRAMJET COMBUSTOR MODEL

V.Yu.Alexandrov, Yu.S.Mnatsakanyan, A.N.Prokhorov, V.L.Relin
Central Institute of Aviation Motors, Moscow, Russia

A.A.Shutov, V.P.Yurin
Research Test Center of Central Institute of Aviation Motors,
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In CLAM for several last years the researches of mixing and burning of supersonic jets
with reference to the combustion chamber (CC) of Scramjet are carried out. The
computational researches of supersonic jets mixing by the numerical solution of Navier-
Stokes parabolized equations carried out some time back had shown improvement of mixing
and burning processes at use of injector nozzles with elliptical exit cross-section instead of
nozzles with circular exit cross-section [1,2]. The experimental researches, which have been
carried out in CIAM Research Test Center, have confirmed improvement of mixing of
supersonic jet outflowing from the injector with the elliptical shape of the nozzle with co-
current supersonic flow [3]. It is defined, that the improvement of injected jet mixing with co-
current flow occurs at the expense of jet split effect at use of the injector with the elliptical
shape of the nozzle.

In the given work the experimental research of burning of supersonic jet of hydrogen in
a co-current supersonic stream was conducted. Co-current stream is the oxidizing mixture
simulating heated air. The researches were carried out in model Scramjet CC for injectors
with circular and elliptical nozzles.

The comparative research of influence of the following parameters was carried out:
* Ellipticity of the injector nozzle c (c=a/b, where a and b - large and small axis of ellipse

in nozzle exit cross-section accordingly);
* The ratio of pressures (unisobaricity of jet) n (n=P/Pe, where Pi - static pressure in

injected jet at exit cross-section, Pe - static pressure in on-way flow).
The experimental researches were conducted on the installation of supersonic burning

(SSB) (fig.l) of I_-16 test cell of CLAM Research Test Center [4]. Into the Scramjet model CC
with rectangular cross section (H--45mm and S=30mm) the pylons with rectangular back face
(h=30mm and s'=10mm), supplied by the injector with the various shape of the nozzle (fig.2)
were placed. Diameter of injector nozzle critic cross-section was equal 3mm.

The experiments were conducted with two types of injectors: with circular exit cross-
section of the nozzle (e=l) and elliptical (=Ze*, e*=zl/q(Mi), where q(Mi) - gas-dynamic
function, Mi - Mach number of injected gas at the nozzle exit), that corresponds to equality of
critic diameter and small axis of ellipse of the nozzle exit cross-section. Through the pylon
into the chamber the hydrogen with temperature of an environment was injected. The Mach
number of injected gas at the injector nozzle exit is identical for all injectors and equals
Mi=2.5.

The parameters of on-way flow at the combustor entrance are chosen with the purpose
of modeling of flight conditions of Hypersonic Flight Vehicle in standard trajectory corridor
[5] with Mach number MF=6:

© V.Yu.Alexandrov, Yu.S.Mnatsakanyan, A.N.Proklurov, V.L.Relin, A.A.Shutov, V.P.Yurin, 1998
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"* Total pressure P° = 3 MPa:
"* Total temperature T* ý 1650 K.

The combination scheme of air heating is applied for modeling conditions at combustor
entrance. Previously air is heated up to 1 000K in electric heater, then up to temperature 1650
in the fire heater with compensation of oxygen mass fraction in oxidizing mixture.

•('e"•'video treatmen systrem rMM

Fog•| e videocamers

Fig. 1. The scheme of the SSB installation.

b

Fig. 2. Back face of pylon

The comparative researches of combustion processes in model CC of Scramjet were
fulfilled by observation of the plume behind the outlet of the chamber (see fig. 1). Visual
observations by the video camera and determination of chemical reaction zones at burning on
emission of OH radicals with the help of the electron-optical converter (EOC) installed in the
plane of combustor exit were carried out.

The research of processes in gas flow on radical emission is based on principle of
formation of the image of this flow on properties of its radiation. The location of chemical
reaction areas (areas with presence of OH radicals radiating on wavelength of 306 un) in a
gas flow is performed with the aid of narrow spectral area filtration from an integral radiant
flux. The radiation zone intensity is transformed to the television image with use of the
electron-optical converter. Specially created television registration system consists of the
electron-optical converter and integrated to it semi-conductor tele-camera. The recording of
the image is executed by the video-recorder with the subsequent input and processing on PC.
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The use of the method of OH emission registration has allowed to realize visualization
of operational regime of model CC. The burning zones at combustor exit have the various
forms on sub- and super-sonic regimes (fig.3).

0 0.5 1 L/H
supersonic combustion regime

0 0.5 1 L/H
subsonic combustion regime

Fig. 3. OH' radical emission registered by EOC at CC exit (left) and visual form of gas jet
outflowing from CC (right) for various combustion regimes.

The results of comparative researches of supersonic combustion in model CC carried
out with various types of injectors were presented in work [6]. In fig.4 the main results of
these researches are shown. Width of combustion zone and radiation intensity in it show, that
the process of combustion in model Scramjet CC is more effective at use of the elliptical
injector. For the elliptical injector (v-=Z) the confirmation of jet split effect is obtained also.
At the combustor exit the two flows with increased intensity of OH- radical emission are
clearly distinguished. In visible spectrum difference of the plume form for circular s=1 and
elliptical e='e of injectors also are observed

The increase of unisobaricity n of injected jet leads to increase of the size and emission
intensity of zones of chemical reactions, but does not change qualitatively their form.

Obtained results show that the jet of high-temperature gas jet keeps visual spectrum
emission properties along the whole way length between CC outlet and exbaust duct inlet
(L-8H) (fig.4, right). OH- radical emission intensity behind the CC exit decreases, that is the
result of chemical reaction decay at hydrogen burning (fig.4, left).
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Fig. 4. OH- radical emission registered by EOC at CC exit (left) and visual form of gas jet
outflowing from CC (right) at supersonic combustion.

It is necessary to note, that during all experiments the stable self-ignition of hydrogen in
co-current supersonic flow and realization of supersonic combustion regime in model
Scrainjet CC is observed.
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The results of experimental researches described above allow to make conclusion, that
the processes of supersonic jet mixing of and hydrogen burning in supersonic stream at use of
elliptical injectors proceed more effectively, than with circular injectors, that confirms the
results of calculations obtained earlier. The positive results of application of elliptical
injectors are connected with injected jet split effect.
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ABSTRACT

The questions of support and realization of tests of hydrogenous axisymmetric Scramjet
in ground conditions are considered. The basic relations for calculation of component mass
flowrates for fire heater work are presented. On the base of measurements of pressure and
temperature the calculations of flow parameters at the aero-dynamic nozzle exit cross-section
and along the duct of the engine are carried out. Calculations are conducted with taking into
account the actual properties of gas (in view of reactions of dissociation and recombination)
on the basis of simple methods.

1. INTRODUCTION

Activities on creation of Scramjet in CIAM are conducted already for more than 20
years [1]. One from priority places in these activities is occupied by experimental researches.
The experimental researches are carried out as on small-size so on large-scale models, as in
flight so in ground conditions. Under the contract between NASA and CIAM the fourth flight
test of dual-mode axisymmetric Scramjet carried by Hypersonic Flying Laboratory (HFL)
"Kholod" (CIAM) have successfully conducted in February, 1998[2]. As before, so after flight
Scramjet tests the realization of ground Scramjet tests is necessary for confirmation of its
characteristics, workability and for the better understanding of work process in the engine at
Mach numbers corresponding to flight conditions. Therefore along with the flight tests, the
ground tests of similar full-scale axisymmetric Scramjet were conducted on the C16VK test
cell of CIAM RTC [3]. The analysis of the flight trajectory of HFL shows that the most
critical parameter of simulation on ground benches is the total enthalpy (stagnation enthalpy)
or total temperature (stagnation temperature) of flow depending on which of these parameters
is simulated. At the testing of experimental object - axisymmetric Scramjet - on the C16VK
test cell the fire heating of air is used. This allows to conduct tests with duration about 30
seconds. Total temperature of oxidizing mixture simulating hot air can be up to 2000K and
total pressure (stagnation pressure) can be more than 6.OMPa. For realization of the fire
heating on the C16VK test cell the methane is used which is burnt in oxygen-air mixture. In
the oxidizing mixture simulating hot air the mass fraction of oxygen is kept equaled to mass
fraction of oxygen in the air.

@ V.Yu.Alexandrov, S.A.Belykh, J.W.Hicks, A.N.Prokhorov, A.S.Roudakov A.A.Shutov, G.K.Vedeshkin,
V.P.Yurin, 1998
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Heater construction allows to apply hydrogen instead methane after new injectors and
some other component manufacturing.

At the test cell working without experimental object Mach number at the aerodynamic
nozzle exit cross-section equals to 5.96 in the flow core and the ram equals to 56.6 kPa.

During last years in CLAM the successful steps on the way of Scramjet experimental
research are made. Solution of complex and many-sided problems of support and test of large-
scale model engines have been found. One of the most significant lines is creation and
initiation of high-power and well-equipped stand for test of Scramjet.

2. SUPPORT OF TESTS
2.1. TEST CELL

In ClAM the tests of Scramjet mainly are carried out on the CLAM RTC C16 complex
of test cells [3]. This complex includes number of compactly located beds and experimental
installations having the unified supply system of energy and working resources (Fig. 1). The
beds contain the installations for realization of researches in various fields of study of
processes in engines of space systems. A series of small installations allow to operatively
solve problems in research of working processes in combustion chambers of engines with the
help of use small-size models of engines and their elements. Large beds are developed for
researches of working processes in combustion chambers of large-scale experimental objects.

(liquid) - • ":'

* Doxygen

Fig. 1. The scheme of C 16 experimental complex.

The C 16VK test cell is specialized for experimental researches of the characteristics of
large-scale models of Scramjet and their elements in free jet with simulation of flight Mach
numbers Mf=4+7. The test cell represents pressurized thermo-baro-chamber (TBC) with the
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built in gas-air c3ntour (GAC), consisting of the aerodynamic nozzle (Deit=500mm) and
diffuser (Ddif=700mm). The C16VK test cell is equipped by the following systems:

- Supply of high pressure air (P<8Mpa, G<I 5kg/s);
- Combination of air heating - electrical heating (T<1000K) and fire heating (T_<2300K);
- Exhaust system (P-lkPa, V<600m 3/s);
- Supply of gaseous combustible into an object (P<8MPa, G<I .5kg/s);
- Cryogenic cooling of object (consumption of a cooling agent G<3kg/s);
- Automated system of control of technological process and regime of object test;
- Automated system of acquisition and processing of experimental data;
- Thrust measurement system (F<I OkN);
- Visualization of a flow at an inlet of object;
- System of passivation and fire extinguishing in TBC.

Before the initiation of tests of experimental object - axisymmetric Scramjet - the
computational and experimental researches of test cell work with and without loading of the
test cell diffuser by experimental object had been carried out on the reduced model of test cell.

Then activation of C16VK test cell without loading of the diffuser by Scramjet was
performed. Simultaneously distributions of stagnation temperature and stagnation pressure
behind a direct shock wave in the flow core at the exit cross-section of aerodynamic nozzle
have been obtained (Fig.2). On the base of measurement data by the computational way with
technique described below the distribution of Mach number M, at nozzle exit was estimated.
After the analysis of results the start-up of test cell with loading of its working part by
axisymmetric Scramjet was realized.

2.2. TECHNIQUE OF MACH NUMBER ESTIMATION
AT NOZZLE EXIT CROSS-SECTION

It is assumed that the structures (the contents in substance of mass fraction of elements:
hydrogen, oxygen, nitrogen, carbon and argon) of components supplied into the fire heater are
known. Temperature, pressure and mass flowrates of oxidizer and fuel are measured, so their
enthalpies H* and H;, stoichiometry factor L. and oxidizer excess factor a, in the fire
heater are consequently known. Assuming that heat leakage in the fire heater are negligible
and combastion efficiency factor is ?7 1, it is possible to record for a total enthalpy of a hot
oxidizing mix which simulates hot air:

1 a HL 1 H: + H;

Measuring static pressure in the fire heater and calculating total pressure P* from above

equation total thermodynamic temperature of an oxidizing mixture in the fire heater T' can be

calculated.
For determination of flow parameter fields at the exit cross section of nozzle the

measurements of total temperature T' and total pressure P' by combs behind a direct shock
wave formed before probes were performed. For parameters of a flow before a direct shock
wave (symbols without a stroke) and behind it (symbols with a stroke) the equations of
conservation of mass flow, momentum, enthalpy and entropy are correct and have to solve
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with taking into account actual properties of gas (i.e. reactions of a dissociation and
recombination):

P P'/

RTW= RITPw

P w 2  p+ w/ W
2,RT R'T'

H '., (P', T') (P,RT)+ w 2
122

S'.i• (P', T" ) = S.ý (P, T),

H =(P *, T )= (P/,T)+ W12'

W 

2Smix (P T)S, (P',T)

Solving equations of mass flow and momentum for speeds:

RT pIRT

w12= P/i P/RT

RP/ -p'R/T

we obtain four equations of conservation of enthalpy and entropy for four unknown static

parameters P, T, P' , T/. As the results of calculations the distributions of Mach number M, at
the exit cross section of nozzle were resolved (Fig.2).

062 f' !. . . * : * 6. ' 4 ' * . . . 0.6 ' • r~ ! ; i1 ki [t' 1 1
jI4 0.-.{

0 .2  
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Fig.2. Distributions of Mach number Mc, total temperature T' and pressure recovery factor Ca = * in

flow core at the exit cross section of aerodynamic nozzle (R=D,/,2=0.25m).
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In the same figure the distributions of total temperature T' and pressure recovery factor

or = P p behind a direct shock wave are shown.

2.3. BASIC EXPRESSIONS FOR CALCULATION OF THE MASS FLOW OF
COMPONENTS OF THE FIRE HEATER

At realization of Scramjet researches on ground beds it is necessary to simulate a flow
of air with high total temperature. For providing high total temperature in flow core at testing
of experimental object on C16VK test cell the fire heating of air was used. For estimation the
fire heater operation regime to simulate hot air it is necessary to keep mass fraction of oxygen
in oxidizing mixture replacing air equaled to mass fraction of oxygen in the air. For this
purpose it is necessary to enrich oxidizing mixture by pure oxygen.

The elementary mass fraction composition of the air was admitted as follows:

- Mass share of oxygen: Go = 0.23174;
- Mass share of nitrogen: GN = 0. 75534;
- Mass share of carbon: Gc = 0. 000 12;
- Mass share of argon: GA, = 0.001280.

If to designate the mass flowrates as:

- Air: - Gair;
- Oxygen: - G.;
- Fuel: -Gf

then the oxidizer excess factor in the fire heater will by definition be equal:

G, + G,,,

Where L• - stoichiometry coefficient for components in the fire heater. The factor LA
can be expressed through stoichiometry factors for air Lirf and oxygen Lojin the fire heater for
given combustible as follows:

L -G,,,, + G,L• = G• Go
G +

Larf L01

Substituting this expression into the formula for aA we receive:

G
a A = oy + GILa

where

34



Go
aof = Gf Lof

is the oxygen excess factor relating to combustible in the fire heater (or by other words -
the factor of oxygen enrichment of oxidizing mixture simulating hot air).

Fuel supplied into the fire heater burns down as with oxygen contained in the air so with
pure oxygen supplied for enrichment. For simplicity it is possible to assume that all fuel bums
down only with pure oxygen. Thus the oxygen contained in the air does not participate in the
burning. So the contents of oxygen in oxidizing mixture at the fire heater outlet go1h will be
equal to the contents of oxygen in air g. if at fuel burning down with pure oxygen in the
formed products of combustion the contents of the remained oxygen gores will be equal to the
contents of oxygen in the air (intermix of mixtures with an identical mass fraction of oxygen
does not change this fraction in the formed mixture):

g.=Go,
Gf +G,

where Go,,, - not burned down part of pure oxygen equaled:

Go,,y = aof Lof Gf - Lof G

or
ao-

On the other hand the following ratio is obvious:

aofLLo. +1
G +Go = a0fLf

Thus
a01 -1g of. o ao Lo + 1
o~f of +

Equating mass fractions of oxygen:

g9,. =g 0

we obtain
a Lof + 9.

aOf ='Lof (U - g.)"

From last expression it is possible to conclude that for each particular kind of
combustible there is certain value of factor af or, that is the same, certain ratio between the
massflow of pure oxygen and combustible. In the table N2 1 mentioned below the values of
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stoichiometry factor Lof and oxygen excess factor in relation to combustible in the fire heater
af for some characteristic types of combustibles are presented:

Table No 1
Stoichiometry Factor

Type of combustible factor a,

Hydrogen 7.937 1.340
Methane 3.989 1.377
Kerosene 3.408 1.390

From above-stated it follows that stoichiometry factor Lo,, for oxidizing mixture
prepared in the fire heater to simulate hot air, and stoichiometr' factor La,, for air in relation
to combustible in the combustion chamber of tested object will be equaled (with accuracy

determined by presence of carbon) if to maintain the appropriate values a,,

L, •. Lar.

So the structure of an oxidizing mixture is governed by factor a(,f. and temperature - by
factor aj,.

2.4. LAYOUT OF WORKING PART OF TEST CELL

Axisymmetric Scramjet was fixed to thrust measurement platform on special sting
(Fig.3).

Fig.3. Sting of experimental object.

Sting is made as hollow pylon diametrically crossing GAC. Through the lower part of
pylon combustible (gaseous hydrogen), gaseous nitrogen for passivation of cavities and
cooling agent are supplied. Through the top of pylon the thermocouples. cable of power
supply of ignition plug and pulse tubes are output. In the input part of the diffuser four pylons
are made for prevention of essential deviation of the object from axis of the diffuser and
destruction of sting. The layout scheme of GAC of test cell with the object placed into the
working part is shown in Fig.4.
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Fig.4. Layout of the working part of CI6VK test cell.

3. REALIZATION OF TESTS

Test of axisymmetric Scramjet was conducted in two stages:
- First stage - without fuel (hydrogen) supply into the combustion chamber of the

engine;
- Second stage - with fuel supply into the combustion chamber of the engine.
The parameters of flow core for both stages are approximately identical and equal:
- Total temperature T* = 1605K;
- Total pressure P*= 5.1MHA;
- Mach number M = 5.96.
Such methodology of experiment realization has enabled, for the best understanding of

working process in the engine, to determine and to compare the characteristics of the duct of
axisymmetric Scramjet without the burning of hydrogen in the combustion chamber and with
burning.

Aerodynamic
nozzle
exit

Cowl

Shock

waves

Central andy dfue nrne

a b

Fig.5. Position of shock waves at inlet of object (a), and outer view of object between nozzle exit
and diffuser entrance

37



As on first, so on second stages of test the experimental object was cooled by nitrogen
of low temperature 125 K.

The position of shock waves at inlet of object was observed with the help of schlieren
device (Fig.5a). The outer view of object between nozzle exit and diffuser entrance was
observed with the help of television camera (Fig.5b).

Control and synchronization of systems operation during realization of test were
implemented under the test cell work cyclogramme. The registration of parameters during
experiment was carried out by the automated measuring system.

At both test stages the pressures (Fig.6a) and temperatures along the duct walls and
channels of cooling, force with which the object sting acts on the thrust measurement system
are measured.

For understanding of processes taking place in the duct of the engine by use of pressure
and temperature measurements the simple integral method of flow parameter calculation was
applied with taking into account actual properties of gas (in view of reactions of a dissociation
and recombination).

In each cross-section of the duct the equations of conservation of massflow and enthalpy
(accounting heat runaway) were solved for static parameters of flow:

PwFG = -r
RT

H, - Q = H(P,T) + w'2

where the values of:
G• - total massflow through the engine,
F - cross-sectional area of the engine,
H1* - enthalpy of an entering flow,

Q - heat runaway into walls of cooling channels,
P - static pressure in cross-section,
assumed to be known in each cross-section under calculation. Expressing speed w

through temperature T one equation for one unknown in each computational cross-section of
the engine duct is obtained. The stagnation parameters in this cross-section were determined
from equations of conservation of an enthalpy and entropy:

Ht' - Q = H(P', T'),

S(P,T) = S(P',T').

The control of correctness of obtained results was conducted in accordance with
condition of decreasing of total pressure along the object duct or, by other words, in
accordance with condition of entropy increase.

These calculations have allowed to estimate values of a pressure recovery factor a
(Fig.6b), current value of Mach number M, (Fig.6c), and combustion efficiency factor q
(Fig.6d).

The integral assessments have shown, that at both stages of tests the mode of supersonic
flow in the intake of the object was realized. In the throat cross-section of the intake Mach
number Mth=2.6 and value of recovery factor o-=0.21 were achieved.
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At the second stage of tests at supply of the identical massflow of hydrogen in the
second and third supply zone (Fig.6) the regime of supersonic combustion was realized from
second up to third supply zone. Behind the third zone the flow, in average, became subsonic
and the subsonic combustion was realized. At the entrance of the engine nozzle the flow
reaches sound speed and Mach number Mc>I everywhere downstream of the nozzle. The
oxidizer excess factor after the second zone was equaled a=3.234 and after third a'=1.617.
The combustion efficiency factor at supersonic combustion between the second and third
zones by assessments is equal r/=0.96. It means that 0.96 part of hydrogen supplied into the
second zone bums down before the third zone. The total combustion efficiency factor is equal
by estimations qr/0.99. Such high value of combustion efficiency factor seems to be reached
because of presence of subsonic combustion region.

It is necessary to note that the conducted analysis of experimental engine work is very
rough and does not pretend on revelation of distinctive features of mixing and burning
processes in the complicated supersonic spatial flow with subsonic regions.

4. CONCLUSION

The process of extrapolation of results of Scramjet ground tests on its flight
characteristics is not simple as it is necessary to take into account differences of bed flow from
real. To simulate all necessary parameters appropriate to flight conditions is impossible on a
ground beds, nevertheless realization of tests on ground beds allows to receive a plenty of the
valuable information. Under the contract between NASA and ClAM the support of ground
tests of pilot sample of experimental object (Scramjet) was carried out. On C16VK test cell of
ClAM RTC the tests of full-scale axisymmetric Scramjet with simulation of flight Mach
number Mft6 were carried out. The results of researches shown that along the channel of the
combustion chamber of experimental object the burning are realized as in supersonic so in
subsonic flow. At this the combustion efficiency factor in experimental object reaches rather
high value as in the zone of subsonic combustion rq0.99, so in the zone of supersonic
combustion rq•0.96.

It is planed to continue tests of axisymmetric Scramjet at various values of air excess
factor in combustor and Mach numbers at intake inlet.
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Unusual nozzle shapes used in cold gasdynamic spraying is the reason for formation of
jets that differ considerably from well-known axisymmetric or plane jets with a uniform
distribution of gas parameters at the nozzle exit. In practice, it is often necessary to evaluate a
possible use of this or that nozzle for successful spraying. One of the comparative aspects for
these nozzles is a set of characteristics of the jets exhausted from a certain nozzle. Thus, we
performed experiments with jets whose characteristics were similar to those of jets used for
spraying.

Since the axial velocity of the gas rapidly decreases behind the potential core, the initial
supersonic portion of the jet is of major interest for spraying practice. In a number of practical
applications it is necessary to vary the spraying distance, and a question then arises in what
limits we can do this without substantial distortion of the spraying process and changes in
coating properties. To answer this question, we had to study the supersonic portion of the jets.

It is known from [1 - 3] that the profiles of velocity (v) and dynamic pressure (pV2) are
self-similar at the initial and basic portions of the jet. It is convenient to represent the dynamic
pressure in the form 2pM 2, which leads to self-similarity of M2 profiles in an isobaric flow.
Note that we can find approximation formulas for velocity profiles in the literature, whereas
there are certain difficulties in finding formulas for M2 profiles. Meanwhile, it is more
convenient to use the Mach number as an experimental parameter, because to determine it we
have to know only the pressure field, but not the temperature. Besides, it is more convenient to
write the conservation law for momentum difference in terms of the Mach number. Thus, one
of the objectives of the present study was to verify self-similarity of M2 profiles and find an
approximating function for them.

The N2 profiles were reconstructed from experimentally obtained profiles of static (p)
and dynamic (po') pressures. The data obtained when studying the jets with different initial
(denoted by *) parameters (h = 1 - 4.5 mm; H/h = 2.7 - 8; M. = 1.85 - 3. 1; To, = 300 - 600 K,
where h and H are the small and large transverse dimensions of the jet at the nozzle exit) and
plotted in coordinates (M/Mm) 2, X/1M fit a single curve. With an insignificant scatter, this curve
can be represented by the function of the form

P M =exl{(oS3.53 MI) 21)
(see Fig. 1) where 5M is the jet thickness along its smaller size (in the x-direction) determined as
the distance from the jet axis to the point where NM2(M) = 0,5Mm2.

It is worth noting that the stagnation temperature (To) and the jet pressure ratio (n) in
the examined ranges (To = 300 - 600 K, n = 0.5 - 1) do not exert a substantial effect on the M2

profile.

© A.P. Alkhiimov, S.V. Klinkov, and V.F. Kosarev, 1998
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It is known from the jet theory that the profiles of stagnation temperature difference
(ATo = To - Ta) are also self-similar allowing for the relationship

(To- Ta)/(Tomn- Ta) = ATo /ATOm = (v/vm)c 0 ,

where o= 0.5 for plane jets, a= 0.75 for axisymmetric jets, v is the gas velocity, Ta is the
ambient temperature. Assuming the profiles to be described by functions of the same form, we
can obtain the relation between the velocity profile thickness (5,) and the temperature profile
thickness (8T)

We performed a series of experiments to verify self-similarity, obtain an approximating
function for the profiles of stagnation temperature difference, and find the relation between the
thicknesses of M2 and AT0 profiles. Stagnation temperature was measured by a hot-wire probe
on the basis of thermocouple. The profiles constructed in coordinates ATo/AT•, x/&r fit the
curve

OPT = exp{.0OB3X 85T

with a small scatter (see Fig. 2).
t,2- ATo/ATom

0 ':O_ 0 ~5a-- V [3 Vl ,= t a Oý 0 = .
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,Fig. 2. Normalized profiles of stagnation

7 ,.0,5 ,, temperature difference in an

0,0 overexpanded jet exhausted from
0 1 x/xT, 5  2 the nozzle with h = 4.5,

H/h = 27, M = 3.1.
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longitudinal coordinate from [2]. versus the longitudinal coordinate.

The experimentally found ratio 61 /8m for the examined range of parameters is close to 2.
One of the problems of jet theory is the finding of the axial values of parameters

denoted here by the subscript m. The patching of two solutions for the initial and basic parts of
the jet is used in [1], an inflection being observed at the point of patching (transitional region
of the jet), which was not obtained in our experiments. We made an attempt to find a smooth
approximating function in the transitional region. Figure 3 shows the data borrowed from [2],
and similar data obtained in our experiments are presented in Fig. 4.

It is seen that all data lie on a single curve of the form

(Mmn2 K'05(
•, MJ 0.5

where z is the longitudinal coordinate in the jet, zMo,s is the coordinate where
M, 2 (zM40s) = 0,5M, 2 .

The largest deviation from the above curve is observed for data obtained for an
overexpanded jet, though even in this case the upper peaks lie on this curve, whereas the lower
peaks for z/zMo.5 < I lie approximately at the same level. It should be noted that this function is
also asymptotically valid, since according to the momentum conservation equation for
axisymmetric jets (as at large distances all jets can be treated as axisymmetric) M, 2 

- 1/z2.
It can be shown that for moderate heating of ýets the relation between the axial

stagnation temperature difference and the axial value of M should be close to the form
/2 t2)0.25.

ATom /ATo, = (M /M, ) •

We used it to find the distribution function of the axial values of stagnation temperature
difference. A comparison with experimental data allows us to write it in the form (Fig. 5)

ATOm= ATO*/(l + (28 - l)y4)1/8

Z~/O.5, ZO5 &02z~.
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The relation zT0.5/zM0.s obtained experimentally for three jets is roughly equal to 2.
One of important problems of jet theory is the determination of the jet thickness as a

function of the longitudinal coordinate. It is known from the literature that a linear increase in
thickness is observed both in the initial and basic regions of the jet, though with different
proportionality corfficients [2]. Thus, there is a transitional region in which the thickness
growth is determined by a nonlinear function. Since we study the jets exhausted with a
nonuniform initial profile because of a noticeable boundary layer on the nozzle walls, it should
be expected that the potential core region is weakly expressed, thus, the entire region under
study can be treated as a transitional one, and the jet thickness can be approximated by a
nonlinear function. Assuming the jet to be plane, i.e., ignoring its expansion in the larger size
direction, we can find the relationship between the jet thickness and the axial value of M2 from
the momentum conservation equation and obtain the formula

S= h(l +)4)°05

If we assume that the jet expansion along the larger size is exactly the same as along the
smaller size (quasi-axisymmetric case), i.e., 5.x = H/h (8, is the jet thickness along the larger

size), anI4 use the relation

= exp(-(OS3x/c5X )2 exp(-(O.83y/3y )2)

we obtain
5x = hi! 0.25

Experimental data permit obtaining a more accurate curve (Fig 6)

0) .4

9x = 0.75h I+04

44



4- Fig. 6. Generalized dependence of
XO,5 A 1 0.7503 / A jet thickness versus the

3" -- F2 0.75(1+3 (z/zos) 4)0 5 / longitudinal coordinate.

- F3 0.75(1+3 (z/2 0o5)
4
)

0
.
25  / A

2-/

A
A

2100

Thus, as it should be expected, the examined jets cannot be classified as either plane or
quasi-axisymmetric.

Of certain interest is the consideration of the periodic structure of an off-design jet as a
function of the jet pressure ratio. It is convenient to use the distance between the nozzle exit
and the shock wave as a characteristic length. According to the literature, this distance at large
pressure ratios (n >> 1) is proportional to n0'. Schlieren pictures of the jet were obtained. An
example is shown in Fig. 7 for a jet exhausted from the nozzle with h = 3 mm, H/h = 3.3,
M = 1.5 for different jet pressure ratios.

n=1. 0 3.0

2.0• 4.

Fig. 7. Schlieren pictures of the jet exhausted from the nozzle with h = 3 mm, H/h = 3.3,
M, = 1.5 for different jet pressure ratios.

An analysis of obtained photos confirmed the proportionality to n°'5. It is seen that a
parabolic shock originates at n - 2.5, which becomes normal at n - 4.5 - 4.8. The absence of
barrel shocks typical of the triple Mach configuration is also evident. It should be noted that the
normal shock arises at considerably higher jet pressure ratios than in the case of axisymmetric
jets (n,& 1.5 [5]).

It is known that the number of jet barrels decreases as the jet pressure ratio increases,
which is due to faster equalization of pressure. Therefore, it was necessary to find the jet
pressure ratio influence on gas parameters far from the initial region, when the pressure already
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equals the ambient value. This can be done by studying the length of the supersonic part of the
jet (I.), since it was experimentally found that the jet flow achieves the speed of sound already
in regions where the atmospheric pressure prevails. It is seen from Fig. 8, which illustrates this
fact, that the same law of proportionality to no' holds true within a reasonable error.

The performed study verified the self-similarity of the profiles of M2, AT0, and v. The
region of self-similarity begins at a certain distance from the nozzle exit and extends
downstream without any limitations. The transition through the sonic lines does not have any
effect on the profiles of parameters. Because of a considerable thickness of the boundary layer
formed at the nozzle walls, the initial profiles can be hardly distinguished from self-similar
ones. On these grounds, the region of self-similarity can be extended to the entire jet beginning
from the nozzle exit.

It was found in the present study that the initial nonuniformity of gas parameters at the
nozzle exit leads to a more smooth transition from initial to basic region of the jet in the
longitudinal distribution of M2. The measurements of the jet thickness growth showed that the
growth observed in experiments is smaller than the growth predicted for a plane jet, which is
apparently explained by tip effects arising in jets with a finite ratio of dimensions The length of
an element of the periodic structure of the jet and the length of the supersonic portion of the jet
were found to depend on the jet pressure ratio as 4.n, which was experimentally validated for
examined jets.
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AERODYNAMICS AND HEAT TRANSFER IN A DISK ROTOR MACHINE WITH
TANGENTIAL INPUT AND OUTPUT OF THE WORKING BODY

V.K. Baev, A.V Nikulinskih, A.V. Potapkin, A.D. Frolov, and V.N. Yakovlev

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

INTRODUCTION

Disk rotor machines with tangential input and output of the working body are
friction machines. They have attractive constructive and exploitation features, such as
low noise and arrangement convenience. Besides, they allow for simple combining of two
and more functions in one machines, which finally makes the use of such machines
effective and rational.

To determine the areas of their rational use, it is necessary to study and describe
the characteristics of friction machines from the viewpoint of processes that determine
their functional purpose.

The results of the study of aerodynamic characteristics and heat transfer in the
simplest machine, disk fan, are presented in the paper.

FLOW PATTERNS

New knowledge of the qualitative features of the flow was obtained on the basis
of experimental research of the simplest disk fan models (Figs. 1 and 2) by the methods
of flow visualization and velocity measurements in the channel with varied geometric
parameters.

Among the most typical features, the following effects should be noted:
"* low-frequency oscillations of the flow near the free rotor;
"* asymmetry of flow distribution with symmetric geometry in the counter-stream

pattern;
* possibility of changing the direction of this asymmetry under a certain action with
preserved stability of the new flow regime (the "trigger" character of the flow) in
geometrically symmetric configurations.

The features related to flow stability are of interest by themselves and, apparently,
required special study.

Experimental results presented below were obtained for stable flow patterns
around the configuration shown in Fig. 2.

AERODYNAMICAL CHARACTERISTICS

Analytical functions for the input-output characteristics of the fan were obtained
by considering the system of conservation equations using the following assumptions:

1. the driving force is the gas friction force between the disks, which is determined
as friction in a plane channel from the relative velocity;

2. the flow reconstruction occurs at the disk rotor entrance: a uniform flow with
velocity U becomes nonuniform, and a circulation zone is formed, the static pressure at
the front boundary of this zone being equal to the pressure in the frozen entrance flow.

To make the illustration clearer, the notation of characteristic quantities is shown
in Figs. I a and 2 for a counter-stream pattern.

a V.K.Baev, A.V.Nikulinskih, A.V.Potapkin, A.D.Frolov, V.N.Yakovlev, 1998
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As a result, a relation for velocity distribution along the radius in the exit cross-
section was obtained for this physical model:

F2 A1
1+ V Xnf

wheref is the ratio of radius to the disk radius ro, ýi- is the ratio of the distance
between the disks to ro, X - is the friction coefficient in the channel, n - is the flow
turning angle in the fan, ff - is the ratio of velocity at the radius r to the maximum
tangential velocity of the disk Ud.

Equation (1) denotes the existence of a universal law of velocity distribution at
the exit, irrespective of partition position, i.e,, (p.

This allows us to derive from (1) an equation for the mean relative flow velocity
at the exit versus the geometric parameter ýp and obtain an equation for the relative flow
rate.

Internal losses due to friction on the side walls and cowl, losses at the rotor
entrance and exit due to variation of its cross-section, and additional losses in the
network are taken into account by introducing appropriate friction coefficients related to
the mean velocity at the exit.

As a result, the formula for the relative flow rate has the following form:

1k +, 9. (2)
l+k +

Here k== - p A/(A+8), ý, is the friction coefficient of the network, 6 is the

ratio of the real flow rate to G. = pou0 .
The internal friction coefficient can be determined by considering the conditions

of relative motion of the disks, gas, and cowl (see Fig. la). It can be presented in the
following form:

+ 3,34Ai I _[I_91+_Pk 1 -6,781 (9 -)1 j2'

In (3), X• - is the friction coefficient on the wall, X - is the friction coefficient on the
disks.

Experimental studies were performed in the range of parameters:
r. = 80- 100mn = 1940- 4100,p = 0,12 -O0,31,A = 0,03- 0,08,8 = 0,006- 0,006.

Figure 3 shows qualitatively the topology of experimental points with respect to
the curve calculated from (1). As an example, a comparison of experimental data for
A=0.0425 with the data calculated from (2) and (3) for X, / X =1-3 is presented in Fig. 4.

Obviously, the best agreement is observed for X, / X =2.5, which testifies to a
particular flow character near the cowl, with an elevated friction coefficient and, hence,
heat-transfer coefficient.
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HEAT TRANSFER ON THE EXTERNAL COWL

The latter circumstance, noted above, stimulated an experimental study of heat
transfer on the cowl and constructing of the physical picture of the process.

The basic idea was an assumption about the emergence of secondary flows in the
form of vortex structures arising because of velocity difference between the disk and the
gas, and between the gas and the cowl. The curvature of averaged streamlines gives rise
to centrifugal acceleration. Because of density difference due to heat exchange with the
wall, this, in turn, should lead to additional amplification of heat transfer phenomena in
the radial direction.

The results of the study of local and mean heat-transfer coefficients over the cowl
surface validated the expected effects.

The experiments were performed using ribbon-type copper electric heaters, acting
simultaneously as friction thermometers. The heaters were fabricated using the
technology of manufacturing the printed circuit boards on foiled glass-cloth-based
laminate.

The results are presented in Figs. 5 and 6.
Figure 5 illustrates the distribution of the heat-transfer coefficient along the x

coordinate (see Fig. 2) for two values of temperature difference between the wall and the air.
The heat-transfer coefficient depends on the temperature difference

approximately to the power 0. 1, which corresponds to the value for natural convection [2].
Figure 6 shows the criterially-treated data in comparison with similar

dependences for various regenerator packings, which are borrowed from [1].
The data presented show that the heat exchanger on the basis of disk fan has

obvious advantages for Re < 8000.
Thus, the conducted analytical simulation of aerodynamics, internal losses and

flow rate characteristics of disk fans and experimental studies that validated the
credibility of the model and parameters calculated on its basis show that it is possible to
develop effective multi-functional devices on the basis of disk rotor friction machines.
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CREATION OF CONTROL FORCES ON TIlE VEHICLE SURFACE
BY THE EXTERNAL BURNING

V.K. Baev, A.F. Garanin, P.K.Tretyakov
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630090, Novosibirsk, Russia

Attractiveness of the external burning schemes for the creation of lifting force and
the vehicles thrust is the relative simplicity of the constructive realization and the
possibility of eliminating of the thermal flame influence at the vehicle surface.

Effectiveness of the external burning for the control moments and forces creation
was estimated in the series of the theoretical and experimental investigations (for
example [I]).

W.C. Strahle in [2] showed theoretically, that by the method of the heataddition
zone influence, realized in the inviscous flow, on the base region it is possibilly the base
pressure increase to the value, exceeding the free stream static pressure.

A.G. Prudnicov offered the idea of the burning organization above the vehicle
surface and showed, that this process coud be more effective, than the burning process
directly in the boundary layer of the vehicle surface. V.K. Baev estimated the maximum
impulses values from the external burning, supposing, that the burning is the instant
combustion and then it is the adiabatic expansion in the transverse direction [3]. It is
showed, that than the greater the flow mass is subjected to the influence, the greater the
spesific impulse.

The principal feature of the external burning organization with the fuel injection
from a surface, how it is noted in [1], is that the supposed maximum normal pressure
coefficient shall be equal nearly to the pressure coefficient in the boundary layer
separation region. In ITAM Siberian Branch RAS were realized the tunnel experiments
about the influence of the burning process, realized out the boundary layer, at the
pressure distribution on the plate surface. In those experiments the hydrogen was used in
the capasity of the fuel.

Investigation was realized in the wind tunnel with the working section size
200x200 mm 2 at the free stream Mach number M, = 2.05, the total pressure Po =
--320 kPa, the stagnation temperature To = (280-300) K and the Reynolds number

Re = 38.6xl06 with the characteristic
sizeL= I m.

245 The model was the plate with the
4 sharp front edge and the burner

_ arrangement placed over it. The plate of
* -- • -- ..the size 200x310 mm 2 supported at the

lateral side of the tunnel and was
installed at the zero angle of a slope.
The burner arrangement was the body

L with advancing from it tube with
diameter 6el mm, from which the

Fig.i. Scheme of the model installation in the hydrogen is injected towards the free
tunnel with the hydrogen burning above the plate. stream air. This arrangement was

supported at the coordinate device
(Fig.I). For the pressure measurement

© V.K. Baev, A.F. Garanin, P.K.Tretyakov, 1998
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on the plate surface there were 15 drain orifices .
on the plate length and 8 orifices in the
transverse direction. The ignition of hydrogen
was made with the special sparking plug.

Schlieren photograph, illustrating the
stream picture and the interaction structure of
the flame with the plate surface is showed in
Fig. 2. It should be noted, that the flame
stabilized by the separated zone, arising at the
contrary hydrogen jet interaction with the free
stream air. The flame expansion halfangle is
the value 03=(14-15)°. The head conic shock,
reflecting from the plate surface, interferences
with the flame, and its configuration changes.
The flame does not contacts the plate surface Fig. 2. Schlieren photograph of the stream
and its heating is possible only by the radiant structure above the plate with the hydrogen
heat stream. The flame interaction with the burning above it: M =2,05, h = 45 mm,
plate surface conforms to the pressure G = 3.8g/s(l.3%).
distribution (Fig. 3). The maximum pressure
value (Pm =2.51' = ) does not depend practically from the location height of the
hydrogen ejecting arrangement above the plate surface (in the range heights that took
place in the experiment). The smooth pressure increasing, possibly,is the reason of the
absence of the boundary layer separation on the surface and the pressure exceeding the
value of the critic separate pressure, that equals approximately P,, = 2.0/',.. The second
pressure increase on the surface, possibly,was caused by the geometric forms of the
hydrogen ejecting arrangement. It should be noted, that the stable burning was realized
in the narrow range of the hydrogen flow rates, restricted by the flame-out (G = 3.4 g/s),
on the one hand,and the heat chocking of the tunnel (G > 4 g/s), on the other hand.
Therefore, the influence of the tunnel walls at the burning intensity is possible. Specially
realized investigation [4] of the external disturbances influence at the burning process of
the contrary hydrogen jet showed, that the flame expansion angle and, consequently, the
burning intensity depends on the wave influences. In the transverse plate direction the
increased pressure region is restricted by the intersection line of the head shock surface
with the plate (Fig. 4).

In this direction the pressure
____ _reductes from the axis pressure to the

free stream static pressure at the
2,5 ' intersection line of the shock surface

1o •with the plate. The pressure distribution
2, - over the plate width was used for the

S1estimation force,arising at the surface.
,5 d ,The estimation was made for the
•,,0_ variant: h = 45 mm, G = 3,8 gis. The

0 50 100 50 x, ,m, force value equals P = 70 kg
approximately, that responds to the
impulse I = 18500 s. The average value

Fig. 3. Pressure distribution over the plate length of normal force coefficient equals
with the hydrogen burning above it (G = 3.8 g/s) CPN = 0.26.
with different distance from its surface:
I-h = 45 mm, 2-h = 54mm, 3-h = 62rmm.
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Fig. 4. Pressure distribution on the plate in Fig. 5. Pressure coefficient change over the
the transverse direction with the flame plate length: I -burning over the plate
distanse from the plate (G = 3.8 gls): I- h = (G = 3.8 g/s, h = 45 mm); 2 - data [5],

45 mm, 2 - h = 54 mm, 3 - h = 62 mm. G 8.6g/s, M = 2.25).

For the comparison of the received results with the published data in Fig.5 were
showed the pressure coefficient magnitudes, received in [5], when the burning
organiz ation on the plate surface immediately. Here were showed the experimental
results of the hydrogen burning at the Mach number M, = 2.25. Hydrogen was ejected
through the hole array normally to the plate surface at the rate G =8.6 g/s. In addition
air was ejected at the distance 30 mm from the ejection hydrogen place.

The pressure coefficient distribution showed, that in this case the pressure drops
sharply behind the air ejection place.

Thus, the realized investigation of the external hydrogen burning in the supersonic
flow showed two advantages of the burning process organization out the boundary layer
in comparison with the surface burning:

- the heat influence absence on the surface;
- the higher values of the normal pressure coefficients.
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The influence of acoustic resonator on the air-breathing combustor operation

under pulsation burning of hydrogen

V.K.Baev, D.Yu.Moskvichev, A.V.Potapkin

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

The results on hydrogen combustion in an air-breathing ejector combustion chamber
with constant area are described in [1]. It was found that there exists a range of parameters
(hydrogen flow rate, injector position) wherein intense acoustic oscillations are observed,
their frequency is in good correspondence with the characteristic times of hydrogen
combustion (-2000 Hz) for an acoustic pressure level within 120-130 dB measured at a
distance of 0.075 in upstream of the combustor.

For describing the vibrational burning, we will use the terminology from [2] wherein
two stages of vibrational burning are distinguished: the initial stage characterized by a
moderate level of acoustic pressure with oscillation frequency corresponding to the gas
eigenfrequency in the combustion chamber, and the second stage, transition to which is
accompanied by a dramatic growth of pulsation amplitude and by changes in pulsation
frequency. Mathematical and physical models of this transition are discussed in [2, 3] and
are not included into the present paper.

It was found in experiments that contrary to the initial stage of vibrational burning
when the acoustic pressure level is no more than 120 dB and the measurements reveal the
drag force (i.e., the force applied to the combustion chamber and directed towards the
combustion products exhaust), the transition to the second stage of combustion is
accompanied by the development of intense pulsations and thrust if there is a confuser at the
combustor entrance (the force is applied to the combustion chamber and directed opposite to
the exhausted jet of combustion products). The specific momentum is about - 200 s. Based
on the assumption that oscillations originate as a result of critical phenomena from the
viewpoint of flame existence, it was supposed that the effects can be amplified by the
presence of a cavity closed to the ambient atmosphere but opened to the combustion region.
The characteristic time of filling (dumping) of the cavity corresponds to the characteristic
frequency of pulsations in the combustion chamber. The experiments were performed with
the resonator which was a cylindrical pipe with a piston located inside. The piston position
was varied during the experiment. The resonator position in the combustor was also varied.
the resonator was placed near the combustor entrance, in the middle of the chamber, or near
the combustor exit.

The setup scheme and the combustor with resonator are shown in Fig. ]a) and lb),
respectively.

© V.K.Baev, D.Yu.Moskvichev, A.V.Potapkin, 1998
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Fig. 1. Setup scheme. Combustion chamber.

Setup scheme: ] - valve, p;• - pressure regulator, (R - manometer, E - - flowmeter,
- traversing gear, microphone - EM? rEM - strain-gage balance, 1- resonator, 2 - combustion chamber. 3 -

thermocouple, M - measurement instruments, - recording equipment, 4 - hydrogen-air plume, 5 -
hydrogen injector.

Combustion chamber: 6 - combustion chamber, 7 - hydrogen injector, 8 - probe, 9 - resonator, 10 - piston

The combustor with resonator was fixed at a pantograph so that it could move only in the
longitudinal direction. The longitudinal force (thrust or drag) F was registered by the strain-
gage balance. A latch fixed in the combustion chamoer was put through a slot of the strain-
gage balance bar. The free travel of the latch in the slot was tenths of millimeter. The
temperature of combustion products was measured by a chromel-alumel thermocouple
placed in the plume at a distance of 20 mm from the combustor exit. Acoustic measurements
were performed by a capacitor microphone. The hydrogen flow rate was determined from
the pressure difference on a hydroresistance. The hydrogen was supplied to the combustion
chamber through an injector spike which was placed in the chamber at a depth Ls. All
signals from the gages were put out and recorded on a mirror-galvanometer oscillograph.

F-

Fig. 2. Registrogram.

A typical registrogram is shown in Fig. 2. The solid lines show the recordings of
parameter variations in experiment, the dashed line is the averaging used for experimental
data processing. The shaded region is the recording of the amplitude A of acoustic
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oscillations. F-, F+ are the recordings of the drag and thrust forces, respectively, Tp is the
plume temperature, Q is the hydrogen flow rate, t is the time variation during the recording.

The results obtained from registrogram processing are presented in Figs. 3, 4.
Figure 3a) shows the force F in grams as a function of the volume flow rate of hydrogen Q
(liters per second for hydrogen temperature within 16-20 C and normal atmospheric
pressure). Figure 3b) shows the levels of measured acoustic pressure (in dBs). The data
presented correspond to injector position Ls/2L=O. 183 and piston position in the resonator
l/2L =0.36.

(to

"SP I

133

Iý S * 1 I I a3

Fig. 3. The influence of resonator size and position on the thrust
and acoustic characteristics of combustion chamber

Curve I is the resonator position near the combustor entrance, curve 2 corresponds
to resonator position in the middle of the chamber, curve 3 - the resonator was placed near
the combustor exit. On the curves of acoustic pressure level one can see the transition from
the initial stage of vibrational burning to the second stage, which manifests itself as an
instantaneous growth of A with increasing Q. The resonator shift from the combustor
entrance to its exit led to lower hydrogen flow rate for which this transition was observed.
At the initial stage of vibrational burning, the resonator shift from the combustor entrance to
its exit increased the acoustic pressure with a constant flow rate and decreased the drag.
Two processes were observed at this stage. On one hand, the resonator shift from the
combustor entrance to its exit was accompanied by a decrease in drag F-, on the other hand,
for an unchanged resonator position, an increase of the flow rate Q led to drag increase as
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the acoustic pressure grows. The opposite picture was observed behind the transition point
to the second stage. The maximum level of oscillations was achieved at the middle resonator
position, and this regime led to a three-fold increase of thrust F+ when the resonator was
placed near the combustor entrance (curves I and 2, respectively). When the resonator was
positioned near the combustor exit, the drag force F- arose (curve 3), and the resonator
worked as a muffler, since an increase of the flow rate Q was accompanied by a decrease of
acoustic pressure. It is seen from these results that the most beneficial regime from the
viewpoint of obtaining the maximum thrust is the second regime of vibrational burning near
the transition point and when the resonator is placed in the middle of the combustion
chamber. Though accompanied by the growth of pulsation amplitude, an increase in
hydrogen injection during the second regime still leads to a slow increase in thrust F+.

The influence of resonator size and position on the thrust and acoustic characteristics
of combustion chamber are presented in Fig. 4a) and 4b), respectively.

40"

0 3
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Fig. 4. The influence of resonator size and position on the thrust
and acoustic characteristics of combustion chamber.

Curves 1-3 in this figure show the resonator position in the combustion chamber as
described above, d=1/2L is the relative resonator length, the injector penetrated to a depth
Ls in the combustion chamber, and Ls/2L=0. 183. The data are presented for a constant
hydrogen flow rate Q=2.5 I/s.

When the resonator was placed near the combustor entrance (curve 1), the changes
in resonator size induced a gradual change from thrust F+ to drag F-. As d was further
increased from 0.26 to 0.39, the thrust growth up to 15 g was observed, which corresponds
to the maximum pulsation amplitudes. For d>0.39 a decrease of pulsation amplitudes was
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accompanied by a decrease in thrust F+. When the resonator was positioned in the middle
of the combustion chamber, a similar picture was observed with more dramatic changes
from drag to thrust, the thrust and drag values being approximately three times larger than
in the previous case. The thrust maximum was observed for d=0.35-0.37, which was also
in agreement with the pulsation amplitude maximum. The opposite picture of the force
behavior was observed when the resonator was positioned near the combustor entrance. For
d values lower than 0.27, an increase of pulsation amplitude was accompanied by a
negligible growth of thrust, but in the region with d larger than 0.32 the growth of
pulsations increased the drag F-. The vibrational burning regimes with intense oscillations,
for which the maximum thrust was obtained, were usually accompanied by a - 15%
decrease of the temperature of combustion products.
The results presented show that the thrust of an air-breathing combustion chamber can be
controlled by changing the resonator position, its linear size, and fuel flow rate. Extreme
values of specific momenta I=F+/G, where G is the weight flow rate per second, observed
in experiments amounted to approximately 200 s without the resonator and to 300 s with the
resonator. On the whole, these data are in contradiction with the statement forwarded, for
example, in [4] that it is not possible to achieve thrust in air-breathing engines with low
free-stream velocity. The data obtained testify that it is possible to transform a part of
thermal energy produced during combustion into mechanical work and transport it through
waves.
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UNSTEADY PROCESSES IN A COMBIUSTION CHAMBER WITH

SUPERSONIC FLOW VELOCITY
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Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

Unsteady phenomena arising in coml)ustion chambers (CCs) of various
types of engines and furnaces caused by the burning processes are known
in practice. Experimental results presented below point to a possibility
of existence of anomalous combustion regimes, which are accompanied by
changes in the flow structure due to flow unsteadiness and resonance
phenomena.

1. Combustion in ducts with abrupt expansion (attached pipeline)

1.1. Homogeneous combustion of hydrogen-air mixtures at transonic flow
velocities at the duct entrance

The combustion of a homogeneous hydrogen-air mixture was studied in
a plane duct with a 40 x 62 mm cross-section and length of 765 and 260
mm [1]. It is seen from the plume photos that despite the subsonic velocity
at the duct entrance (beginning from 224 m/s) the fore front of the plume
has a geometry that points to emergence of wave structures typical of the
off-design effusion. Strong oscillations leading to destruction of glasses and
impossibility of steady-state regime were observed in experiments with a
long duct. Combustion regimes in a short duct were also accompanied by
oscillations, but their intensity was much smaller than in the case of long
duct. A decrease in the air-to-fuel ratio o in the short duct led to a dramatic
increase of noise intensity and combustion process unsteadiness. The estimate
showed that the mean flow velocity in the cross-section behind the combustion
zone in these regimes is close to the speed of sound.

1.2. Diffusion burning of hydrogen

Diffusion burning of hydrogen was studied in various ducts with sudden
expansion, which had different geometric shapes of inlet devices [2]. The plume
was stabilized by a step 40 mm high.

The flow in such a duct is substantially nonuniform and has a two-layered
character. The combustion front is clearly seen in Schlieren pictures, the flow
being supersonic above the front and subsonic beneath it. The distributions
of flow parameters measured in various cross-sections along the duct confirm
this conclusion. The analysis of flow filming showed that the combustion front
performs crossflow oscillations with an amplitude 3 -- 4 times as large as its

thickness. A criterion determining the flow character in the duct is the relative
heat supply 0.

© V.K. Baev, P.K. Tretyakov, V.V. Shumsky, 1998
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The limiting heat supply regimes in the duct are of particular interest. The
sonic velocity at the duct exit is realized with a = 4.2 - 4.4. This combustion
regime is accompanied by a shar!, increase in pressure behind the step and
by the emergeace of low-frequency oscillations. One of the reasons for flow
unsteadiness in this case can be the attainment of local sonic flow velocity
simultaneously in several cross-sec 'ions of the duct. Besides, a pseudoshock
combustion regime is observed for supersonic velocities at the constant-area
duct entrance on regimes close to th,Žrmal choking [3]. An unsteady flow can
arise on these regimes: it is known that the pseudoshock position in the duct
is not fixed even without combustion, and the pseudoshock performs low-
frequency oscillations along the duct.

For M = 2,66 and a = 3,62 - 4,21 the behavior of parameters at the
exit cross-section is anomalou,. The flow structure is changed, which is
accompanied by redistribution of temperature and pressure. The high -
temperature region shifts towards the flow core, and the total pressure towards
the flow behind the step (Fig. 1). The energy estimate based on the wave
mechanism of energy transfer between the layers is in reasonable correlation
with the measurements.

2. Wind tunnel study with air-breathing engine models (scramjets)

The wind tunnel studies were performed with models fully immersed into
a super- or hypersonic air flow with the Mach number M,, = 3 - 7,9. The
models were combinations of an inlet, combustion chamber, and nozzle. The
CC operation with a strongly nonuniform flow structure at its entrance was
modeled. The same phenomena related to the two-layered structure of the flow
and oscillatory processes, as in an attached pipeline (Section 1), were observed
in these experiments. Besides, a number of phenomena were noticed, which are
only typical of operation of an inlet-combustor system and, therefore, could
not be observed in experiments with an attached pipeline.

2.1. Two-layered flow

A two-layered flow structure is formed in combustion chambers when
burning the hydrogen or liquid fuels. A comparison of data for the models
tested in wind tunnels with those obtained for an attached pipeline reveals not
only the qualitative but also, to a large extent, the quantitative agreement,
though the test conditions were appreciably different (absolute lengths and
heights of combustion chambers, flow fields at the CC entrance, mnthod of
hydrogen injection behind the step, and other absolute geometric and physical
characteristics of the flow).

This shows that the main factors determining the CC operation regime
were the same in experiments with an attached pipeline and in wind tunnel
experiments with the models. The following factors can be mentioned here.
1. The presence of a step that occupies a considerable portion of the CC height
(up to 2/3 of its height). This allowed for flow stabilization, but at the same
time, the CC length was insufficient for combustion products from the lower
layer to mix with the main air flow.
2. Extremely low mixing of cocurrent supersonic and subsonic layers.
3. A large CC expansion.
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It should be noted that the reversal of the maxinmum values of stagnation
temperature and pressure from the combustion zone to the flow core, which
was observed in an attached pipeline, was not obtained in wind tunnel
experiments.

2.2. Transition of the two-layered combustion regime to the pseudoshock
regime

In one of the plane models tested in a blowdown wind tunnel at M. = 3
the hydrogen plume was stabilized by a cavity.

The flow structure in the combustion chamber had an explicit two-layered
character. Upon hydrogen injection through the cavity and, in addition,
through nine orifices on the lower wall (Fig. 2), the CC flow structure becomes
different. For a total hydrogen flow rate corresponding to o • 5, a narrow
highlighted zone appears at the beginning of CC expansion, the combustion
ending behind this zone. As the hydrogen flow rate increases, this highlighted
band moves upstream, but the combustion goes on behind it in a narrow band
along the upper wall. This pattern is observed up to the maximum possible
flow rate Gi,4 - 3 g/s , a t 2,5, ensured by the injection system. The following
mechanism of heat supply to the CC was used. As the hydrogen flow rate
increases and a & 5 is attained, the combustion products exhausted from the
cavity ignite the hydrogen injected from the orifices. The flow restructuring
with the formation of pseudoshock burning regime takes place.

The conducted experiments showed that under certain conditions the two-
layered combustion regime is transformed into a stable pseudoshock burning
regime without flow stall even in ducts with a very small expansion, as it was
in the present model.

2.3. Oscillatory processes in the CC

It was shown in [4] that an increase of the relative heating of the test gas
shifts the bow part of the pseudoshock towards the CC entrance up to the
inlet throat. The pressure probes located at the initial CC section register a
pressure-unsteady process. It can be also noted that for n < 0,5 this process is
not only unsteady, but also oscillatory. At the same time the pressure probes
located on the inlet surfaces and at the CC exit do not register this oscillatory
process. This means that the pressure oscillations are concentrated at the CC
beginning. The frequency of pressure oscillations was 200 - 350 Hz. They
do not lead to oscillations of the overall gas column enclosed in the model
duct and are related to fluctuations of local gas dynamic structures, possibly,
separation regions. The oscillatory processes of this type can be very useful
for organization of combustion in scramjet combustion chambers, since the
pressure oscillations improve the fuel mixing and burning in high-speed air
flows.

2.4. Interaction between the inlet and combustion chamber

Experiments conducted in a hot-shot wind tunnel with M.- 5 - 7,3 show
that the states of model starting / nonstarting can be altered during the
regimes with fuel burning in scramjet models.

The mechanisnm of alternation of the starting/nonstarting states is
associated not with the classical concept of inlet flow stall, but with the
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separation region behind the inlet corner point, which is pressed out to
the external compression surface. Outside this region, the duct flow remains
supersonic. The expulsion occurs due to flow upthrust by the heat release
in the CC. An oscillatory process of this type is similar to low-frequency
oscillations in liquid rocket engines related to flow rate fluctuations in the
injector-combustor system.

An oscillatory process in the gas column can occur not only due to heat
supply in the inlet-combustor system, but also without combustion when the
relative inlet throat area f 2 is reduced to the minimum possible value. The
reason for the oscillatory process in this case is the shift of separation to
compression surfaces due to throat choking/opening under the condition of
its limiting capacity. A slight increase of f2 from this minimum value eliminates
the oscillatory process: the inlet starting is stable during the entire regime. A
slight decrease of f2 from the minimum value again eliminates the oscillatory
process: the inlet remains nonstarted from the beginning to the end of the
test.

Thus, the heat supply due to fuel combustion leads sometimes to low-
frequency oscillations of the gas column enclosed in the model duct because
of heat supply effect on the flow gas dynamics, which, in turn, affects the heat
release intensity. The main responsibility for this oscillatory process lies on
separation regions moving along the CC beginning and passing to external
compression surfaces as the thermal upthrust increases.

2.5. High-frequency oscillations in the inlet-combustor system

It was shown above that oscillatory processes, both localized inside the
duct and passing to external compression surfaces of the inlet, arise in the
combustion chamber under certain conditions. In either case, these oscillatory
processes are low-frequency ones.

When a scramjet model operating on liquid fuel with a P 1, was tested in
a high-enthalpy hot-shot facility, the cowl was destroyed, whereas the model
was used in several experiments without any damage of material. The cowl
strength could survive the pressure, which is by an order of magnitude higher
than the maximum estimated pressure in the model with the extreme adverse
combination of gasthermodynamic parameters. The type and duration of the
destruction, the fracture character are typical of the fracture caused by high-
frequency oscillations.

The fact that not only low-frequency oscillations but also high-frequency
ones are possible in the inlet-combustor system revives the problem of heat-
loaded CCs: in experiments in high-enthalpy hot-shot facilities the combustor
heat load was as high as in CCs of forced liquid rocket engines, for which the
problem of the onset of high-frequency oscillations is fairly urgent.

3. Anomalous pressure distribution along the duct

The above results point that the flow structure with diffuse combustion
in the CC with supersonic flow velocity at the entrance is complicated and
ambiguous. If the flow structure did not affect the integral CC characteristics,
the interest would be purely idle. However, the distribution of time-averaged
pressures at the opposite walls of the duct show that it is important to know
the flow structure and the role of unsteady processes in energy transformation
and propagation in the CC.
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It was found in experiments with an attached pipeline (see Section 1) that
the difference of forces acting upon the tipper (above the step) and lower
(below the step) walls can vary from +200 kg to -60 kg depending on o, i.e.,
the transverse projection of the force vector applied to CC surfaces depends
principally on the CC operation regime. Assuming a layered flow (in one case o
= 1, in the other one -* x), an idealized scheme yields a qualitative agreement
with experimental ratio of mean pressures on the upper and lower walls, which
allows one to take into account the basic features of a two-layered flow in a
combustion chamber with a step.

The presented material can be regarded as the source information for
creating a block to be included into the physical flow model for high-speed
combustion chambers.
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Fig. 1. Temperature at the duct exit.
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Fig. 2. Plane model with a cavity, M-, = 3.I - torch; 2 - cavity; 3 - combustion in the pseudoshock
(behind the normal shock).
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SPECIFIC FEATURES OF TIlE FLOW IN GAS DYNAMIC

SHORT-DURATION FACILITIES

V.K.Baev and V.V.Shumsky
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630090, Novosibirsk, Russia

Unsteadiness effects in high-enthalpy short-duration facilities with the wo-
rking body parameters varied in time are analyzed in the paper by the example
of a hot-shot wind tunnel with constant volume of the plenum chamber and
two sequentially positioned throats (Fig. 1). Prior to experiments, the test
section of the wind tunnel was evacuated. The diaphragm was located in
section 1. The analysis is confined to regimes with supercritical pressure
differences on the both nozzles. Volume V2 could be filled with hydrogen,
after hydrogen self-ignition volume V`2 worked as a combustion chamber (CC)
with supersonic velocity at the entrance. Without hydrogen injection, the
facility operates as a wind tunnel with a double plenum chamber (PC).

The following unsteadiness effects were observed.
1. If the pressure at the initial moment of effusion is used as a reference scale,
the variation of the relative pressure in the first PC does not correspond to
that calculated on the assumption of effusion quasi-steadiness.
2. The ratio of the pressure in the first PC to that in the second PC does not
correspond to a constant value for steady effusion and increases during the
entire run time.
3. The ratio of the pressure in the second nozzle to that in the second PC
does not correspond to the critical value and increases in time.
4. The hydrogen combustion efficiency calculated from the measured pressure
on the assumption of constant flow rate in the throats increases in time and
can be higher than unity.

The reasons for unsteadiness effects are the unsteadiness of distribution of
parameters inside each volume because of wave motion and the change in the
gas mass because of different amount of incoming and outgoing substance.

The analysis is based on the assumption that it is possible to distinguish
between these two effects in such a way that the effusion processes could be
described by appropriate relations for steady flow using the volume-averaged
values of density, while the wave and other unsteady processes in the volume
could be taken into account by the method of averaging of proper parameters
[1].

Effusion from the first plenum chamber

For each time instant 7, the variation of density j), in volume IV of the first
PC is

© V.K.Baev and V.V.Shumsky, 1998
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dp,• - z- = - : 611.
(iT

Introducing the time scale

To- F'(i(0)

equation (1) can be presented in the nondimensional form

-d p ff' - __

(iT1 (2)(d7 = pla, kPi

Hereinafter the bar over the gas parameters denotes the quantity related to
its value in the first PC at the moment T = 0, for example, p = p/pi(O),
a2 = a2 /al(O), the prime indicates the parameters in the throat, the superscript
* indicates the stagnation parameters in the throat, the subscripts 1 and 2
denote the parameters in the first and second plenum chambers, respectively,
(0) indicates the parameters at the moment r = 0, ( is the mass flow rate, (i
is the speed of sound, F is the area, t = -/To. Integrating (2), we obtain for
the ratio of specific heats K = 1.4

11
P -= [I + 0,116f]s' Pi = [I + 0, 11 -rt (.)

The arrival time of the wave reflected on the front PC face at the throat
and the pressure in the PC at this moment are [2]

For K = 1,4
'r, = 1, 728, ),= 0, 279.

The calculation of P, from (3) yields 0,278, i.e., the values almost coincide.
This means that the total amount of gas leaving the PC, irrespective of its
shape, is roughly equal during the time t,.

The pressure variation in the PC can be represented as

d-tP, (4)

where c is determined from the effusion from the PC which is a constant-area
pipe, at T < !;,, i.e., when the effusion occurs with a constant flow rate.

Integrating (4) and bearing in mind that for 7 = , and K = 1,4/), = 0,402,
we obtain p, = C-0,739t. 

(5)

The both functions (3) and (5) are reasonable approximations of experime-
ntal data with a noticeable deviation at r -_ 0, which testifies to the presence
of transitional processes at i- -4 0. On the whole, equation (3) is in better
agreement with experimental data at large times, while (5) is more convenient
for analytical processes.
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A good agreement with experiment begins from 7 : 0,3 for formula (3) and
from -- 0,6 for formula (5), i.e., irrespective of the way the curve /)- = f(T)
is described, the effusion process can be considered quasi-steady for 7 > 0,3 -
0,6. For T < 0,3 - 0,6 the effusion is affected by unsteady transitional processes
inside the PC.

Pressure measurements in the second plenum chamber

1. Let us assume at first that the values of stagnation parameters of the
gas in the second PC for each r are the same in all points of volume V2. The
density and pressure in volume IV enclosed between two throats F' and F' is
determined by the gas mass accumulated due to flow rate difference in these
throats:

.dp2 ( 1 (;
-2 d (6)

Denoting the bracket in the right-hand part by A, we obtain the nondimen-
sional equation

P2 f t dp, (7)

where V2 = V//I

After integrating (7) with regard for (5), assuming 72 • T1 , we obtain

pi2 1(8)
; P + 0,/ 05287

5 - -I

It is seen that for the used assumption about the constant ratio of flow
rates in the throats p2/1i -4 0 as ;r -4 0. This is typical of the initial period
when volume I'V is filled.

2. To explain the experimentally observed pressure growth > > we

supplement our analysis with the process nonisothermality in the presence
of heat transfer and (or) combustion when 7'2 > T7, as well as possible
unsteadiness effects related to the character of heat supply.

Therefore, instead of (6), we write

dp2.-1d~,2- V dpi , P a,2 F2

d7 dT

The necessity of introducing the mean density p2, is caused by the fact
that even assuming a constant pressure p2 over volume V2, the temperature
distribution in volume V2•, for example, during combustion, can be nonuniform
and unsteady.

After transformations and integration we obtain (for K = 1,4)

P2 -0,912 o/- o- r o1(9)

2, v' 0, dhO, "
'I . /_ 1, 73 o0 ,1 22 - r 122
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where S-,V, d V-2 =
9 1LdT- 2  2-'>!

Physically, 0,. denotes a nonuniform distribution of stagnation temperature
along volume V2 from section V' to section 2', and 0, denotes the gas heating
over the length from section 1' to section 2'. For constant temperature 0, = 1.

The structure of (9) shows clearly the influence of temperature distribution
in the volume (the difference between 0, and 0.) and unsteadiness (the logarith-
mic derivative of 0, with respect to time).

Figure 2 shows a comparison of the measured values of 1)2//)1 and the
calculation using (9) with 00, = 1 for the process without combustion in the
second PC. The curve with regard for the volume filling process, calculated
from (8), is also plotted there. The symbols indicate various geometries of
the subsonic part of the second nozzle. It is seen that the agreement with (9)
is fairly reasonable, and the deviation of experimental data towards smaller
values does not contradict the heat removal from the hot gas to the walls,
which certainly took place in experiment.

Figure 3 shows the results of 00 calculated on the basis of experimental data
for the case of hydrogen combustion under the conditions of its self-ignition
on injection into the second PC. The calculation was performed in accordance
to (9) for 0, = 1 (complete burning in section 1' at the entrance to volume V,
curve 5) and for 0, = v"/•0 (curve 4). The same figure shows the curves 00(f) for
complete burning (71 = 1) and for 71 = 0,5. For comparison, the curve 00(t), is

1
shown, which is obtained from experimental data assuming P2/1pl = , without

combustion, i.e., like in the case of steady regime (curve 1).
Figure 3 explicitly illustrates the importance of taking into account various

unsteadiness effects when using the pressure measurements for interpretation
of combustion data in facilities with flow parameters varied in time.

Pressure ratio in the second nozzle

Another unsteadiness effect is the experimentally found disagreement of
the pressure difference with the critical value in the second nozzle. The
measurements in the nozzle with a cylindrical throat yield a downstream
pressure decrease in it. This gives grounds to consider the nozzle flow as a
subsonic flow in the channel with F = const, which reaches the speed of
sound at the end of this channel with the corresponding pressure drop. Then

I I II ,

P202 = P2 U,

where p'2' is the subsonic flow density with velocity U in an arbitrary cross-
section of the channel F2 = const.

Transforming this equation with the help of gas dynamic relations, obtain
for K = 1,4 [1].
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2= 1 (10)

Figure 4 shows the experimental data and the calculation (10) for the case
0, = 1. Two curves, I and 2, in this figure correspond to the calculated curves
I and _2 in Fig. 2 for i./rI. It is seen again that the results of approximate
analytical function and experimental data are in reasonable agreement.

Thus, the method for describing unsteady flows in gas dynamic facilities,
which was used in the present work and based on representation of these
facilities as a set of sequentially nested volumes with uniformly distributed
parameters inside them, yields analytical functions that are in satisfactory
agreement with experiment. This gives grounds to believe that the unsteadi-
ness effects observed experimentally in hot-shot facilities can be taken into
account, which will increase their accuracy and informativeness as the means
of physical modeling.
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Fig. 1. A sketch of the facility.
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Fig. 2. Variation of the pressure ratio in plenum chambers without
combustion.
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Fig. 3. Variation of relative heating during combustion.
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Fig. 4. Ratio of the pressure in the second nozzle throat to the pressure in
the second plenum chamber without combustion.
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SOME RESULTS OF DETONATION COMBUSTION REGIMES

INVESTIGATION

L.V.Bezgin, A.N.Ganzhelo, V.I.Kopchenov
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Abstract
The shock-induced combustion problem is the focus of attention in

connection with possible using of this process in some hypersonic facilities. Three
problems were considered in this paper: flow structure investigation at the shock-
induced combustion in uniform premixed flow; the estimation of the possibility to
realize shock-induced combustion ramijet (shcramjet) taking into account the fuel-
air mixing upstream engine entry; flow simulation in the ram accelerator. Tile flow
structure is very complicated and it is the result of gasdynamic and chemical
processes interaction. The SUPNEF computer code based on the parabolized
Navier-Stokes equations (PNS) and detailed scheme of chemical kinetics is
developed in ClAM to simulate and to investigate combustion process in
supersonic and hypersonic flow, including detonation waves. This tool is used for
the numerical solution of three aforementioned problems.

Introduction
The air-breathing hydrogen-burning engines with combustion in supersonic

flow _(scramijet) are considered as promising propulsion system for hypersonic
flight. One promising concept for igniting and stabilizing a flame is an oblique
shock wave 11-41. This concept of the engine is based on the premixing of the fuel
and air before combustor, for example, in the inlet. The main questions which
must be analyzed in this concept are concerned with the efficiency of premixing
process, tile premature ignition of the mixture before the combustor, the influence
of the non-ideal mixing on the engine efficiency. The using of ideal scheme of
detonation wave at the engine performances estimation requires additional
investigations 15, 61. The feasibility of premixing of fuel and air at the fuel
injection upstream from the engine entry as well as mixture ignition and flame
stabilization by the shock in the engine duct taking into account real fuel-air
mixture composition are the main goals of this research.

The next problem is concerned with the ram accelerator 17-91. The
projectile is injected into the launch tube which is filled with premixed fuel.
oxidizer and diluent. Thrust is generated due to combustion realized between the
tube wall and projectile. Combustion is initiated and stabilized by the interaction
of the shock waves from the projectile nose with barrel walls. The important
problem is the ability to initiate and stabilize the combustion front ill such
position that positive thrust can be generated. Therefore the proper simulation of
the flow through the duct must be performed taking into account the gasdynamnics
and chemistry interaction over all range of projectile velocities.

© L.V.Bezgin, A.N.Ganzhelo, V.I.Kopchenov, 1998
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Computational models and computer codes
The SUPNEF code 110] developed in ClAM is used for the numerical

solution of these problems. The averaged parabolized Navier-Stokes equations
(PNS) for multispecies mixture with real gas effects at high temperature are solved.
The one-equation differential turbulence model 1111 is employed. The wall
boundary layers were not taken into account at this preliminary stage of
investigation. The numerical solution of this equations system is obtained using
method, which is based on the explicit higher order accuracy monotone Godunov
1121 finite volume predictor - corrector scheme for the steady supersonic flows
with implicit approximation of chemical sources terms. The calculations were
performed on the adapted grid 1131. The detailed chemical kinetic scheme 1141,
including 30 reactions for 8 reacting species was used.

Some investigations of shock induced combustion in uniform premixed flow
The following model problem 1151 was considered. The compression ramp

flameholder is installed in the duct (see fig.I). The homogeneous premixed
hydrogen and air enter the duct at Mach number 2.75, pressure 105 Pa. Three
series of calculations were perforned. The entry temperature influence on flow
field was considered in detail 1161 when the wedge angle 0 was equal to 100. The
value a which is defined as air-to-fuel ratio divided by the stoichiometric air-to-
fuel ratio is equal to 10. The angle of the wedge 0 was varied in the second series
of calculations. The value a was varied in the third series for specially chosen
angle of wedge. The goal of this work is to study the steady flow structure
especially shock-chemical reactions zone interaction. The detailed analysis of
computational results was perforned to identify the obtained flow picture with
existing theoretical models 117-201 for waves and shocks with heat release.

The influence of the wedge angle 9 on the flow structure is illustrated in
fig.1-5. Temperature in this case is equal to 875 K and a=10. At the wedge angle
0=9', the mixture is not ignited by the shock and the combustion is not observed
(fig.l). The ignition takes place when 0=100 (fig.2). The typical flow structures
obtained for the angles 120, 140 and 160 are shown correspondingly in fig.3-5. The
wedge angle increase provides the more strong adiabatic shock with temperature
rise. Therefore, the flow structure changes, which are obtained at the angle
increase, are qualitatively similar to these ones observed at the entry temperature
rise. The total structure including region, where shock - chemical reactions take
place, for angles O>- 1 10 can be treated as the overdriven detonation.

Fig. I Mach number field, 0=9o Fig.2 Mach number field, O=100
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Fig.3a Mach number field, =012' Fig.3b H 20 mass fraction field. O(- 12'

Fig.4 Mach number field. O= 14, Fig.5 Mach number field, 6V- 160
The third series of calculations was performed to investigate the influence of

the heat release controlled by the value a on the flow structure. In accordance
with theory of oblique shocks with heat release 1181, it is possible to mark on the
detonation shock polar diagram point CJ corresponding to Chapman-Jouquet
conditions and point MD corresponding to maximal flow diflection angle in the
attached shock. If the heat release increases. CJ point on detonation shock polar
diagram approaches to the point MD. However, the angle corresponding to MD
point is greater than angle corresponding to CJ point. The maximal deflection
angle decreases as the heat release increases. At the same time, for given free
stream conditions, it is possible to define, at some value of heat release, the
maximal flow deflection angle corresponding to CJ point. Finally, at some
maximal heat release the detonation shock polar diagram is subtended into the
single point and two considered points CJ and MD coincide in this case. For
entry Mach number 2.75 and temperature 875 K the maximal flow deflection
angle in CJ point approximately is equal to 12.360 for a-3.44. Therefore the heat
release influence investigations were performed at wedge angle 0=120.

The solution for a,=10 was obtained in previous series and results are
presented in fig.3. The whole fonnation including both shock and reaction zone
can be treated in correspondence to the aforementioned as the overdriven
detonation. The solutions for a--7.5 and 5.0 are presented correspondingly in fig.6
and 7. If to compare fig.3, 6, 7, it is possible to note that the decrease of a (this
corresponds to heat release increase) is followed by the decrease of dimensions of
the region near the upper wall where the adiabatic shock and reaction zone are
separated one from another. This behavior is similar to the case of temperature rise
or wedge angle rise. The analysis of the whole formation including shock -
chemical reactions zone shows that for a--7.5 the exit parameters correspond to
the overdriven detonation, and for a=5.0 - to the Chapman- Jouguet regime.

Fig.6 Mach number field, a- 7 .5  Fig.7 Mach number field, a-5.0
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The preliminary estimation of possibility to realize ODWE
It was supposed that the hydrogen jet is injected upstream of the engine

entry to prepare the fuel - air mixture at the duct entry. The following questions
were considered: the. possibility to nix hydrogen with air and the evaluation of tile
mixing efficiency at the engine duct entry; the possibility to ignite the nonuniforn
hydrogen - air mixture in the engine duct by the shock generated on the leading
edge of the engine cowl; the peculiarities of the combustion process in the engine
duct and an estimation of the combustion efficiency. Some of the aforementioned
questions were partially discussed in 14, 211.

The configuration of the lower surface of the small scale vehicle and the
engine duct are presented in fig.8a. The calculation region includes the forebody -
inlet - engine duct - nozzle and afterbody. The free stream conditions correspond
to the flight Mach number 12, flight altitude 36.2 kin and the angle of attack 100.
The hydrogen is injected downstream the shock, generated by the second wedge,
on some distance from the wall. The hydrogen jet parameters are given as follows:
Mj=2.45, Pr0.5 atm, Tj450 K.

The results are presented in fig.8a-8c by static pressure, water and hydrogen
mass fraction fields. It is shown that combustion is initiated on some distance
downstream the shock generated by the engine cowl. The usual diffusion
combustion regime takes place in the down part of the engine duct near the cowl.
The intensive combustion process with water formation in small region
downstream the shock is observed in central part of the duct. In upper part of the
duct, the intensive combustion takes place downstream the shock generated on the
wall at the reflection of the shock arising at the leading edge of the cowl. The
hydrogen jet is deflected to upper wall at the interaction with cowl shock.

Fig.8a Static pressure field (atm)

Fig.8b H20 mass fraction field (fragment) Fig.8c H2 mass fraction field (fragment)
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The performances estimation shows that the mixing efficiency at the duct
entry is approximately 0.41. The combustion efficiency (estimated oil the energy
release) at the engine exit is approximately 0.52 at the mixing efficiency 0.85.

Shock induced combustion in ram accelerator projectiles duct
The tube of 19 mm radius is filled by homogeneous stoichiometric

hydrogen-air mixture at the temperature 300 K and pressure 25 atm 191. The fast
code SUPNEF allows for the calculations of the whole region including conical
part of projectile and the gap between cylindrical segment of a projectile and
surface of the duct. The main attention is focused on the influence of entry Mach
number on the flow structure.

Tile ininimal value of free stream Mach number, at which the ignition
occurs, is higher than 6. At M=7, the ignition occurs in the annular gap. Tile bow
shock wave reflects from the duct wall, passes through expansion wave and reflects
from a cylindrical segment of projectile. The ignition of mixture is observed
downstream this reflected shock with appreciable delay near the surface of
projectile.

The results for M=9 are shown in fig.9. In this case, ignition occurs
downstream bow shock reflection from duct wall. The combustion zone niear the
duct wall is formed with small delay downstream reflected shock.

_I

Fig.9a Static pressure field (atim), M=9

. .i .. . . .i . . .

Fig.9b H)O mas- fraction field. M--9

The flow fields for M=I I
are similar to previous ones for J i

M=9. However, the ignition
delay is practically absent near
the duct wall downstream the
reflection of bow shock. At
M=13, the ignition occurs near
the cone surface with some delay
from the cone vertex. The
detonation wave propagating to----------------, ,
duct wall is formed in this case. Fig. 10 Combustion efficiency distribution
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The distribution of combustion efficiency with duct length for thle
considered free stream Maclh numbers is demonstrated by fig. 10. Both thle ignition
delay and combustion efficiency in the cross-section corresponding to thle gap exit
are reduIced if the free stream Mach number is increased. As pro 'jectile Ma~ch
number increases, the temperature behind shocks increases also and the system
approaches to equilibrium with large values of radicals concentration at the
expense of a dissociation reactions. Therefore, the combustion efficiency estimated
by the released energy decreases. Thus, thle mixture ignition, thle flow structure and
combustion efficiency strongly depend upon free stream Mach -l nmber.
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SOFTWARE COMPLEX FOR VELOCITY FIELD MEASUREMENT ON THE BASIS OF

MULTIFRAME SHADOW PICTURES OF TWO-PHASE FLOW

V.M. Boiko, V.M. Giljov, S.G. Ocheretny, S.V. Poplavsky

Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia

INTRODUCTION
Various optical methods that yield a qualitative flow pattern (shadowgraphy, schlieren

technique, laser sheet method) have gained a good reputation in studying two-dimensional
flow pictures. When creating the (<quantitative>» methods, it is natural to use the existing opti-
cal methods with their light sources and registration techniques as a basis One of the pano-
ramic methods of flow velocity measurement is the track anemometry based on two- or multi-
frame photoregistration using one of the above techniques and measurement of displacement
of the medium inhomogeneity during a known time interval between the frames The recon-
struction of velocity field is the second stage of the measurement cycle, which can be per-
formed by different means with an arbitrary accuracy, using arbitrary mathematicl procedures,
statistical methods, etc. However, this method of obtaining a large amount of quantitative in-
formation, its processing and mapping is a labor-consuming process

Personal computers offer new possibilities of processing shadow pictures, namely, a
photoscanner transforms the pictures into graphical files, which can be processed afterwards
by graphical editors Thus, images can be edited and data arrays for label displacements can
be obtained using the systems Photofinish, Adobe Photoshop, etc, and the data arrays can be
processed using electronic tables, for example, those of the Origin system However, the
abundance of incompatible file formats, the necessity of exchanging the files in the course of
data processing, and because of standard programs surplus made it necessary to develop a
single software complex including both the elements of graphical editors and the means of
mathematical processing of resultant arrays

The present paper deals with a software complex for processing multiframe shadow
pictures of a two-phase flow for velocity field reconstruction The code is written in the Vis-
ual C++ language for the operation system Windows 95 [1 ]

BASIC PRINCIPLES OF CODE OPERATION

BMP file processing
The goal of BMP file processing is to edit the initial image contrast changing, particle

mapping [2,3], reducing of all BMP files to the same size, and transforming a graphical file
into a MAP file where each particle is described only by coordinates and size At this stage
the code works with a series of half-tone images in the form of BMP files, and each frame
corresponds to its own BMP file, and then - with a MAP file or a group of MAP files When
forming the MAP files, the code automatically finds the particle coordinates and replaces the
particle images by labels The code operates in an automatic mode with files in which the in-
ternal function reduces the ocontrast) to two colors black and white
The code can also operate in a manual mode, which allows the user to work with the initial
image. All subsequent work is performed with MAP files which, in fact, are the desired array
of coordinates of the chosen particles - labels

© V.M. Boiko, V.M. Giljov, S.G. Ocheretny, S.V. Poplavsky, 1998
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MAP file processing

PIV processing of two MAP files is a statistical method of finding the label displacement
vector in two neighboring frames, based on determining the maximum of the correlation
function of displacement. This method is effective when there is a large number of single-
size particles in the frame.

PTV processing of two MAP files is based on automatic identification of the same particles
in different frames (Fig. 1). The identification criteria include individual parameters of a
particle (size, transverse coordinate) and the signs of physical reliability of particle motion -
((smoothness)) of particle displacement trajectory. An advantage of this method over the PIV
technique is that it allows for processing the images with a small number of particles, and the
particle monodispersity is not necessary.

• E.R Yew Command Move .,Womobw ,ndow t1 .IYZ

ico-r•at-7845) RE&-25GREitihN-2 LUE;-2& doWit5.O. ;NUM..

Fig. 1. Result of PTV processing.

The track for all labels in all frames is constructed by the method of superposition of several
files in the output window, as if it were transparent slides with a contrasted image of particles-
labels. To construct the overall track during the observation time, all MAP files of a given se-
ries, which contain an arbitrary number of labels, are summed. Labels with the same number
(identified particles) are automatically joined by displacement vectors (Fig. 2).

Obviously, these vectors with proper normalization can be regarded as velocity vectors, since
there are equal time intervals between the frames in the stroboscopic method of registration.
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Fig 2. Result of track construction

A POSSIBILITY OF GAS VELOCITY CALCULATION ON THE BASIS OF
PARTICLE DISPLACEMENT DYNAMICS

The code can determine the gas velocity in a two-phase flow on the basis of particle dis-
placement dynamics at an early stage of velocity relaxation of the phases Let us emphasize
that this is done without a priori knowledge of the particle and gas properties The proposed
approach is based on a possibility of grouping all undetermined parameters into a single ag-
gregate - a certain parameter of velocity relaxation Unfortunately, it has to be also calcu-
lated along with the flow velocity, but only two unknowns are left Indeed, from the equation
of particle motion in the flow behind the shock wave

M d1r= s r P (,1,- r ) -2

di 2 (1)
substituting m = pi,70P/6 and s = rt /4, we obtain the equation of motion in the form

d__%) 4 P, d
d "I 3 p C, u(2

The parameter "t is the time constant of gas/particle velocity relaxation and contains all the
unknown characteristics of the process The solution of equation (2)

V I-1-
u l+t'r

after integration yields the particle displacement against the duration of its residence in the
flow

SQ) = ur[ Inl I+(3

which should be considered as a function of time and two desired parameters S(, u, r) For-
mally, u and c are not independent quantities, and another relaxation parameter characterizing
the velocity relaxation length can be useful Introducing

80



= 4pur . (4)
3 p C

we obtain the particle displacement as a function of time and two independent parameters

S(t;ua)=ut-alnQ +!f

(5)
Numerical values of the parameters u and a are found from the condition that the theoretical
curve S(t; u, a) is oinscribed& into experimental points Si(ti) in the best possible way
(i=l,..,n is the frame number). In this code the problem is solved using the least-quares tech-
nique [4,5], namely, if the function of time and two parameters S(t; u, o) is known, the desired
quantities u and a are the roots of the system of two equations

i~s, -* ]su, =o0

S- [S-(t, SO=0. (6)

Solving these systems of equations for each particle, we obtain a set of paired values of u and
a which compose the gas flow field. Each pair should be considered as the averaging during
the observation time tn and in space: the shorter the particle track, the more local the meas-
urement. Though the number of experimental points in a sample for determining two pa-
rameters can be reduced to three, the statistics is not representative with a small number of
points. Some uncertainty is obvious: the higher the spatial resolution of the method, the lower
its accuracy. For function (5) the initial system of equations has the form

S,-[ti-on(+ u t 0
{ Ln( a +J]}+Ut

U

U t (7)
11, JJ l+U t ( o

I+ -tj

Unfortunately, there are more than one pair (u, a) that satisfy this system. To identify the true
values among all roots, it is necessary to reduce the regions of solutions by means of some
preliminary evaluation, for example, by solving an approximate but linear system. Since an
early stage of velocity relaxation is considered (t/r<l), the following expansion is valid:,,,(1 + tt -_ t)'_ +_, I (

- r 2 r) 3 r)
Then the displacement function (5) can be replaced by an approximate one:

SO;U,) =_-_lu 2 1 U 3+ 1 U t4
2 r 3 12  4 P

Introducing new parameters x1 = u/2 r, x2 = u/3r 2 , x3 =4z' ...u1 and substituting into (6)
a new fitting function

S*(t; X1, X2, X3, Xm) = X?- X2? + ... -Xmt m+l

- for odd m; "-" for even; m< n are the numbers of points in the array), we obtain a sys-
tem of m linear equations. Since the general form is cumbersome, we shall confine ourselves
to the two-parametric case:
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Xi -X 2 X = S, 1"

Solving this system with respect to x1, x2, we obtain approximate values of gas velocity and
relaxation parameters of the process

u* 4x• r*-2x• 8x•
S= x, 2 O - x-3 x2 3 x2 9 x• "

These quantities determine the region of convergence for solving the exact system of equa-
tions (7), or can be used as the final result if I/r<<l.

An example of determining the flow velocity behind the shock wave.

Below we present an example of processing a multiframe series of shadow pictures which
registers the shock wave interaction with a rarefied dusty cloud The shock wave Mach num-
ber is M. = 4.5, the expected flow velocity is u = 1200 m/s The displacement field for 10
particles (Fig. 3) was obtained by their omanuab> selection from 12 frames, and the vectors
connecting the labels after proper normalization can be considered as the mean particle veloc-
ity during the time between the frames (20 gis). The data arrays with particle displacements,
which were obtained during track formation, are then used to calculate the gas velocity along
a chosen trajectory.

2 2

•"-- _ ;_ 1 zziz q-1 _ . % ,-

Fig. 3. Particle displacement field in the flow behind the shock wave at an early stage of re-
laxation.

The Table presents the output files of track processing for two particles: N23 and '29
from Fig. 3. The files contain the code-formed data arrays for particle displacements during
the particle residence in the flow (t [i] , s1 [i]) and the results obtained by fitting with ap-
proximate and exact methods of calculation
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Table

Calculation of track 3 Calculation of track 9
t[i] sl[i] t~i] sl[i]

0.000000e+000 0.000000 0.000000e+000 0.000000
1.900574e-005 0.000283 1.904398e-005 0.000283
3.900574e-005 0.000850 3.904397e-005 0.000963
5.900574e-005 0.001757 5.904397e-005 0.002040
7.900574e-005 0.003004 7.904397e-005 0.003514
9.900574e-005 0.004590 9.904397e-005 0.005497
1.190057e-004 0.006517 1.190440e-004 0.007877
1.390057e-004 0.008671 1.390440e-004 0.010597
1.590057e-004 0.011107 1.590440e-004 0.013771
1.790057e-004 0.013657 1.790440e-004 0.017228
1.990057e-004 0.016491 1.990440e-004 0.021081
2.190057e-004 0.019381 2.190440e-004 0.025218

Fitting of experimental points with a cubic interpolation function
S (t) =a*t^2-b*t^3 S (t) =a*t^2-b*t^3
alf=2.000000 alf=2.000000
beta=3.000000 beta=3.000000
a=5.278072e+005 a=5.911203e+005
b=5.636285e+008 b=2.985056e+008
ul-659.016663 (x/c) ul-1560.766357 (m/c)
taul=6.242968e-004 (c) taul=1.320177e-003 (c)
sigmal=0.411422 (m) sigmal=2.060487 (m)

Fitting of experimental points with an exact displacement function

u2=626.304749 (m/c) u2-1536.000122 (x/c)
tau2=6.206468e-004 (c) tau2=1.312059e-003 (c)
sigma2=0.388714 (i) sigma2=2.015323 (M)

The results of calculation (approximate ul, taul, sigma I and exact u2, etc.) point to a
substantial difference in gas parameters in the flow core (track LN_9) and near the channel wall
(track X23). In the given case, the particle trajectories are close to the gas streamlines, and the
particle acceleration dynamics reflects the averaged velocity and flow relaxation parameters
along chosen lines.

Thus, a software complex has been developed. It has the following features: operates
on personal computers IBM PC in the interactive regime with various file formats; has a set of
methods for editing the initial graphical files and forming the data arrays for the displacement
of a large number of labels as a function of time, has internal mathematical means for data
array processing for obtaining quantitative information on the parameters of two-phase flows.

The work was supported by the Russian Foundation for Basic Research (grant No.80J0W.O .)
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HIGH-SPEED CINEMATOGRAPHY STUDY OF AN IMPULSE
HIGH-PRESSURE GAS-LIQUID JET

A.A. Buzukov

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

An adequate physical and mathematical modeling of flows arising under the
conditions of evolution of impulse high-speed jets is an important fundamental problem with
a large number of engineering applications. The difficulties arising here are especially severe
if the interacting media have extraordinary physical and chemical properties. One of the
examples of these complicated events is the evolution of a fuel-air jet formed by high-
pressure impulse injection of liquid fuel into compressed and heated air. The defining and
solving of this problem are important because exactly this mixture is an unseparable
constituent of the operating process of most internal combustion engines and determines to a
large extent their efficiency, ecological safety, and other performance features. The
mechanism of evolution of an impulse high-pressure jet of the fuel-air mixture, which is
formed in the combustion chamber of a Diesel engine, is described in the present paper. A
scheme for calculating the basic quantitative characteristics of the mixing process under these
conditions is suggested.

Complex experimental researches were performed using the methods of high-speed
cinematography [1, 2], microphotography with impulse laser lighting [3], impulse X-ray
photography [4, 5]. These studies showed that the process under consideration can be
conventionally split into four sequential stages, each of them having a specific character of
the flow established in the jet and around it. Before analyzing these flows, one important
circumstance should be noted, which has a determinin§ effect on the overall process of jet
evolution. Immediately after leaving the nozzle (Re-10-- 106), the fuel becomes sprayed due
to cavitation destruction by unloading The jet should be considered, therefore, from the very
beginning as a flow of small particles (10-100 pm) independent of each other but packed near
the nozzle up to density of undispersed liquid (Fig 1). Being injected from the nozzle, these
particles acquire not only the longitudinal velocity (Uo=150-350 m/s) but also the radial
velocity (Ur=20-50 m/s). Thus, such a jet can be characterized by a certain expansion angle 1,
which depends on injection pressure, ratio of liquid and gas densities, and dynamic rupture
strength of the liquid under sudden unloading [6].

At the first stage the fore part of this compacted jet moving in gas acquires the shape
of a "turned-out stocking" (Fig 2), i.e., the interaction between the media follows a
cumulative mechanism [3]. Until a certain time moment (until the jet length exceeds 30-60 do
where do is the sprayer nozzle diameter) the liquid state is close to monolithic.
Correspondingly, the liquid sheet moved apart from the motion direction is also continuous.

The second, transitional stage of jet evolution begins when its fore part becomes
porous because of divergence of the axial flow (Fig 3), it becomes perforated, and a large
number of particles begin to interact with the medium This process is defined as quasi-
cumulative [1, 3, 5]. It is characterized by the fact that liquid bunches of various scales,
entering the region of direct contact with the medium (both their additional crushing and
coagulation occur here), are entrained to periphery, where their hang in the ambient space. It
is essential that this gas-drop mass returns partly to the axial flow under the action of

(0 A.A. Buzukov, 1998
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cocurrent gas flow. Thus, a closed recirculation flow forms in the fore part of the jet at this
stage (1=50-100 do).

The third stage of the process can be considered as the basic one, because its duration
is quite long, and heat release usually occurs exactly during this stage The third stage is
characterized by a stable hydrodynamic flow formed in the fore part of the jet. The structure
of this flow corresponds to that observed in an annular vortex (Fig. 4). Contrary to the
classical annular vortex, this hydrodynamic structure is constantly replenished by the flow of
new gas-liquid mixture entering the rear zone of the vortex On the other hand, the loss of
mixture and its hanging in the ambient space take place at the side surface of this quasi-
vortex. Thus, the jet is composed of an axial high-speed quasi-steady flow, its fore part where
the mixture rotation occurs and a layer with comparatively low fuel content which encircles
concentrically this complex [2, 6]. The presence of such a layer determines the external
contours of the jet, which are observed in the frames of high-speed filming [1, 2] and are
usually characterized by the common (root) expansion angle a. A scheme of this flow
observed from the coordinate system moving with the frontal jet surface is shown in Fig 5.

Finally, the fourth stage of jet evolution begins after the fuel injection is terminated
(cyclic injection q=20-100 mg, duration r-2-10 ms). At this stage the replenishment of the
vortex formation comes to an end, and it degenerates into an autonomous annular vortex
independently moving in the medium (Fig. 6).

The body of this vortex is filled with a part of fuel-air mixture formed during
injection, the other part of the mixture remains in the jet wake Most frequently, however, the
mixing process does not reach the fourth stage, since evaporation, ignition and combustion of
the fuel-air mixture take place earlier, at the third stage.

On the basis of above concepts of jet evolution, which were mainly developed for
mixing conditions in the combustion chamber of a diesel engine, a three-stage scheme for
calculating the main characteristics of this process was suggested The first stage covers a
quasi-steady motion of a gas-liquid flow in the gaseous medium, independent of the processes
in its fore part. The knowledge of liquid dispersion dynamics under the conditions of its high-
pressure exhaustion from the nozzle and semi-empirical functions for jet expansion angle
are used.

At the second stage of calculations, the problem of cumulative penetration of the
"projectile" (axial gas-liquid jet) into the "target" (ambient gaseous medium) is solved. Using
the classical relations that describe this process and taking into account the lengthwise
variation of jet parameters, it is possible to determine the main characteristic of the mixing
process - the jet length I versus the time t.

The third stage of calculations includes determination of other important parameters of
the jet: the root expansion angle a and the diameter d in the maximum cross-section The
formulas are used that relate the geometric parameters of such a canonical hydrodynamic
structure as an autonomous annular vortex with the character of exhaustion of liquid, which
forms this vortex, from the vortex generator nozzle The condition of self-similarity of this
flow allows one to extend these formulas to the case of the formation of annular quasi-vortex
in the fore part of the jet.

Figures 7 and 8 show the calculated values of I and d (solid lines) in comparison with
experimental data [2], in which the gaseous medium density p (kg/&m3) was 10 (1), 20 (2), 30
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(3), 40 (4), and 50 (5). The presented plots show that the calculated and experimental values
of jet parameters are in good qualitative and quantitative agreement. Some discrepancies are
explained within the framework of the constructed physical model.
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MAXIMUM ENTROPY BASED TOMOGRAPHY OF GAS FLOWS

N. V. Denisova
Institute of Theoretical and Applied Mechanics SB RAS,

630090, Novosibirsk, Russia

INTRODUCTION

Computer tomography is receiving increasing attention in the field of fluid mechanics
research [1] - [3]. In most experiments the reconstructions were carried out in a subse-
quent series of 2-D planes located perpendicular to the flow direction. Supersonic jet was
studied in [1] by the beam-deflection method. The convolution back-projection algorithm
was employed to reconstruct the nitrogen gas density. Turbulent flow was considered
in [2]. Measurements were made by multi-angular viewing of the holographic interfero-
grams. A back-projection type algorithm was used for reconstruction of the unsteady flow
field. Supersonic free jets were studied in [3] by interferometric tomography. A modified
algebraic reconstruction technique algorithm was used for the reconstruction of density
distribution of weakly perturbed jets from a deformed Laval nozzle.

Viewing access in most tomographic experiments is strongly limited, leading to a
highly underdetermined inversion problem. Unfortunately, in ART and back-projection
types algorithms streaking artifacts are a severe problem when the number of views is
limited.

A promising approach to tomography problems is the maximum entropy (ME) method
which seems ideally suitable for tomographic investigations of gas flows [4]. Numerical
calculations showed that, with a small number of views, ME algorithms allow one to
obtain good results of reconstruction relatively free from artifacts [4]-[6]. This quality of
ME algorithm is especially important for the researches of unsteady processes.

An application of the ME approach to the problems of gas flow is considered in this
paper. The problem of reconstruction with an opaque body is analyzed. Numerical
examples are given of two-dimensional reconstruction with input data chosen to test the
algorithm.

MAXIMUM ENTROPY APPROACH IN COMPUTER TOMOGRAPHY

The problem of reconstruction of a source function can be formulated as the inversion of
Radon transform. Two-dimensional reconstruction problem can be presented as follows:

f(p,O) = J g(xy) dl,.o (1)

where f(p, 0) are the projection data, g(x, y) is the unknown source function, integrated
along the line lp,q, Oi is the projection angle, p and 0 are the normal coordinates of the
line I. We assume that the unknown source function g(x, y) satisfies

g(x, Y) > 0 (2)

( N. V. Denisova, 1998
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Reconstruction from a finite set of projection data is known to be an indeterminate
problem. The maximum entropy approach is a way to overcome the indeterminacy. The
derivation of the ME criterion is well known [7]. The entropy equation is defined as

O(g) = -J dxf dyg(x,y) ln[g(x,y)]. (3)

Maximizing 4(g) we obtain the constrained optimization problem that allows us to select
a unique solution. A detailed consideration was performed in [4]-[6] for different types of
reconstruction geometry.

The resulting expression for the source function in the case of parallel beam geometry
was obtained in [5] as

g(x, y) = fi Hi(x cos Oj + y sin Oj) (4)
i

The iteration formula for Hi was determined

HJ+1 =h f dt H H i(scos Ok - t sinOjk) (5)
k~i

where 0ik = 0j - Ok; 0j, Ok are the projection angles, (s, t) is a Cartesian coordinate system
rotated at an angle 0j relative to the basic system (x, y). The expression for g(x, y) and
the coefficients Hj in the case of fan geometry were obtained in [6]. Gauss-Seidel method
was used to solve the nonlinear system of equations (5).

The ME method yilds a solution which is most probable in the sense of combinatorial
theorem and for which given data would have been sufficient statistics. Usually a re-
searcher wants to know how close this solution to the original source is. This question can
probably only be answered by numerical simulation, which will test the reconstruction
algorithm in the conditions close to real experiment.

NUMERICAL EXAMPLES

The numerical calculations were performed with computer-generated input data with
realistic levels of noise. The reconstruction error was defined as the mean-square norm of
deviation of the reconstruction solution g(x, y) from the exact one go:

(Z, Ej (g(x,, yj) - go(x,, yj))2) 100%. (6)

A test Model was chosen to examine the convergence characteristics of the ME algorithm.
The Model is a superposition of five parabolic functions:

g(XY) = 5 C1 (x - xO)- (y - yOa)2b (7)g ~,)=c, ,,Ii 7

with parameters

cl = 1; a, =b = 0.3; x0 1 = 0.5; y0i = 0.5;

C2 = 1; a 2 = b2 = 0.3; x0 2 = -0.5; Y0 2 = 0.5;

c 3 = 1; a 3 = b3 = 0.3; X03 = -0.5; y03 = -0.5;

c4 = 1; a4 = b4 = 0.3; x0 4 = 0.5; Y04 = -0.5

Cs = 1; a5 = b5 = 0.3; x03 = 0.; y03 = 0.;
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This model can simulate a claster of five free jets exhausted from a sievelike nozzle. Figure
1 shows the results of reconstruction of the Model. M = 33 equally spaced rays in each
view were used, and the tomogram had a dimension K = 33 * 33. The set of projection
angles was defined by the relation

7r

S= U - l) (8)

where J is the total number of views.
A 3% noise was added to the exact data. The numerical calculations showed that

the ME algorithm is stable against the noise error. One can see a good agreement with
the exact image when the number of views is J = 4. It is a very promising result which
demonstrates that the ME is suitable for reconstructing inhomogeneous distributions of
parameters.

a) b)

0 0

1..1•

-1. -1 .- 1. -1.

Figure 1: a) - original source , b) - reconstruction with 3V noise from 4 views.

Numerical calculations showed that the errors of reconstruction decrease very rapidly
with increasing the number of views and in the presence of 3% noise reach a plateau at a
level of about 9% for J > 8.

The problem of tomography reconstruction with an opaque body was also analyzed
in this paper. Projection data are presented in this case as "information pieces". An
interpolation of coefficients Hj was used to solve these problems. The interpolation was
fulfilled into the region where projection data were lacking. It is assumed that we do not
have any prior knowledge about the source function in this region. Figure 2 shows an
example of reconstruction with an opaque body. To test the algorithm, a singularity as
a peak of the source function was added. The magnitude and location of the singularity
were varied. A good reconstruction quality was obtained on condition that the singularity
must be observed at least from three views at rather different angles. We observed here
a good agreement with the exact image for the number of views J > 6.
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a) b)

0

0 0 0 0

-1. -1. -1. -1.

Figure 2: a) - original source, b) - reconstruction from 6 views.

CONCLUSION

The maximum entropy concept is a powerful tool for tomographic investigations of
gas flows. The ME method rather confidently leads to the exact solution with increasing
the number of views. This is in accordance with the general ME concept to choose the
most probable solution among all possible variants. Good results of reconstruction were
obtained in the situation with an opaque body when the projection data were presented
as "information pieces".
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NUMERICAL INVESTIGATION OF CROSSFLOW INSTABILITY
ON 39 0-SWEPT WING

N.D.Dikovskaya, G .I.Klinkova, V.Y.Levchenko
ITAM SB RAS, Novosibirsk, Russia

A number of instabilities, connected with secondary flows, were observed
in boundary layer flows over swept wings. Carried out calculations gave different
results in definition of the most amplifying disturbances [1-4]. According to one
data [2, 3], they were zero frequency stationary waves who demonstrated the
highest amplification, according to others [1, 4]- travelling waves propagating in
secondary flow direction. The goal of this work was to calculate the stability
characteristics of a three-dimensional boundary layer over 390- swept profile in a
subsonic flow and to compare numerical results with experimental data [5]
obtained under the same flow conditions.

The processing of experimental data [5] was carried out under the
assumption of the "local parallelism" of inviscid flow. The used up reference
systems for the flow on the external edge of the boundary layer are shown in Fig. 1.
Mean flow velocity Ve at the boundary layer edge (Fig.2 , curve 1) was calculated
using Bernoulli equation on the basis of static pressure experimental distribution
along the X axis [6]. Chordwise component of mean flow velocity U, (Fig.2, curve
3) was obtained from hot-wire measurements [5]. The approximation of Ue (x)
and V,(x) data was performed by the third order polynomials. Chordwise
distributions of

Fig. I. Using reference sistems

© N.D.Dikovskaya, G.I.Klinkova, V.Y.Levchenko, 1998
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Fig.2. Mean flow velocity: 1- V. experimental data,

approximated by polynomial; 2-component V' in the
undisturbing freestrearn direction; 3-component U. in a
chordwise direction.

potential flow velocity component in free stream direction P' (Fig.2, curve 2)
and of the angle V between potential streamline direction and undisturbed
freestream direction were obtained from the following expressions:

V = UI/cosA

S= arccos( Ue/Ve )-A, where A = 390.

The velocity profiles were obtained from the solution of Falkner-Skan-
Cook equations system [61 with parameter m = 0,345. Falkner-Skan-Cook
parameter m was determined from the condition of the best potential flow velocity
approximation by the function U,(x) = Cxm. The equations were solved by
shooting method using the IV-th order accuracy Runge-Kutte method. Then using
Squire transformation, the three-dimensional equation system was reduced to a
single quasi two-dimensional disturbance equation in the wave propagation
direction (0-() 13]. Thus mean flow velocity profiles and all eigenfunctions were
projected on this direction (Fig.l). Then the characteristics of three-dimensional
disturbances in a spatial boundary layer were found by the solution of an well-
known Orr-Sommerfeld equation 16,71.

As a result of swept wing crossflow stability calculations, the spatial growth
rates -ai and wave numbers I k I were obtained as a functions of frequency. The
calculations were carried out in the angle range (O-Z) = 87* -92*. As the occasion
required step in angle was varied from 0,05* up to 0,4*. For each direction the
most amplifying disturbance frequencies were found. Besides, for angles values
88.70, 900, 91.2- dependencies of -aj and I k I on frequency were calculated in the
frequency range from zero up to 408 Hz (this covers the whole area of unstable
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Fig.3. Frequency variation of increments for various propagation angles: 1-89.3°; 2-
89.8°; 3-90'; 4-90.6°; 5-90.80; 6-91.0°; 7-91.4°; 8-91.60

0.0

92 91 90eg
Fig 4. Increments of the most amplifying disturbances as a function of
propagation angles

frequencies). In all figures the displayed wave number and increment distributions
were nondimensionlized by displacement thickness dl, calculated using velocity
component V, tangential to the external flow streamline. In Fig.3 the frequency
variation of increments -ai for different propagation angles of disturbances is
shown. As it can be seen, the frequency region of unstable modes lies below 400
Hz. At low frequencies (f < 25 Hz) the increments corresponding to different
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Fig 5. Frequency variation of longitudinal wave number for the most amplifying
disturbances

angles differ weakly. The most unstable mode is a disturbance with frequency 180
Hz. At zero frequency the maximal increment is equal -0.007 that indicates weak
attenuation of stationary modes.

Variation of the most amplifying disturbance increment -ai with their
propagation angles is shown on Fig.4. As it can be seen, the most amplifying
disturbances correspond to the angle 91.4*. Experiment has shown that in
accelerating flow, (which was under consideration in this work), an unstable mode
with frequency 178 Hz and propagation angle 91.80 was selected. The second wave
packet with frequencies from 0 up to 30 Hz just in the given area had small
attenuation of amplitude. Thus the computations are in good agreement with
experiments.

The projections of vector k on an axes X' and Z* (see. Fig. 1), connected
with the direction of a potential flow in the given point, can be obtained using
Fig.4:

ar = kx* = k.cos(O-Z),

, kz = k sin(O-X,),

Here a, is a longitudinal wave number, fl-cross-sectional wave number.
Value of 83d, calculated for the most possible amplifying disturbances is equal to
0,45. It should be mentioned that at various flows and disturbances parameters,
experimentally obtained values of ,d, for the most amplified disturbances were very
close to the theoretical ones and varied in the range 0,4.. .0,6 141.

Variation of longitudinal wave numbers ar and propagation angles (in
reference to potential flow direction) with frequency f for the most unstable
spectral modes are shown in Figs. 5, 6.

In both cases the calculated points are well approximated by lines, that
enables us to extrapolate the obtained data. Extrapolation gives the value of
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propagation angle (0-;r ) for disturbances with zero frequency approximately 93*
(in reference to external streamline direction). At this a longitudinal dimensionless
wave number kdl being determined from relationship kdl = ar dl/cos93*, is equal
to 0,48. Under given flow conditions such estimation gives approximate value of
stationary wavelength 2 = 27rlat equal to 5 mm, that is from 2 to 3 times less then
previously obtained values [3, 5], but at the same time this value coincides with
the results of some experiments [2].

Frequency dependence of the phase velocities Ck = 2;rfdl/I k I Ve for the
most unstable disturbance is shown in Fig.7. It can be seen, that as frequency
decreases, the phase velocity tends to zero and coincides the exact value
obtained for stationary modes (Ck = 0), that is inherent for large angles of

0-x,
deg

92

90

8 100 200 300 f,Hz

Fig.6. Frequency variation of propagation angles for the most amplifying disturbances

Ck/Ve
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0.00 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 1b0 200 300 f,Hz

Fig.7.Frequency variation of phase velocity for the most amplifying
disturbances
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disturbance propagation. For frequency 180 Hz, calculated phase velocity Ck is
equal to I. I r/s which is in good quantitative agreement with experimental data.

By this means comparison with experiment has shown that frequency,
propagation angle and phase velocity of the most amplifying disturbances
calculated using linear stability theory, are close to experimental data.
Development of low-frequency disturbances (0-40 Hz) and stationary vortexes
orientation relatively the mean flow can be predicted satisfactorily. But at the same
time, a discrepancy up to 2-3 times in determination of preferential stationary
disturbance wavelength is observed. The reason of this discrepancy is unclear now.
May be it is because of flow nonparallelism influence was not included into
consideration.

The authors would like to thank Irina Maslennikova for useful discussion.
This work is supported under Russian Foundation of Basic Research (grant N.96-
01-01778).
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MODIFICATION OF THE METHOD OF SPECTRAL LINE
INVERSION FOR PANORAMIC TEMPERATURE MEASUREMENTS IN

GAS FLOW

V.P.Fomichev, G.A.Pozdniakov, and S.S.Pravdin

Institute of Theoretical and Applied Mechanics SB RAS
630090, Novosibirsk, Russia

The generalized inversion method was modified for panoramic measurements of gas flow
temperature. The method was tested in a hydrogen plume.

The study of gas flows with chemical reactions often requires gas temperature
measurements. There are no contact temperature probes for flows of chemically active
media with stagnation temperature of 2000 K and higher. In these conditions, only the
optical methods of temperature measurement are applicable.

INVERSION METHODS

Among many optical methods of temperature measurement, the methods of
inversion of spectral lines is widely used, which is preferred for its simplicity and
reliability [1]. Being correctly implemented, it is a more accurate method of
temperature measurements in gas media with combustion and low-temperature plasma
than other techniques. However, there are certain difficulties in its application, since it
is necessary to have a source for comparison - a black-body with known controlled
temperature. It should be emphasized that the object studied should be optically thick
within the line.

The generalized method of inversion [2,3], in contrary to its prototype, does
not require the equalization of temperatures of the etalon Te (the same black-body) and
the object. Besides, it is not necessary for the object to be optically thick within the line
it is only necessary that a sufficiently strong absorption of etalon radiation by the
medium is observed. Within the framework of this method, the temperature of the
object T is calculated from an instant measurement in the line of intensities of object
radiation If, etalon radiation I, with known temperature T, and its radiation transmitted
through the object Ifi:

T=Te/(1-C.Teln(I/(If-It-If)), C= k/h v (1)

An implementation of this method used for temperature measurements in a
steady flow in a MHD channel is known [4]. The measurements were taken in the
resonance line of Nal atoms. Here If, If and I, entering into formula (1) were
successively measured by one probe. A successive measurement of these quantities
leads to low temporal resolution; therefor this scheme cannot be used in practice to
measure the spatial distribution of temperature in fast processes.

MODIFICATION OF THE GENERALIZED METHOD OF
INVERSION

To measure the temperature distribution in unsteady objects, it is suggested to
modify the generalized method of inversion. It is proposed to replace a successive

© V.P.Fomichev, G.A.Pozdniakov, and S.S.Praydin, 1998
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measurement of If and lp in one point by simultaneous measurement of these quantities
in the neighboring points, that will increase the temporal resolution, though decrease
the spatial one.

S LI T O F L2 CCD

SA

_ I
--- -j- - --/

Fig. 1. S -etalon source L i, L2 - lenses, T -transparent, 0 -object, F - filter, CCD -
photodetector

Let us explain the essence of the proposed modification by a simple example
(Fig. 1). For the sake of definiteness, let us assume that it is necessary to measure the
temperature distribution in the object 0 at a certain section AB. For this purpose, we
construct the image of etalon S on section AB. Using a transparent mask T we split the
etalon image into fragments. Then we construct the image of section AB on the
photodetector (here, a CCD linear array). This image consists of alternating sections
illuminated only by the object ( If ) and those illuminated both by the etalon and
object (fl).

Assuming the temperature to change only weakly during one period (at the
neighboring sections), contiguous values of If and If can be used in formula (1). The
values of I, can be obtained directly before the experiment

The proposed method was used for temperature measurements in a pulse
hydrogen plume (with burning time less than 0.1 s). In this case, the transparent
divided the etalon image into two fragments. A 64-element CCD linear array TSL- 124
was used as a detector. The data reading was performed with an interval of about 3
Ms.

Two signals are shown in Fig. 2. Signal I was obtained directly before the flash
and corresponds to the distribution of I. Signal 2 was obtained in the course of
combustion. The numeral 3 indicates the interpolated values of I.

Figure 3 shows the temperature versus time in two points. Curves I and 2 refer
to the left and right fragments of the etalon, respectively.
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Fig. 3. Temporal dependence of plume temperature in two points
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CONCLUSIONS

A method of panoramic temperature measurement is suggested and
implemented. It is based on the generalized method of inversion of the spectral line.
The method modification consists in replacing the temporal modulation of the etalon
signal by the spatial modulation.

The method has a high temporal resolution. It is designed for panoramic
measurements of temperature in fast processes. The spatial resolution is determined by
the period of "etalon grid ", the temporal resolution is determined by resolution of the
detector.
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DISTURBANCE EXCITATION IN SUPERSONIC
BOUNDARY LAYER BY ACOUSTICS

S.A.Gaponov, B.V.Smorodsky

Institute of Theoretical and Applied Mechanics SB RAS
Novosibirsk, 630090 Russia

Problem of excitation of oscillations in boundary layer (BL) by a streamwise acoustic
wave at Mach number M = 2.0 is considered. It was found that the ratio of amplitudes of
mass flux perturbations inside BL and at its outer edge can reach significant values. Con-
clusion about existence of critical values of Reynolds number and an angle of orientation
of acoustic wave, at which efficiency of excitation is highest, is confirmed. An approxi-
mate mithod for computation of disturbance level inside BL is offered. Interpretation of
experimental data about supersonic BL receptivity is given.

1. The research submitted in the present paper is concerned the problem of supersonic
BL receptivity to external non-stationary disturbances, leading to earlier flow transition
from laminar to turbulent one. Problem of receptivity for the first time was discussed
in [1]. On the basis of numerous wind tunnels experiments it was established [2], that
the structure of disturbances in supersonic flow is defined basically by acoustic waves.
Detailed review of early researches on this problem was given in [3]. The linear theory of
interaction of acoustic wave falling at finite angle to surface of model with BL was applied
in [4]. In [5, 6] interaction of streamwise acoustic wave (whose wave-vector is parallel to
the surface) with BL was studied. Unfortunately, in these papers there were no data
about amplitudes of disturbances inside BL. Such data for the first time were received in
[7], however they were determined by an indirect way, based on extrapolation of results,
received for acoustic waves with finite incident angles. The mathematical formulation of
problem, taking into account displacement action of near-wall viscous flow at the outer
edge of BL was also given in [7]. In the present paper on the basis of such formulation
new data on excitation of oscillations in BL by streamwise acoustic wave were obtained.

2. We treat the problem of harmonic acoustic wave interaction with BL in the linear
approximation that is valid at infinitesimal amplitudes of sound wave. Then disturbances
outside the BL are described by the real part of complex function

y(Xl, z1 , t) = T exp(i(alxl + fPiz, - wit)) , (1)

where x, is a streamwise coordinate, y is normal to plate, zl in a spanwise direction
(normal to xi and y).

Inside BL and in the adjacent diffraction region the disturbance flow field can be
accepted as (I = Qo(x),o(y). Since flow in BL weakly varies in streamwise direction (ex-
cepting small area near the leading edge), one can suppose, that Q0 also slowly varies in
xl-direction. So ý(x, y) = Qo(ex),o(y), where the small parameter - = R-1 is a mea-
sure of flow nonparallelism, R is the Reynolds number. Substituting Q into equations
of motion of viscous heat-conducting gas in the main approximation after usual lineari-
sation procedure one can obtain that elements of vector "(y) satisfy to system of eighth
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order ordinary differential equations depending on streamwise and spanwise wave num-
bers a,, 61, frequency w, and mean flow velocity and temperture U(y), T(y). Taking
into consideration the angle X = arctan(nj/13 1 ) and replacing variables from :r, z, to
x = x, cos X - z1 sin X, z = x, sin X + z1 cos x, we obtain that disturbances are indepen-
dent of z and the eighth order system can be reduced to the sixth order one similar to
Dunn-Lin system [8]:

dq,dy = aijqj, i ,, 6. (2)

The following designations are here used: q1, q3  are perturbation velocities in x-
and y- directions, yM2 cosx q4 , q5 are perturbations of pressure and temperature; q2 =

dqi/dy, q6 = dq5/dy; -y is specific heat ratio, M = Ule/a is Mach number, R, = Ue6/Ve

is Reynolds number, a = I + 312, w = ac, R = R, cos X, M = M, cos X, a is velocity
of sound, subscript e stands here for values at BL outer edge. The nonzero elements aij
are determined in [3]. On flat insulated surface we impose boundary conditions

qi(0) = q3(0) = q5 (0) = 0. (3)

The question concerning boundary conditions at y 6 6 requires the special analysis.
It is well known [3], that at BL outer edge. where coefficients of (2) are constant, the
amplitude of fluctuations is described by three exponential solutions with parameters

A, .z A2/vtOr. -,iaR (1- c), A3 Z -aC/ 1- M 2 (1 -C)

For acoustic wave falling to BL at finite incident angle A3 is a purely imaginary number
[3] and solution is constructed by two standard vector functions with A1, A2 and by two
others with A3, A4 = -A 3 .

As the incident angle comes to zero the phase speed c -+ 1 - 1/M and A3 = -A 4 -+ 0.
Now we consider in more details the eigen-solutions for A3 = A4 = 0. Stability equations
are in this case reduced to

(1-c)q(3,4) +q( 3,4 ) = 0 Q(3,4) . (y _ 1) A (2q(3,4) - 0, (4)

dq(3,4) (34) d (3,4- (3,4) dq 3,4)

7___ ___ __ _ q(34)dy dy dy

One can easily see from (4) that at BL outer edge for A3 = A4 = 0 there are two linearly
independent eigen vectors:

¢(3) (5 1, 0,0,-_i (I _ C), ' - 1) A 2 (1 - ) 0) ,(5)

P(4) (6)= (0, ic, 1,0,0, -ia (_Y- 1) M 2 (1 - c)) (6)

Thus, at BL outer edge general solution to equations (2) could be written as q-b)

Vector 4' depends on four unknown constants. Three of them can be determined
through the fourth from the wall boundary conditions. Consequently solution is deter-
mined to within an arbitrary multiplier. Taking into account that coefficients of stability
equations vary slowly in streamwise direction, the factors c, are also dependent on (c-).
Therefore solution inside BL can be written as

Q = A (x) ý (Ex1 , y)0 .

104



Here A (Ex) - is an unknown amplitude subject to determination and ý0 - is vector
function satisfying to system (2,3). We accepted the normalization condition q0 (Ex, 6) =
1. Then A (Ex) ý C3 and parameters c1/ C3, C2 /C 3 , C4 / C3 = k (Ex) are determined as result
of solution procedure. Thus, it is required to determine the connection of A (6x) with
amplitude of the undisturbed by BL external acoustic wave qo.

3. In order to define A (cx) we shall consider in more details the behavior of disturbance
outside BL, where the approximation of locally parallel flow is not valid. Indeed, at
derivation of the stability equations it was implicitly supposed, that disturbance amplitude
logarithmic derivative with respect to y exceeds O(e). However solution (1) does not
satisfy to this condition at y > 6 because of linear growth with y. Therefore outside
the BL disturbances are described by other equations (for more details see [10].) Notice
that for y > 6, in case of weak influence of viscosity, the disturbed flow is close to non-
rotational, that is

Ou 'v aw a.(vTY;ý -X , -F . (7)

For harmonic with respect to z disturbance a/8z = if31. Multiplying the first equation of
(7) on a,, and the second one on fl, for ail = alu + 01W, where a =a 1 •+ / one can
obtain

i&i a, aiv ./2
- + = F (x, y) exp (i(/iZ -wit)) . (8)

Integrating this expression with respect of y from 6 to co and taking into account, that ft
at y = co matches to undisturbed sound wave, and at y = 6 should be matched with the
solution of stability equations A (Ex) £ 0(y) exp (i (aix + /lZ - wit)), we obtain

00

1- A (Ex) = e-ilx F (x, y) dy. (9)
6

Using Fourier expansions by analogy with [11] we shall write down F(x, y) as

f(x,6+y) =F(x- k,6)ee f - jF.x -2 ak J, (a - k2) dt, (10)
k

where k = yVM- - 1, ao = M 2WI/(M 2  2  2 + (M 2 - 1) a2 = M2w/(M2 - 1)2

and J1 is Bessel function. Substituting (9,10) into (8) and taking into account, that
F (x) = 0 for x < 0, we obtain

1 - A (Ex) e • oF (x - t, 6) e"'"°J1 (at) dt . (11)

Thus amplitude of streamwise velocity perturbation is determined by function F (x, 6),

determined through solution of stability equations. We can adopt F (x, y) ja iak (cx)
exp (iaix). Substituting this F(x, y) in (11) and replacing variable ± = x - z we derive
the Volterra equation of the second kind:

1
A 1- iaA (cz) k (Iz) e-(°-1)(x-z)Ji (a (x - z)) dz . (12)

M 2 f = 1 k 
(10)
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Integral equation (12) is derived in physical dimensional variables, while solution of sta-
bility equations is nondimensionalized by BL thickness. The dependence of solution from

streamwise coordinate is expressed through variable R = Uj/Uv, where x* is dimen-

sional distance from plate leading edge. Therefore integral equation (12) can be written
in nondimensional variables as:

R

A(R) 1- 7-1 fidRA (RI) k (R1 ) ez(••)(-)l(a (R2 - Ri)) dR, ,(13)

where d = (v,/U.), , = a (v.gU.) = .f I2F?/(M2 - 1)2 + 12/(M2-1), 6o
M 2 F1/(M 2 

- 1), a = a (vo1/Uo•), and F, is known reduced frequency. In order to solve
the integral equation (13) at given values of reduced frequency and unit Reynolds number
Re, = Ue/vo. it is necessary at first to compute 6, 6, do. Values k (R 1) are determined
through solution of stability equations.

The results of computations are represented below in the form of dependence of
absolute values of streamwise component of mass flux perturbation normalized to its
value at x = R = 0:

B A (R) 2q/Cs(U (~I cosxq 4 - T5 os) + qi)

from wall normal coordinate y or its highest in y value Bmx = maxy B(y) from angle X
and R at a given reduced frequency F.

4. We investigate the interaction of streamwise acoustic wave propagating at angle X
relatively to main flow direction at BL outer edge. All computations were carried out for
a flat plate flowing around by supersonic flow with Mach number Al = 2.0 in wide range
of Reynolds numbers, angles X and various values of reduced frequency F. Mean flow was
computed by Sutherland's formula for the dependence of viscosity from temperature, for
Prandtl number a = 0.72 and specific heat ratio ) = 1.4 (details of mean flow compu-
tation are in [3]). Stability equations (2,3,5,6) were computed numerically by means of
orthonormalization techniques. Volterra equation (13) was computed by standard method
for this equation [12].

Fig. 1 shows the distribution of mass flux perturbation, excited by streamwise acoustic
wave, and normalized to its value at BL outer edge. It can be seen that inside BL there
are intensive pulsations. This is similar to the case of acoustic wave with finite incident
angle [4]. However the intensity of oscillations in streamwise acoustic wave can be much
higher, than in the case of finite incident angles.

Curves on Fig.2 represent dependencies of Bmax = Bmay(X) for F -- 91 • 10' for
Reynolds numbers R=250,320,410,520 (lines 1-4). Our computations have confirmed
conclusion [7] about excitation of intense oscillations inside BL by streamwise acoustic
wave and about existence of critical values of X,, where efficiency of excitation become
highest. However there are some quantitative differences in values of Bmax and X,,. Fig.3
shows results of computations of the dependency Bm,, = Bm,(R). Like in the previous
case (Bmax = Bma(X)) the appearance of critical value R,. where interaction is especially
strong (intensity of oscillations in BL is maximal) is observed.

The analysis of data shows, that there is the combination of X and R, at a given value
F when the disturbances of the mass flux inside BL can greatly exceed their values at
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Fig.1 Mass flux perturbation B(y) for Fig.2 Mass flux perturbation maxima
M, = 2.0; R = 320; F = 91. 10-6; Bm, versus angle x for M 1 = 2.0; F = 91.
X = 0*(1),30'(2),37.50(3) and mean ve- 10-6; R = 250(1),320(2),410(3),520(4).
locity U(y)(4).
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Fig.3 Mass flux perturbation maxima Fig.4 Mass flux perturbation maxima
Bmax versus Reynolds number R for M1 = Bmax versus angle X under conditions of
2.0; X = 0Q; F. 106 = 120(1),91(2),70(3), experiment [9]: M1 = 2.0; F = 37.6
37.6(4). 10-6; R = 575(1), 514(2).

BL outer edge. The explanation to this phenomenon can be given by the theory of eigen
oscillations and resonant external forcing [13].Other important circumstance is connected
to excitation of eigen unstable oscillations in BL. From stability theory [3] it is well known,
that at the lower branch of first mode neutral stability curve the phase velocity of unstable
wave approaches to streamwise acoustic wave phase velocity c = 1 - 1/M. Therefore in
the vicinity of lower branch waves of two types become indistinguishable. The level of
disturbances inside BL can be defined approximately as follows. At R < Rr, where
Re, belongs to the lower branch of neutral stability curve, the intensity of disturbances
determines on the basis of described above interaction of streamwise acoustic wave with
BL. Close to R = Rr we can adopt that amplitude of neutral Tollmien-Schlichting wave
is equal to Bmx(Rc,), and at R> R,. BS = Bm.(Rc,)exp(-fZ' ajdR), where -ai is
a growth rate of unstable wave. For more exact calculation of BTS one can use the theory
of unstable wave excitation by acoustics described in [6, 11].
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Direct comp)arison of our theoretical data with experiments [91, as was mentioned

in [13] is still impossible because of lack of experimental information. Htowever Fig.4

presents dependency B,,x. = B,,...()() for experimental conditions: R =575 and 514 for
F -- 37.6- 10 -. The main difference of experimental data and theoretical ones consists

in the presence of two peaks at experimental curves B.,,,(X) [9], This can't be explained
theoretically now. It should be mentioned that external to BL acoustic wave is generated

not only by the edge of a plate but also by whole disturbed area before it. Therefore for

correct inspection of the theory the complete information about disturbances of the mass
flux not only inside but also on BL outer edge is necessary.

This work was partly supported by Russian Foundation for Fundamental Research
under Grant N96-01-01580 and by SB RAS under Grant for young scientists in 1998.
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EFFECT OF VARIOUS METHODS OF ORGANIZATION OF GASEOUS
AND SOLID FUEL BURNING FOR BASE DRAG REDUCTION

A.F. Garanin, A.I. Glagolev
Institute of Theoretical and Applied Mechanics,

630090 Novosibirsk, Russia.
Institute of Mechanics MGU, 117234 Moscow, Russia.

Base drag reduction of various vehicles by the method of heat-and-mass addition
in the base region is actual at present. The effectiveness of the method is demonstrated
in [1,2].

In view of the rarefaction arising in the near wake of various vehicles, the base
drag is equal to 25-30%, and sometimes 60-70% of the total aerodynamic drag.

Base drag reduction by the method of heat-and-mass addition in the base region is
also attractive for the hypersonic vehicles with a large base area when they overcome
the transonic and low supersonic velocities.

The level of the base pressure increase achieved due to heat-and-mass addition
depends on the flow rate and thermophysical characteristics of the injected fuel, body
geometry, free-stream Mach Reynolds numbers, etc.

Because of complicated flow structure arising in the base region of axisymmetric
bodies in a supersonic flow, simple and reliable methods of determining the base
pressure increase in the near wake by the heat addition in the base region could not be
proposed. The free-stream static pressure is supposed to be the maximum value of the
base pressure increase due to heat addition in the base region.

For relatively small heat addition values and low velocities of injected fuels,
Tret'yakov [3] suggested a dependence determining the value of base drag reduction as a
function of heat addition.

Therefore, an experimental determination of base drag reduction due to heat-and-
mass addition is of interest both for practice and for creating analytical methods of
calculating such flows.

The changes of the base pressure of cone-cylinder body was studied in [4] for the
free-stream Mach number M=2.14. The hydrogen burning in the base region was
injected from the lateral surface and through an annular slot upstream of the base cross-
section. The base pressure increase obtained was higher than the free-stream static
pressure by 3-4%.

It is shown in [5] that the hydrogen burning in the base region of an axisymmetric
body 35mm in diameter with a blunt base involves the base pressure increase exceeding
by (5-8)% the free-stream static pressure. The investigation was performed in the wind
tunnel at the Mach number M=2.0 and hydrogen injection to the base region through a
porous base and a set of orifices in the base section.

It is shown in [6] for the Mach number M=3.0 and total temperature T=280-253 K

that the hydrogen burning in the base region in the flow rate range G =0.02-0.13% leads
to the maximum base pressure Pb =0.95P1,. The hydrogen was injected in the free stream
either in the radial direction upstream of the base or in the axial direction through a
porous base wall.

A dependence of the relative base pressure increase of an axisymmetric body on
the flow rate of incomplete combustion products of pyrotechnical compounds, which
burn completely in the base region was determined in [7] for the free-stream Mach
numbers M= 1.2-3.0.

© A.F. Garanin, A.I. Glagolev, 1998
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Fig. I. Experimental model and i!s installation
in the wind tunnel (a); forcbody shapes (b, c), Z. _ J_1_ L / / /
base section schemes (d, c): I - porous tube, 2 - 4

pressure tubes, 3 - strut and optical window. 8 2

For the purpose of investigating the a) --
effect of the fuel injection method on the
base drag reduction effectiveness with \'-
fuel burning in the base region, the
hydrogen burning in the base region of ZZZ_________
an axisymmetric body was studied, the
hydrogen being injected through a single b -E-- d I -
orifice in the base cross-section and
through a porous tube attached to the c, e)
base. The effect of addition of a small
amount of air through the forebody was
also studied. The investigation was
performed in a supersonic wind tunnel with the test section size of 200e200mm2 for the
Mach number M=2.5, stagnation pressure P0=4 kPa, stagnation temperature T=270-
280 K. A sketch of the model and its installation in the wind tunnel is shown in Fig. la.
The forebody was manufactured in two variants: 1) blind nose without air flow,
Fig. lb; 2) with an orifice along the body axis, Fig. Ic.

The base section had either an orifice with diameter d=0.3D (Dis the model
diameter) or a porous tube installed on the base. The tube of diameter 14 x 2 mm had
the length L=1.5D with a plug at the end. The hydrogen was injected in the base region
through the lateral surface of the tube.

The base had two orifices for base pressure measurement. The base pressure was
measured by fast-response pressure gages DMI-0.6 and strain-gage equipment 4ANCH-
22 with continuous data recording by automatic potentiometers.

The obtained base pressure dependence on the relative hydrogen rate

G = %, (where G is the hydrogen flow rate, kg/s, p.. u, are the free-stream

density and velocity, kg/m3, m/s; F,, is the model cross-section area, m2) is shown in
Fig. 2a for the body with an orifice in the base and in Fig.2b for the body with a porous
tube.

With increasing the hydrogen flow rate from G =0.06"o up to G =0.2-0.35Y , the
hydrogen burning with injection through the orifice resulted in the base pressure
increase up to a constant maximum equal to Pb=(0. 9 5 -0. 9 6 )P• ,where P, is the free-
stream static pressure upstream of the model. A further increase of the hydrogen rate

resulted in pressure decrease to Pb=0.7P, fora) b)
Pb. Pb the hydrogen flow rate 0 =0.75%. This base
P--- P-- pressure decrease is the result of the ejecting

e effect of the hydrogen stream and downstream
displacement from the base of the maximum

06 0.6, heat release observed on the basis of plume

04 0.4 Fig. 2. Base pressure versus hydrogen flow rate:
0-2 6-2 a) base section with orifice, b) base section with porous

01 0.2 tube.
0 - forchody %ithout orifice, 2 - forebodv %%ith orifice.
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luminescence. The base pressure of the investigated model without burning was
Pbo =(0.46-0.5)P,.

Hydrogen burning with additional air supply through the forebody results in a
smaller base pressure increase equal to Pb=(0.8-0.85)P. for the hydrogen flow rate

G =(0.2-0.45)%.

The air mass flow passing to the base region through the nose orifice equals

S =3%. This corresponds to the air-to-hydrogen ratio a=(0.4-0.16) for the hydrogen

flow rates G =(0.2-0.75)%. The air jet passing through the base orifice developed the
exit velocity corresponding the Mach number Mj=0.5. Because of ejecting effect of one
air jet the initial base pressure decreased to Pbo=(O.36-O.42)P, . Hydrogen addition at

the rate G =(0.22)% increased the ejecting jet effect and resulted in a further base
pressure decrease to Pbo =(O.28-0.36)P, (Fig. 2a).

Hydrogen injection through the lateral surface of the porous tube permitted to
remove the ejecting jet effect and to improve the hydrogen mixing in the base region. In

this case the hydrogen burning within the flow rate range G =(0.5-0.9)% increases the
base pressure up to a constant level exceeding by 2-3% the free-stream static pressure
and by 9-10% the maximum pressure value achieved by hydrogen injection through the
axial orifice.

Presenting the obtained results of various fuel burning in the base region as the

increment of the base pressure difference P- - P , it is shown (Fig. 3) that for

equal Mach number and G =const the largest base drag reduction was achieved by
hydrogen injection through the porous tube. A comparison of the base pressure
difference achieved in afterburning of pyrotechnical fuels (curve I) with the pressure
difference obtained in hydrogen burning shows that the greatest effect was obtained for
the hydrogen burning with the greatest calorific value.

The change of the base drag coefficient C6 = b-__ _) F calculated on theq . F .

basis of obtained results versus the hydrogen flow rate shows that the hydrogen burning
in the base region, being injected through the orifice without air flow, results in a

reduction of the base drag coefficient from Cxb=O.12 with G =0 to Cb=O.O1 (Fig. 4).
This corresponds to a 90% base drag reduction. A further increase of the hydrogen flow
rate results in a smaller base drag reduction.

Hydrogen burning with additional

air supply with the flow rate G =3% 6-1 . ---
resulted in a smaller base drago.

____ ___ ____ ___ ___ ____ ___ ___0.4

Fig. 3. Base pressure increment with
combustion of various fuels in the base region.

I - M=2.5, hydrogen burning without air 0.2
flow, injection through the axial orifice, 2 - / --
M=2.5, hydrogen burning without air flow, -2
injection through the porous tube, 3 - M=3.0, I , -
hydrogen burning, injection through orifices in 0 0.2 0.4 0.6
the lateral surface [6], I - M = 3.0,
pyrotechnical fuel burning, Q = 10.8-22.8 MJ/kg.

111



a) b) Fig. 4. Base pressure coefficient behavior
C1h Cx% with hydrogen burning: a) base section with

0-1 6-1 orifice, b) base pressure with porous tube.o,- 2 6-2

I - forcbody without orifice, 2 - forebody
0.1 01 with orifice.

reduction. Because of the ejecting
005 0 005 effect of the air jet the value of the

base drag coefficient increased by

8-16% without hydrogen burning
0 0.4 0.8 0 0 0.4 00 and reached the value Cxh=0.13-0.14.

"Hydrogen burning with the flow rate

G =(0.2-0.4) in this variant results in
the base drag reduction by 75%. In this case the base drag coefficient acquires the value
Cxb =0.03-0.04 (Fig. 4a).

Hydrogen burning with the porous tube results in the total base drag reduction

when the hydrogen flow rate is G >0.45% (Fig. 4b). For hydrogen flow rates G >0.6%,
the base thrust exceeding the base drag by (2-3)% is achieved.

Estimating the effectiveness of the base region burning in terms of specific

momentum I- -Gb°) Fb (where Fb is the base area, m; G is the hydrogen flowG

rate, kg/s; Pb ,Pb0 are the base pressures with and without burning, kPa), it is seen
(Fig. 5) that the greatest effect is achieved when the hydrogen is supplied through the

porous tube (Fig. 4). In this case, as the hydrogen flow rate increases from G =0. 15% up

to G =0.78%, the specific momentum decreases from 16000 ns/kg up to 5000 ns/kg.
When the hydrogen is injected through the axial orifice within the same flow rate range,
the specific momentum decreases from 16000 ns/kg to 2000 ns/kg.

Schlieren photographs illustrating the flow structure changes in the base region
with and without burning are shown in Fig.6. For the body with a blunt base without
burning the external flow turning angle near
the corner point is a=8, and the wake throat is
located at a distance L=I .6D from base ns/kg
(Fig. 6a). For the hydrogen burning with the •-1

o-26-3
flow rate G >0.2% the wake throat disappears, 1 6-4
and the burning zone diameter equals the 16000
model diameter (Fig. 6b).

In the flow around the base with the
porous tube, the external flow turning angle in 12000

the base corner decreases to a = 5', and the
wake throat shifts downstream at a distance
L=3D (Fig. 5b). For hydrogen burning with o000 6

the flow rate 6 >0,6% the burning zone
boundaries expand from the base, and a weak 4000

Fig. 5. Specific momentum for hydrogen burning in
the baseregion.

I - base without tube, without air flow, 2 - base
without tube,with air flow, 3 - base with tube, without 0 04 0.8 G%

air flow, 4 - basewith tube, with air flow.
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a,m

Fig. 6. Shadow pictures of the base flow structure: a,b) without burning, c) hydrogen burning without
additional air stream, G=0.2%, d) hydrogen burning, base section with porous tube, G=0.7%.

I - tail shock wave from the strut, 2 - vortex wake from the strut, 3 - shock wave from the flame.

shock wave 2 forms in the corner point, which indicates that the pressure in the burning
zone exceeds the free-stream static pressure.

Thus, the conducted study showed that the greatest effect of increasing the base
pressure with hydrogen burning in the base region is achieved with hydrogen injection
through the lateral surface of a porous tube attached to the base section.

The presented results of hydrogen and pyrotechnical fuel burning show that for
equal fuel rates the greatest base drag reduction is obtained by the burning of hydrogen
with the largest calorific value.
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CONTROL OF SHOCK WAVE PARAMETERS BY MEANS OF MASS AND

ENERGY SUPPLY

A.F. Garanin, P.K.Tretyakov, V.F.Chirkashenko, Yu. N.Yudintsev

Institute of Theoretical and Applied Mechanics SB RAS 630090 Novosibirsk, Russia

Many theoretical and experimental papers are devoted to controlling the parameters of a
shock wave (SW) generated by a body moving with supersonic speed. The body shape effect
on the formation and propagation of shock waves has been most intensively studied, for
example in [1, 2]. At the same time, of great interest is the possibility of controlling the SW
parameters by supplying additional energy in the disturbed stream near the body.

In the present paper we study the possibility of controlling the SW parameters (intensity

p -PXAo
A 5,- P. - and momentum of the positive SW phase Y1 = J A•(x)dx) by means of

injection of gas mass in the form of air jets exhausted from the model and thermal energy
supplied behind the SW due to hydrogen combustion near the model.
The research method is based on the measurement of excess static pressure profiles near the
model immersed in the flow with subsequent recalculation of the profiles for larger distances
using the quasi-linear theory [3]. The experiments were performed in the supersonic wind
tunnel T-313 (ITAM SB RAS) for the Mach number MW=2.04 and Reynolds number
Rel=25x10 6 [1/m]. The profiles of excess static pressure behind the SW were measured on a
perforated reflection plate mounted on the floor of the test section at a distance of 200 mm

from the model axis, which corresponds to four model diameters k]=H/dm,4. To obtain
reliable estimates of the energy 350
supply effect on the SW parameters,
all experiments were conducted on a
basic model, which was a half-cone 0
with an angle A?• = 200 on a cylinder
with diameter dm=50 mm. Sketches
of the models are shown in Fig. 1. . 90o
The first group of models was used varints of nozl

to study the influence of air injection houat 1% 1 A 2 3
into the disturbed flow in the region
of expansion wave formation on the
body. For this purpose, some 3°".

variants of slotted sonic nozzles
were organized using replaceable
inserts on the cylindrical surface of
the model near the comer point in
order to form expansion fans in a 90'
sector. The nozzle axes were
inclined to the model axis by (p = 30'
and 900. A hydrogen injection pipe
and an Fig. 1. Sketches of the models.

© A.F.Garanin, P.K.Tretyakov, V.F.Chirkashenko, and Yu.N.Yudintsev, 1998
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ignition electrode for hydrogen ignition were placed near the model to study the thermal
energy supply in the flow region behind the expansion wave.

The air pressure in the model volume upstream of the nozzle and the flow rate of
injected hydrogen were measured in experiments. The total pressure in the jets was measured
within the range Poj = 0-4 MPa, and the hydrogen flow rate during its combustion was 13.7
g/s. The experiments were perforated for equal temperatures of the free-stream air and
exhausted jets To. = Toj = 300 K.

The influence of the jet with changing total pressure on the flow formation near the
model is shown in Fig. 2 by the example of the model with nozzle 2. An underexpanded jet
exhausted almost from the comer point of the half-cone with the initial axis inclination angle

larger by 10' than the cone generatrix
.6 angle, does not affect the position of the

______ expansion wave formation on the model
surface, which corresponds to the

_, _ •conditions with Poj = 0. With jet
E.- 4 Nozzle M 2 injection, this expansion wave is formed

downstream of the nozzle and retains its
___-_pressure profile in the influence region

- .... - 0 i irrespective of the jet pressure ratio. An
increase in SW intensity and momentum
with increasing the jet pressure ratio is

due to interaction of the disturbed
Fig. 2. Effect of the total pressure in the plenum chamber of incoming stream with the exhausted
the nozzle on the shape of the excess static pressure profile jet, which results in an attached shock
behind the shock wave. 1,5 MPa, 5 - 2,05 MPa, 6 - 3,1 MPa. wave on the windward side of the jet.This SW induces the flow stall from
the model surface upstream of the nozzle with a shock wave formed ahead of the separation
region. This wave system interacts with the bow shock wave from the half-cone. As a result,
the bow shock wave moves upstream, its intensity and momentum increase with a fixed
position of zero characteristic with respect to the model. The pressure decrease behind the
bow SW in this case is caused by an expansion wave formed in the flow past a slip surface
separating the exhausted jet from the incoming stream. The expansion wave intensity
substantially increases as the jet pressure ratio increases.
An increase of jet inclination angle
up to 90' (nozzle 3) does not change 'P. -i .110.2 V

qualitatively the interaction process, b 6
but in this case equal values of the o
SW parameters are achieved with 1,0 o 0 1,0 -,, -

lower pressure values in the jet, i.e., 1
the influence of jet attitude relative K = ,00o
to the SW is revealed. Being plotted 0,8 s, K=4,0 0,8 -

as functions of the parameter --

complex CRsinqp in Fig. 3a, the 0 0,5 1,0 C.SinRf o 0,5 1.0 C4sin(

shock wave parameters (A Pk J+)
show that with this control method
the changes in the SW parameters are Fig. 3. Shock wave intensity versus the the nozzle thrust and

determined by the component of the orientation.o- nozzle 1, A - nozzle 2, V - nozzle 3.
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nozzle thrust coefficient normal to the model axis. The nozzle thrust coeffikient is defined as

C qS R where R is the nozzle thrust, q, = P•,M, is the dynamic pressure,R qo0Sm2

S. is the mid-section area of the model. This generalization is retained as the shock
4

wave propagates at large distances (Fig. 3b). An increase of the normal component of the
nozzle thrust coefficient up to CR = 1.6 leads in the near field to an increase in SW intensity

and momentum by 2 and 2.5 times, respectively. In the far field ( K = 1000) this increase is
1.6 and 2.2, respectively.

Figure 4 shows the pressure profile behind the SW, which were measured near the
model equipped with a system for hydrogen combustion under the conditions without
hydrogen injection, with hydrogen injection, and with hydrogen combustion.

An upstream injection of
hydrogen behind the expansion
wave on the initial body near the

_____ - t ____model shifts the bow shock wave

1 "0 " _,from the model upstream
S1 2.".j \ K•4 practically without changing its

intensity and with a small/,--(-.30%) increase of momentum.
Os iIn the pressure profiles, an

0,_ __ - intermediate step appears which
gives rise to the momentum

,\ change. Behind the bow SW,
there arises a drop in the pressure

01 -caused by the rarefaction wave
2 5 6 i forming when the flow moves

around the contract surface
-- which separates the hydrogen jet

and the air flow.
Fig. 4. Pressure profiles behind the shock wave. 0 - initial model. The heat addition due to
A - with hydrogen injection, x - with hydrogen combustion, the hydrogen combustion exerts

practically no effect upon the
flow pattern near the SW formed
by the hydrogen jet without

combustion. Only a small increase in the pressure level at the intermediate step and
displacement of the latter upstream take place.

The flow pattern changes dramatically in the influence region of the hydrogen plume
extended downstream from the intermediate shock wave. A strong compression wave is
formed in the expansion region corresponding to the initial body, which substantially
increases the excess pressure momentum near the model. The expansion wave with intensity,
corresponding to the expansion wave on the initial body without hydrogen injection, is shifted
downstream from the bow shock wave at a distance of more than four model diameters.
Affected by these factors, the momentum of the positive SW phase near the model increases
by approximately four times in comparison with the momentum of the SW from the initial
body. According to recalculation shown in Figs. 5 and 6, the effect of momentum increase is
retained as the SW propagates at larger distances.
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The bow SW intensity decreases
with the distance from the model, as it • -

takes place on the initial body under the 1,0
action of expansion wave non-shaded
by the plume. An intermediate shock 0,5 -X\" __

wave is formed on the front of
compression wave propagating behind
the expansion wave. At a distance 0,2 - _ _

S= 10 this intermediate shock wave 0,1
interacts with the bow shock wave and
induces a jump-like increase in its 0,05

intensity. As the bow SW propagates
further, due to increased momentum 0,02 _

and downstream shift of the influence
region of expansion wave from the o,oi - - -

comer point of the model, the process 4 10 20 50 100 200 500

of its decay extends to larger distances
in comparison with the initial body and Fig. 5. Shock wave intensity versus the distance from the
hydrogen injection without combustion. model. 0 - initial model, A - with hydrogen injection,

This results in a twice larger SW [ - with hydrogen combustion, * - model with nozzle 1

intensity provided by the model variant (P0i =0.7 MPa), Q - model with nozzle 1 (P0i = 3.7 MPa).
with heat supply at a given distance for
practically equal initial SW intensities, as the SW moves away from the body. This effect is
observed at large distances. A comparison of the examined methods for controlling the SW
parameters (Figs. 5, 6) shows that the thermal energy supply increases the SW momentum

5,0 and intensity (for KŽ> 10) by 100 and
5,0 , ,25%, respectively, as compared with the

corresponding parameters of the SW
2,0 generated by the model with nozzle 1 for

1,0 Poj=3.7 MWa.
1,0 •In conclusion we can say that the

0,5 gas mass supply in the form of an
underexpanded jet exhausted from the

0, Qmodel increases the SW momentum by
0,2 -" - - - increasing its intensity and length of the

01- positive SW phase with a constant
position of zero excess pressure, which

0,05 - leads to a faster decay of the shock wave
5 10 20 50 100 200 5001Z in the process of its propagation. The

changes in the SW parameters are
deteriebytenzlthutvco

Fig. 6. Momentum of the positive SW phase versus the rmined by the nozzle thrust vector

distance from the model. 0 - initial model, A - with component normal to the model axis.

hydrogen injection, El - with hydrogen combustion, The thermal energy supply increases the
# - model with nozzle 1 (Poj = 0.7 MPa), • - model with SW momentum without changing its
nozzle 1 (Poj=3. 7 MPa). initial intensity due to the formation of

compression wave behind it, which shifts
the characteristic of zero excess pressure
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downstream. As a result, the process of SW intensity decay extends to larger distances in
comparison with the initial body.

Note also that the efficiency of controlling the SW parameters using the energy supply
should also depend on its organization, i.e., the place of energy sources and the distribution of
their power.

The authors are thankful to Dr. V.F.Volkov for his assistance in processing the
experimental results.
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INLET PERFORMANCES MEASUREMENT
IN SHORT-DURATION AERODYNAMIC FACILITY

B.N. Giljazetdinov, V.I. Zvegintsev

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

The development of short-duration aerodynamic wind tunnels requires perfection
of an experimental technique for such facilities. When scramjet models are tested the
measurement of the mass flow rate through the engine inlet is an important and
reasonably labour-consuming operation. The standard way for the flow rate measurement
implies that specific inter-model volume for the flow distortions improvement and the aft
sonic nozzle with an uniform field of parameters are involved [1].

Another method of flow rate measurement suitable for short-duration facilities could
involve the outside placed volume which is attached to inlet exit and it swallows the whole air
flow from the inlet. The pressure growth within the volume indicates the current value of
incoming flow rate. Such technique was suggested and tested in [2] in a Ludwieg tube
wind tunnel and in adiabatic shock tunnel with constant parameters of a flow. In the present
work a mass flow rate measurements on a technique similar [2] are discussed, but
executed experiments were performed in an impulse wind tunnel where flow parameters have
decreased during the run time.

The inlet model investigation was conducted in a short-duration wind tunnel named
"Tranzit" (ITAM SB RAS) at flow Mach number M = 3 and M = 4 without heating of
working gas (air) in the settling chamber. The layout of an experimental facility is shown
in Fig.1.

d-12.2- dQ"10 8

Fig. 1. Experimental setup layout. -

1-wind tunnel nozzle; 2-inlet; 3-flow- • --

meter nozzle; 4-pipe; 5-valve; 6-attached -

chamber; 7-pump; 8-test section; 9-

© B.N. Giljazetdinov, V.I. Zvegintsev, 1998
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The tested model represents a supersonic axisymmetrical frontal inlet of
completely internal compression, which is described in [1]. Such inlet has well defined
significance of specified mass flow rate (practically strictly equal to 1 when the angle of
attack is zero), thus permits to check accuracy of measurements. The model contains an
internal volume, which is ended with a flow-meter sonic nozzle 3 at the model exit. The
total and static pressure in the exit plane of the nozzle were measured with the help of
averaging rakes. Further the whole air flow leaving from the model could be directed to the
special outside placed chamber 6 with volume 32,3 dmi3 through a small length channel 4. At
the end of the channel 4 before the chamber 6 the controlled fast-acting valve 5 is located
with a passage diameter of 30 mm.

PoiO', Pa Pb1o0, Pa50 -,------- 0.65

P..*10o Pa M = 2.92 d, = 12.2 mm

P,•,IO Pa d,= 14.4 mm
4 40 --- _"e__- - 0.60

P. PO3  P.h
P,*1O, Pat

1.5 13 30 All,\•T- -7 0,455

1.0 2 20 : .0.50

0.40
0 10 20 30 40 50 t, ms

P.-1o` PHa R,-10" P
100 - 0.60

P,•,IO'] Pa M =3.95 d. 12.2 mm
eo,*10' "pa d,, 16.0 rn r

4 80 1 .A-0.55P.

P.* 10" Pa

1.5 3 60 0.50

1.0 2 40 0.45

0.5 1 20 AW 0.40

0 - 0.35
0 10 20 30 40 50 60 70 t,MS

Fig. 2. Typical experimental pressure records
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Prior to a tunnel run the chamber 6 is evacuated by the pump 7 up to pressure 0.3 - 0.4
atm. After the tunnel start and working flow establishment (it took approximately 10 ms) the
controlled valve 5 was activated and air flow arrived into the chamber. The processes of the
wind tunnel operation, a fast-acting valve 5 opening and the digital data acquisition system
start were synchronized with the help of a special electronic system. High-frequency
pressure gauges give the values of pressure within the settling chamber and test section 8 of
the tunnel, in different points of inlet and attached chamber. The record of parameters
during the run was made with the help of a high-speed digital registration system in
CAMAC standard.

Typical records of pressure measurement during the experiment are shown in Fig.2a,2b.
At data processing of these records a procedure of experimental data smoothing through the
approximation them by polinomial of degree 6 was applied. In Fig. 3a and 3b the ratio of
pressure within the inlet throat and at the flow-meter sonic nozzle exit, as well as, a attached
chamber pressure are indicated.

p. 'p.&•
--- 16
Pa' dP.

•P • dt M =2.92

3 12 __

2 8 P.a)

1 4_ __----_
P.

0 
.o

0 10 20 30 40 5o t, ms

P. P.,
WdP.

dt 16
Pa.W~ dp.. M =3.95

0-1 2 30 40*100 0 tdm

4 12 _11

E P.

3 8 b)k

1 0 V.-_ _________ 
_____

0 10 20 30 40 50 60 70 tMS

Fig. 3. Typical data processing results

From figures 2,3 it is visible, since 15-20 ms a quasy-steady flow field in the wind
tunnel and the model is established, that is characterized by practically constant value of
Mach number in combination with a smooth decrease of flow dynamic pressure, as well as
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flow Reynolds number. Useful running time is depending on initial storage mass of a test
gas within the settling chamber and varied from 25 ms at M 3 to 50 ms at M = 4 in executed
experiments.

During the running time the specified pressures Pth / PH and P03 / PH are remained
practically constant, that characterizes quasy-steadyness of the flow pattern in the model.
The pressure within an attached chamber is growing continuously, however the rate of
this increase is monotonically slows down, that is in agreement with reduction of the
mass flow rate through the inlet. For casual errors reduction the main variants of
described tests were repeated 3 - 4 times.

The received data permit to determine significance of the mass flow rate by two
independent methods simultaneously: a) on flow parameters on sonic nozzle exit and b) on
the rate of pressure increase within the attached chamber. It is known, that at supercritical
ratio of the pressure in the flow-meter sonic nozzle 3 of tested inlet model (see Fig.]) the
flow with sound speed is generated. The efficient area of a flow exit section was defined
in view of the boundary layer thickness in a kind of an area coefficient fl changing at mass
flow rate calculations on measuremental values of total pressure and temperature:

G = m. P03 * Fnozz* q(Mnozz)

here: / - area coefficient for used flow-meter nozzle; m, q(M) - gasdynamic relations; F.,' -
area of nozzle exit; P03, T03 - total pressure and temperature of the nozzle output flow.

As it is indicated in [3] when short-duration facilities even with constant
parameters of a flow are used a specific dynamic error of mass flow rate measurement comes
into being which manifests itself as a difference in mass flow rates mesured at the inlet
entrance and inlet exit section. This error is stipulated by inertness of inner model volume
filling process. The technique of the correction of this dynamic error was given in [4] and
was used here.

Simultaneously the same flow mass rate was defined on the basis of the pressure
growth rate in an attached chamber. Previously the used chamber filling process was
investigated in detail. Obtained experimental data have confirmed, that in future short-
duration wind tunnel testing the process of chamber filling will be correspond to adiabatic law
and thus the incoming air flow rate can be determined in accordance with adiabatic
relationship:

G -_ _ dP ,h
x.R.T 03  dt

here VCh - volume of a chamber; Ph , T03 - current significances of air pressure and
temperature in a chamber.

The results of the flow mass rate based on two independent measuremental
techniques are shown on Fig.4 for two investigated cases (NI = 3 and M = 4). It is evident
that reads dispersion does not exceed 5 %. The same level of accuracy is achieved in [2].
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G, kg/s0.16 X

0 - flow-meter nozzle exit
measurements

A - attached chamber pressure
02 ,measurements

0.12 _____

M= 3.95

0.08 WN
M =2.92 ,,

0.04

0 10 20 30 40 50 tMs

Fig. 4. Mass flow rates obtained data

Except absolute significance of the mass flow rate measurement at aifferent conditions,
the large attention at inlet testing is given to determination of the inlet throttling
performance, that means interrelation determinate between the specified flow rate q = Gth IGO
of captured flow and total flow pressure losses (pressure recovery factor v = P03 I PO) during
the compression process.

V= _P. _,_, While the described experiments, in parallel

P.. with the mass flow rate measurements, aM =2.92 14 mm

0.16 • i 16umm new technique of throttling performance
d0 Rmm reception have been sampled. For this

0.12 _ _ purpose, tests with different areas of sonic
02 turn nozzle, up to so small significances whichM =3.95 ---mm

0.08 -1m resulted in inlet unstart (normal supersonic
-mm 164mmm input was destroyed), were conducted. The

0.04 pressure recovery factor v = P 03 / Po at the
flow-meter nozzle exit was measured with

0 0 = F the help of total pressure rake or it was
0 0.2 0.determined on the data of pressure

measurements in the attached to inlet
Fig. 5. Throttling inlet performance chamber.

The throttling inlet performances that received for the model with flow compression
area contraction ratio FO / Fth =1,49 are indicated in Fig. 5. It is visible, if a diameter of the
flow-meter nozzle is equal to 16 or 14 mm, the value of specified flow mass rate OP fits to
expected value (V = 1 ) fairly well. As the area of sonic nozzle exit section is decreased the
progressive input flow transformation takes place, which results in increase of the total
pressure. Simultaneously the flow density is raised too, thus the mass flow rate through the
sonic nozzle is saved. When a nozzle with diameter less than 14 mm was mounted the
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specified mass flow rate (p decreased sharply, that signifies normal supersonic flow at the
inlet entrance was destroyed and bow-shock configuration occured.

As a whole, conducted tests and the received results have confirmed the rather
accurate measurements of mass flow rate and throttling performance are possible when
inlet model with attached chamber is tested in short-duration wind tunnels with time-
dependent flow parameters.
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THE USE OF NETWORK TECHNOLOGIES IN AEROPHYSICAL RE-

SEARCH AT ITAM SB RAS

V.M. Giijov, V.F. Kurmell, O.N. Mosseichuk, S.G. Ocheretny

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia.

In the Institute of Theoretical and Applied Mechanics (ITAM), SB RAS, from the
very beginning network technologies gained wide application when conducting
aerophysical studies. At the first step (early 80-ths), to the basis of constructing the
automated system for scientific research (ASSR) of ITAM, a three-level computerized
system was laid [1]. Computers of the first (objective) level were allocated immediately
at the experimental setups of the Institute. They were connected to central communi-
cative minicomputer [2] via communication channels, and through it, to a large elec-
tronic computer BESM-6 which was used for the accumulation and computing of ex-
perimental data as well as for performing their comparison with the results of
theoretical modelling [3].

In view of the change-over to personal computers, an impetus was given to further
development of the Institute's computer network. At the present time, the latter repre-
sents a well-developed network architecture designed in close analogy to Ethernet. All
computers hooked up to the network are united in an integrated information space with
free access to Internet. Up to date, as many as about a hundred of the Institute's com-
puters are included into the computer network.

TOPOLOGY OF THE INSTITUTE'S COMPUTER NETWORK

Figure presents the topology of the computer network of the Institute of Theoretical
and Applied Mechanics, SB RAS. To the computer network, stations are connected,
which are located in three main blocks of the Institute (the computers in the main
block are used for mathematical modelling, while the computers of the aerodynamic and
MAY- blocks for carrying out both experimental and theoretical studies). In addition, a
number of departments have their own local networks, the latter ones being connected
to the integrated computer network of ITAM. As the protocols in the Institute net-
work, TCP/IP, IPX ones and some others are used, which allow simultaneous work of
several stations employing a great variety of software products without interfering
with each other.

For segmentation of the network, the hooking up of net abonents situated in
different blocks is organized through a switch-hub system. In the same manner, also
a number of local departamental networks are connected to the main one as well as
rather large groups of users sharing a common territory. The use of the above hard-
ware facilities permits dividing of the Institute's network into eight independent seg-
ments, which prevents penetration of network packages intended for a given segment
into other parts of the system. This substantially improves the performance and
raises reliability of the network.

Inside each block, intercomputing connections are provided with the help of stan-
dard hardware facilities (coaxial-cable or twisted-pair lines, hooking up of sub-
scribers to the network through hubs, etc.).

© V.M. Giljov, V.F. Kurmell, O.N. Mosseichuk, S.G. Ocheretny, 1998
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Topology of the computer network of 11AM, SB RAS.

NETWORK COMMUNICATION CENTER

The network communication center is the central component of the system, by
means of which telecommunications and network control are organized. In the center,
network servers are located, each performing its definite functions:

- an Internet server providing an access to the Internet network, it functions also
as mail and WWW-servers and operates under the operating system Linux;

- a local-network server intended for exerting control over the Institute's local net-
work, the server working under the system Windows 95;

- a daiabase server operating under Linux;
- a calculating server basing on a high-speed RISC-processor ALPHA and con-

trolled by the multiple-user OS Linux, the server being available for all users of he
Institute's computer network;

- a router providing an access for an individual user of the Institute's computer net-
work to Internet, the data communication being ensured by a high-speed modem
connected immediately to a prescribed Internet channel. The router is governed
by a computer code written in its read-only memory.

COMPUTER CLASS

The computer class is a constituting component of the ITAM's network infrastruc-
ture. Staff-members of the Institute, as well as students and post-graduate students of
higher educational institutions taking their training at the ITAM or doing their research
work at the Institute are the users of the class.
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The class is equipped with the modern-day computer facilities. At the present time,
as the computer terminals, personal computers Pentium 166MMX are used. The
calculating server is built on the 64-bit RISC-processor ALPHA operating at a fre-
quency of 533 MHz. It is located in the network computer center.

The computers are connected together by means of Internet, and they share a com-
mon disk operating system, the loading being executed through the network as well. As
the operating system, the Linux one is used offering an effective use of all available
computational resources and allowing to organize both multi-user work with all
levels of control over resources allowed to each user and multi-level data protection.
Employing this operating system has allowed to avoid all problems caused by viruses as
well as unauthorized use of software products. The presence in the network of a pow-
erful server with an architecture quite different from the Intel one allows students to get
to know various principles laid to the basis of scientific calculations.

In the class, a complete set of software products is installed required both for train-
ing students and for doing scientific work. It includes highly developed programming
means, debugging aids and compilers for science-oriented languages C, C++, For-
tran, Java, as well as powerful means for experimental data visualization. A certain
part of the visualization means were developed in our Institute and were offered for
free use, in particular, a code KAGR for plotting two-dimensional graphs and a pack-
age KAPIC permitting visualization of three-dimensional geometry and flow field pat-
terns. Another part of the research engineering codes has been borrowed from the bank
of freely distributed products, for example, VIGIE, a code for the visualization
of aerodynamic data designed in Inria, France (the French National Institute for
Research in Computer Science and Control), and some others. Other software
products are also installed needed for preparation and designing various reports and
scientific publications.

PARALLEL TECHNOLOGIES

During last several years, numerical algorithms for performing parallel calcula-
tions were under extensive development in the Institute [4,5]. The first parallel ma-
chine MP-3 installed in the ITAM was equipped with Intel-860 processors. Although it
had insufficient computing power and reliability, the machine offered a real means for
performing parallel calculations.

Another approach to conducting parallel calculations can be proposed when using
personal computers of the terminal class. Being equipped with special software and
united in a computational cluster by a fast-response network, these computers form, in
fact, a multi-processor parallel computer with physically and logically distributed RAM.
The means of parallelization is the Massage-Passing Interface. This standard environ-
ment for parallel computations has gained application in a wide range of parallel ma-
chines, including supercomputers with thousands of processors. Implementation of such
a computing complex at the Institute permitted devising top-level calculational methods
and technologies. To the best of our knowledge, at present the above complex sur-
passes in computing power (6 Pentium-166MMX + Alpha 533 with a total memory
of 448 MB) all computing facilities available in Novosibirsk. Involvement to the clus-
ter of a machine basically different in architecture and computing power from stan-
dard personal computers provides a unique opportunity for parallel calculation
studies in non-uniform mediums as well as for developing means of dynamic distribu-
tion of loading over all processors in use.
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Thus, implementation of up-to-date computer technologies has allowed to organ-
ize in the Institute a powerful multi-purpose computing complex, which, on the
one hand, represents a modern computer class, and, on the other, highly efficient
parallel "supercomputer" which can be used for solving many challenging problems
on numerical modelling.

FACILITIES ALLOWED TO NET ABONENTS

The use of network technologies while performing aerophysical studies offers a
great variety of opportunities for abonents of the Institute's computer network.

Using the local network provides the following scope of opportunities:
- storage on the local-network server of user's data as well as various software prod-

ucts, which, in particular, can be used for installation of computer codes on users'
computers;

- data communication between different computers joint by the local network;
- storage on the server of bibliographic as well as various scientific, technical and

patent information used by the Institute's scientific workers and engineers in their
work;

- storage on the server of experimental database having been obtained in the
course of aerophysical studies as well as of computational data, performing
comparison between results of numerical calculations and experimental studies with
the help of this server,

- conducting on the calculating server of high-efficient calculations when perform-
ing namerical modelling in the field of mechanics.
When working in the Internet, the following opportunities are available:

- mail messages transeiving;
- searching for various required information over numerous WWW and FTP serv-

ers included into Internet;
- data communication with foreign partners;
- performing calculations on remoted high-efficient computers situated in a number

of scientific centers both in Russia and abroad;
- work with remoted databases.

IMPLEMENTATION OF NETWORK TECHNOILOGIF.S

In the report, a number of particular examples of the utilization of network
technologies when conducting aerophysical studies in the ITAM, SB RAS are pre-
sented.

Research groups of the Institute take active part in international research
projects. Joint works are carried out in collaboration with scientists of other Aca-
demgorodok's Institutes and other Russia's scientific centers as well as with foreign
colleges. Staff-members of the Institute take active part in competitions for various
international grants. Under this circumstances, reliable and stable operation of the
computer network as well as extensive development of modern data-exchange
technologies are of great importance.

Using computer facilities, numerical calculations are carried out on powerful su-
percomputers situated in different institutes in Russia and abroad.

Works are under way on the development of file storage's and databases with an
access being available via the network. Laboratories participate in the creation and
submitting of various scientific information to international aerodynamic databases. In
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particular, a number of important results obtained lately in the ITAM, SB RAS, were
presented to the Houston High-Speed Flow Database University of Houston,
http://hhsfd.math.uh.edu/).

More recent attention was given to the adoption and development of the
technologies related to the Internet. The Institute's server (http://www.itam.nsc.ru)
has been created and it is developing extensively now, detailed information being
stored about the Institute and the studies conducted by its staff-members.
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PRELIMINARY INVESTIGATIONS of SCRAMJET MODULE
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INTRODUCTION

Creation of hypersonic flying vehicles with air-breathing propulsion is an urgent
problem because these vehicles are promising from the viewpoint of their use for
various practical purposes. An inlet is one of the basic parts of such an engine.

ITAM SB RAS together with CIAM has performed theoretical and experimental
researches of two models of three-dimensional inlets [I]. The first model had an
adjustable strut, which allowed for inlet throat variation from 0.126 to 0.316. The side
walls and the strut had a sweepback angle of 45'. It was found that this inlet has
comparatively low flow rate coefficient (f(M)) and a smaller starting range[I].

The second model did not have this strut, and the inlet operation was adjusted by
discrete longitudinal motion of the cowl. Symmetric side walls of the model has a sweep
forward angle of 450 with the relative throat area of 0.358. The testing of this model
allowed one to obtain satisfactory characteristics of the inlet in experiments in the flow
core (5=0), but a dramatic reduction of the flow rate and total pressure recovery
coefficients was observed if there was a thick boundary layer at the inlet duct
entrance [I].

On the basis of results for these models, an engine module was developed. The
inlet of this engine had swept forward side walls and the central strut with sweepback. It
was supposed to use the favorable influence of sweep on the inlet starting and flow rate
characteristics.

The following objectives were pursued in testing the engine module:
* obtaining of flow rate characteristics on the basis of flow parameters at the
combustion chamber exit:
* determining the total pressure recovery coefficient and flow Mach number in the inlet
throat;
e determining the inlet starting conditions and flow formed in the duct using the
Schlieren pictures and oil-film visualizationm
* determining the influence of a thick boundary layer at the inlet entrance on the inlet
starting and integral characteristics;
* determining the pressure fields in the inlet and combustor.

MODEL AND EXPERIMENTAL TECHNIQUE

A scheme and basic dimensions of the developed scramjet model are shown in
Fig. 1. To approach the full-scale size and taking into account the model symmetry
about the strut, the inlet was made as a half-model. The bluntness radius of all leading
edges was I mm.

© M.A. Goldfeld, A.V. Starov, V. A. Vinogradov, 1998
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Fig. 1. Scramjet module. 1-left wall, 2-model base, 3-strut (right wall), 4-total pressure rake,5-injectors.

The model construction allows for fuel injection into the combustor during
combustion tests in a hot-shot wind tunnel. The fuel is injected through a group of
injectors mounted on an insert which is placed in a rectangular window on the strut
(experimental studies were performed without injectors on a smooth wall). To make
injection more uniform and to avoid the duct blockage, the injectors are located in two
bearings with respect to the horizontal plane passing approximately through the middle
of inlet height. Each injector has four orifices for fuel injection. They are located on a
swept strut along the model duct width. It is also possible to install windows in the strut
and side wall for visualization of the flow and fuel combustion.

For the sake of static pressure measurements on internal stagnation surfaces and
on the cowl, the model had 149 static pressure taps. The largest number of static
pressure taps was positioned in the inlet throat and combustion chamber, which are
most important from the viewpoint of inlet starting control and stable combustion.

The total pressure in the inlet throat for determining the total pressure recovery
coefficient was measured by a rake that had eight pressure probes positioned uniformly
over the throat height. For determining the air flow rate at the model exit, there was a
rake with 32 pressure probes located uniformly over the height and width of the exit
cross-section of the model. Four static pressure probes were located on internal surfaces
of the model in close vicinity of the rake.

The main set of tests was performed in the blowdown wind tunnel T-313 of ITAM
SB RAS with test section size 600x600x2000 mm at Mach numbers from 2 to 4 and unit
Reynolds numbers from 25 to 54 million. Experiments at M=6 were conducted for unit
Reynolds number of about 9 million, the flow being heated up to 450K [2].

The tests were performed for two variants of model mounting in the test section.
In the first case, it was mounted on a strut in the flow core of the wind tunnel, and there
was no boundary layer at the inlet entrance (5=0). In the second case, the model was
mounted on the wind tunnel wall with a special transitional plate, which allowed for
diverting a thick boundary layer of the wind tunnel to the inlet entrance to simulate the
boundary layer on the aircraft fuselage upstream of the engine duct entrance (8>0). The
boundary layer thickness on the wind tunnel wall was about 40 mm, which amounted to
27% of the model duct height.

The Schlieren visualization of the flow over the model entrance and the oil-film
visualization of the limiting streamlines at the entrance were also performed.

The experiments for M=6 and 7.2 were conducted in the hot-shot wind tunnel
IT-302M of ITAM SB RAS with nozzle exit diameter of 300 mm and test section length
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ot ,0(00 mm. The test conditions are presented in the table, the range of flow parameters
being aso shown for wind tiunnel operation without pressure multipliers.

Mach number 6 6 7 2 7.2

Total pressure, 12.14-1.60 12.43-1.70 44.52-7.79 38.22-7.65
MPa

Temperature, K 2566-1706 2159-1475 2382-1591 1847-1259

Re×x 106, I/m 5.19-1.41 7.04-2.03 13.77-5.20 19.76-8.09

EXPERIMENTAL RESULTS

An analysis of pressure distribution shows that it is highly nonuniform. An
example of static pressure distribution over the inlet throat perimeter at M=6 is shown
in Fig. 2. It is seen that especially strong nonuniformity is observed on the strut. This
can be related to the boundary layer
separation caused by the action of a P -- -]
more intense shock wave, since the P, . 8=0W
inclination angle of the side wall 158 .>0 I
surface is larger than the I
corresponding angle of strut
inclination by a factor of 1.5. This 10_t .-

conclusion is also supported by a
considerable pressure nonuniformity 5
in the presence of a thick boundary [
layer at the inlet duct entrance. 0.
Similar results were obtained for all 0 100 200 300 Z'.mm
Mach numbers when the inlet was Fig. 2. Static pressure over the inlet throat perimeter.
started. For subsonic flow regimes in (Base, strut, cowl, side wall).
the throat, the pressure field was more
uniform.

When analyzing the pressure distribution along the model (Figs. 3, 4). we can see
an alternation of pressure peaks typical of supersonic duct flow, which is due to
alternation of shock waves and expansion waxes. This nonuniformity is also observed
when decreasing the Mach number, but retaining a supersonic flow in the model duct. If
the inlet was not started, the pressure equalize, both along the duct and over the inlet
throat perimeter. For M•2.5, the inlet was started neither in the flow core, nor on the
tunnel wall. This was confirmed by the p,
Schlieren pictures of the flow over the 8=0
model duct entrance. For MŽ>3, a thick 8>0M=6
boundary layer had a strong effect on 8- - --
the character of static pressure
distribution and pressure level in the -
duct. Because of model asymmetry, this 5-
effect was different at the opposite / . ? ,rI
compression surfaces. Thus, the A
pressure equalization and reduction of 2- 1 _
the overall pressure level along the duct 0 350 700 1050 X,mm
were observed at M=6 on the strut
(Fig. 3). A typical saw-tooth Fig. 3. Static pressure distribution along the strut.
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distribution of static pressure was Pw
observed on the side wall (Fig. 4), P,. o -=0
though there was some shift along the 8>0 W=6
model and some increase of peak 8 -- - .-
pressure values. This is probably due to
the appearance and growth of local
separation regions. 5

An example of total pressure
distribution in the inlet throat for M=4
and 6 is shown in Fig. 5. A strong 2
pressure nonuniformity over the duct 0 350 700 1050 X,mm
height can be noted, as well as a step-
like character of pressure distribution Fig. 4. Static pressure distribution along the side wall.

in a supersonic duct flow, especially in p
the lower part of the throat - _,,

approximately up to half of its height. W=4
The flow stall changes qualitatively the
pressure distribution. This is 0.2
manifested in smoothing the pressure
peaks at M=3, and the character of
pressure distribution approaches that 0.1 -,M=6
typical of the near-wall turbulent layer 0
(for M<3). This result is apparently _

determined to a large extent by the 0.00
boundary layer separation at the model 35 70 105 Y,mm
base. The presence of separation is also Fig. 5. The Pito pressure in the inlet throat.
supported by the static pressure
distribution at the base along the model duct. Figure 5 shows also the influence of a
thick boundary layer upstream of the model on the total pressure variation in the inlet
model throat (black markers), which leads to total pressure reduction, mainly at the
model base. Besides, the pressure profile equalization is observed (for 5>0), which is
most pronounced when decreasing the free-stream Mach number.

As noted above, this model is an engine module which has an inlet and
combustion chamber with a system for fuel injection. This allows one to perform
combustion tests in a hot-shot facility, since there is always the problem of

identification of measurement results

PP_ 0 M.=6, T.313 in different wind tunnels, moreover,
in principally different wind tunnels

t Ma W=6, IT-302 such as T-313 and IT-302M, the

0.10 W ,=7.2, IT-302 experiments were performed for the
Mach number 6 and similar Reynolds

- •numbers. The results obtained in
0.05 wind tunnels with blowdown and hot-0.05 ,shot operation regimes are in fairly

. •good agreement with each other [2].
-An example of total pressure035 70 105 Y,mm distribution in the model throat forMach numbers 6 and 7.2 in the hot-

Fig. 6. The Pito pressure in the inlet throat in different shot wind tunnel IT-302M is
wind tunnels. presented in Fig. 6. For comparison,
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the same picture shows the total pressure profile in the throat for M=6 obtained in the
main set of tests in the blowdown wind tunnel T-313. A certain difference in pressure
profiles obtained in these two wind tunnels is apparently caused by substantially
different temperature regimes of the model surface and, hence, by different states of the
boundary layer [3].

The results of static and total Mth -7 -

pressure measurements made it
possible to estimate the mean Mach 3 .
number in the inlet throat as a
function of the free-stream velocity
(Fig. 7). These calculations were 2 t I -

based on averaging of the total and -

static pressure over the model cross- .,i. .=0 present

section. Since the fields of total and .8>0 data

static pressures are strongly 0 - . j -z8=0,data [2] _
nonuniform, one has to bear in mind 2 3 4 5 M.
a possible uncertainty of
determining the Mach number in the Fig. 7. Throat Mach numbers.
duct. This could be the reason for
obtaining an underestimated Mach number in the throat for M=3 (5=0). This follows
from the analysis of pressure distribution and schlieren pictures. These data testify that
the inlet is started at M=3 in the flow core and in the presence of a thick boundary layer
at the model entrance.

Figure 7 shows the Mach numbers in the throat of a 3D inlet with adjustable
central strut [1]. It can be concluded on the basis of these data that for smaller
stagnation parameters of the flow a double-swept configuration allows for supersonic
combustion in the combustion chamber beginning from comparatively low free-stream
Mach numbers, i.e., the flow velocity at the duct exit of such an inlet allows one to
supply the maximum possible energy with minimum total pressure losses.

On the basis of measurements
performed in the throat the pressure v - -

recovery coefficient was determined1 C, 8=0 present
(Fig. 8). It is seen that the pressure 0 8...... - - - - - -. >0 data
recovery coefficient in a double- 0 -7 8=0, data [2]
swept inlet remains rather high up -, __ _.to M =6, even in the presence of th e 050 - • _ . _

boundary layer at the entrance it is e
twice as high as the pressure 0.25 -• .-
recovery coefficient of an adjustable
inlet in the flow core. 0.001 -

When the total pressure fields 2 3 4 5
at the exit were measured, it was
established that the pressure was Fig. 8. The pressure recovery coefficient

strongly nonuniform both in the
vertical and horizontal directions. It was retained for all Mach numbers and both
variants of model mounting in the wind tunnel. It is known that this nonuniformity in
pressure distribution can lead to considerable errors in determining the air flow rate
through the inlet. By increasing the number of total pressure probes up to 7-10 and
more, however, it is possible to reach the accuracy of flow rate determination better
than 3%. The averaging of total and static pressures over the areas was used. On the
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basis of these data, the flow rate f
coefficient versus the Mach number
was determined (Fig. 9). Beginning
from M=4, the flow rate coefficient of 0.8
the inlet of given configuration is
slightly lower than that of previously
tested inlets; however, its value is quite 0.60 o6=0 present
acceptable and practically independent / 6>0 data
of the presence of boundary layer, 0 8=0, data [2]
similar to a swept forward inlet. 0.4 - ,2 345 M .o

Fig. 9. The flow rate coefficient.

CONCLUSION
The conducted tests of a three-dimensional inlet model resulted in obtaining

integral characteristics of the inlet, including the thick boundary layer effect on the inlet
starting and duct flow. It was established that such an inlet ensures a supersonic flow in
the duct for M>2.5 with a sufficiently high level of flow rate. At the same time, it was
shown that additional efforts are needed to increase the total pressure recovery
coefficient and the overall compression in order to ensure combustion.

Together with the data of [1], these results can be considered as the first stage of
studying a 3D inlet for scramijet. The testing of this model will be continued with
extending the Mach number range and combustion experiments to study the ignition
and combustion conditions for hydrogen and (or) hydrocarbon fuel.
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A NUMERICAL STUDY ON REDUCING
THE INTERNAL NONUNIFORM SHOCKED FLOWS TO EQUIVALENT

ONE-DIMENSIONAL STREAMS

Yu.P. Goon'ko, A.N. Kudryavtsev, R.D. Rakhimov

Institute of Theoretical and Applied Mechanics SB RAS, Russia

INTRODUCTION
Reducing the non-uniform gas flows to equivalent one-dimensional streams in inlet and

engine ducts is of practical importance for scramjet performance analysis because one-
dimensional approaches are still widely used for calculating the flows in the scramjet
channels [1]. Various methods of flow averaging are used in these cases depending on
particular objectives and features of the posed problem [2]. A comparative analysis of several
averaging methods is performed in the present work on the basis of numerical data for a
scramjet inlet shocked flow. In every method either total pressure, or momentum, or flow
entropy is conserved, apart from the flow rate and total enthalpy.

DEFINITION OF A GENERIC EXAMPLE
The analysis of averaging methods is performed by the example of a two-dimensional

inviscid flow inside the simplest ramp inlet with a long constant-area duct.
L cowl 21
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0.46 Fo shock waves
B.2
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The equation of state for a perfect gas is assumed valid, and the ratio of specific heats is
assumed constant. The inlet geometry (Fig. 1) is determined for a so-called design regime
when at a given free-stream Mach number M_=MD and ramp wedge angle 'the oblique shock
wave from the wedge is incident onto the leading edge of the cowl lip (point L) and the
reflected shock wave falls onto the compression center-body at the comer point (point T, Fig.
la). The design parameters for data presented below are the Mach number MD=6 and the
wedge angle &=15'.

In the design regime the flow in the duct is uniform (Fig.la). The duct flow non-
uniformity in off-design regimes (Fig. 1b, c) is generated by shifting the oblique shock waves
from the wedge or cowl lip and by the expansion fan from the body inflection. A uniform
flow realizes at the entry with cross-section area F, for Mach numbers MwMD, the entry flow
parameters corresponding to those behind the wedge shock wave and the flow rate coefficient
is (p=FJ/F0<l (here F0 is the inlet reference area). For Mach numbers MI>MD the flow at the
inlet entrance is piecewise and includes the free stream and the stream behind the wedge
shock wave (Fig. I c), in this case (p= 1.

NUMERICAL SOLUTION
The two-dimensional steady Euler equations are solved numerically to investigate the

supersonic flow within the inlet. We used the space-marching method based on the MUSCL-
type TVD scheme [3] along with the third-order Runge-Kutta stepping in the streamwise
direction. The numerical fluxes on cell faces are calculated by solving the Riemann problem
[4] with the approximate HLLE (Harten-Lax-van Leer-Einfeldt) method. The cell face values
of primitive variables are reconstructed from the cell averaged ones using the third-order
formula and the van Albada's slope limiter [5]. The flow structure for various regimes could
be seen from the pressure flowfield (Fig. 1). It should be noted that both the shock slopes and
flow parameters behind the shock waves for the design regime coincide with the exact
solution within 0.05%. The error in determining the integral flow characteristics is less than
0.1%. The axial component of the total momentum in each marching cross-section 1 inside the
duct was determined in a normalized form

=Z'II 'VM2 cos 2 o9 +)IF1

where p=1.4, i is the cell number, F, = F, F, is relative cross-sectional area of the cell,

)5, = p, / p. , M,, 09 are the relative static pressure, the Mach number, and the flow angle in the

cell, respectively. The relative total flow rate and the flow rate through the i-th cell of the
computational domain are determined as

G, = Z AGF' AG, ,M,cosO,1(M4.7), (2)
i

and the relative temperature T, =TI/T. is determined from the known gas dynamic relations [2].

THE METHODS OF REDUCING
THE INTERNAL NONUNIFORM FLOWS WITH SHOCK

WAVES TO EQUIVALENT ONE-DIMENSIONAL STREAMS
It should be noted that for all considered reducing-averaging methods the direction of an

equivalent one-dimensional stream in some cross-section of the duct is assumed coincident
with the duct axis. Let us consider the following methods.

1. Analytical approach. This approach is based on determination of the reduced stream
parameters with the use of integral equations of energy, flow rate, and momentum
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conservation for the fraction of the inlet-captured stream from the free-stream cross-section to
the duct exit cross-section 2 (Fig. Ia). To solve the momentum equation in this case an exact
or approximate value of the force acting upon the inlet ramp is to be determined. The relative
supersonic flow velocity at the duct exit is determined by a quadratic equation [6], the Mach
number and other flow parameters are then determined from the known velocity. In the
simplest case under consideration, the force acting upon the inlet ramp can be exactly
determined, and this approach for an inviscid flow yields an exact limiting estimate for the
stream parameters at the inlet exit as the duct length L--. Thus, the considered reducing-
averaging methods were compared with respect to the present approach.

2. The method with averaging of the total pressure over the flow mass. The relative
total pressure of an averaged flow in the !-th cross-section is determined as

PO PAG;,/G-1 (3)

where the relative value of the local total pressure ptc, is related to the static pressure p, by the
known gas dynamic function 7(M)=p,)/po, [2].

The averaged Mach number M, and relative static pressure f, for a known total pressure

are determined from appropriate relations [2]. The momentum of the averaged flow is
j, ý- (YM2 ) j, F,. (4)

3. The method with averaging of the total pressure over the entropy. This method is
reasonable for estimation of the engine losses or efficiency [2]. The averaged total pressure is
determined as

where all parameters are defined above, and the averaged parameters M, and Pt are found in

a way similar to method 2.
4. The averaging method based on the momentum equation. This method is

preferable for estimating the force characteristics [2], various its variants are possible.
4.1. Firstly, the averaging is performed atflow rate conservation

G, M 1 MF,/(M, J) (6)

and the relation for determining the averaged Mach number M, has the form

IM 1 __ G, (7)

MJ>/(y. G-1) +yM/2 GM (yl)+yM /2

From the known Mach number M1, the static pressure of an equivalent one-dimensional

flow is
SI[](8)

and the total pressure is determined from the function 7,( M. ).

4.2. Secondly, as it is often done in practice, the static pressure is averaged over the
cross-section area

P1 =[PE]/F, (9)

the averaged Mach number is
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M,= , /F - 1 , (10)

and the total pressure P,, is determined from the function )7( M,).

TOTAL CHARACTERISTICS OF A SCRAMJET ENGINE
To estimate the differences due to various approximate determination of the flow

parameters at the inlet exit and, hence, approximate determination of the engine performance,
we calculated the thrust characteristics of a scramjet engine with the examined inlet. A
simplified approach [7] was used. It is based on one-dimensional relations for calculating the
gas dynamics of an internal supersonic flow in the combustor and nozzle. The thrust
characteristics of an ideal scramjet with the same nonadjustable geometry of the engine
channel were calculated for each variant of determination of inlet duct averaged airstream.
The losses in the engine channel are neglected, the fuel supply corresponds to the
stoichiometric air-to-fuel ratio a-1.0. The flight conditions correspond to the dynamic
pressure q.=5.10' N/mi2. The fuel efficiency was assumed H,,=1.3.10' J/kg, the
stoichiometric mass coefficient was Lo=34.25, the heat capacity of combustion products was
assumed constant and characterized by the mean (effective) ratio of specific heats Y=1 .26. An
engine combustion chamber with fuel supply in the initial constant-area section F,= F2=const
and in a subsequent expanding section with keeping the Mach number Mc=const was
considered. It should be noted that in reducing a non-uniform flow to an equivalent one-
dimensional one determined by three independent gas dynamic parameters it is possible to
satisfy only three integral conservation laws. When determining the air-breathing engine
performance, it is obviously necessary to conserve the flow rate and the total enthalpy of the
inlet-captured airstream. In reducing with method 4.2 when the momentum equation is used
as the third condition of conservation, the force characteristics of the stream are conserved,
and, hence, the thrust characteristics of the engine are correctly estimated. Averaging of the
total pressure over entropy with method 3 implies a correct estimate of the losses in the
engine duct. The calculation results show that the mass averaging of the total pressure yields
almost the same effect. However, the force balance in determining the thrust characteristics of
the engine is violated in the last cases. Let us consider total characteristics of the inlet and
engine. The inlet drag coefficient is determined from the changes in airstream momentum as

CD(inl,) =CD~lq) +2ýp - Vk l+ 1) PjF2 .- (11)

Here CD(ci.1 = DI(Foq ) is the inlet drag coefficient and CD(Iq) is the drag coefficient over the

liquid contour of the inlet-captured airstream.
For method 4.1 which conserves the axial component of the stream momentum in the

duct, the coefficient cD(W,) equals to the exact value determined by method 1. In all other

cases, this is an approximate value of the inlet drag coefficient.
The effective thrust coefficient of the engine is determined as

CT(eff) = CT(eng) - CD(finl) - CD(ext) . (12)

The internal thrust is a force of the engine between the inlet exit cross-section and the nozzle
exit cross-section

CT(eng) =(J -Y 2)FIq.,, (13)

where Y, (yM' +1)-p.)F2 , , =LJ,(yM• +1)-p Je. The external drag

coefficient cD(ext) of the scramjet was determined for a cowl with the surface inclination angle
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To estimate the characteristics due to the losses in the engine duct, we used the total
pressure recovery factor of the inlet or = P.2 / p,, and the net efficiency coefficient of the

engine

q/=[ •vt2-6 1)-1-(fl_)(y ]/[(/ l-1H1 1 +Y--J], (14)

where V., is the free-stream velocity, Ve is the exhaust jet velocity, #-=l/(aLO) is the coefficient
of increasing gas mass passing through the engine.

RESULTS AND CONCLUSIONS

The calculations covered the Mach number range M.=4.5- 10. These results are illustrated
in Figs.2-5 by the example of an inlet with the duct length L = L / F2 =16 for the off-design

flow pattern at M,=10. The distributions of local static pressure and Mach number along the
duct axis 0103 are shown in Fig.2b,c. There are waveforms in this distributions attributed to
multiple reflections of shock waves in the duct, their amplitude decreases along the duct
length. Deviations of averaged parameters of the equivalent one-dimensional flow from the
exact analytical solution decreases correspondingly, Figs.2b,c and 3b,c. Examples of force
and efficiency characteristics of the inlet and engine determined are shown in Figs.4,5,
respectfully. For the reducing method 4.1 the flow parameters are constant over the length and
coincide, in the case under consideration, with parameters determined analytically. Method
4.2 with stream momentum conservation and static pressure averaging over the duct area
yields rather small deviations. This agrees with a result obtained in [2], where it is shown that,
for non-uniform streams with high supersonic velocities and total temperature constant over
the cross-section, four rather than three conservation laws are satisfied simultaneously with a
good accuracy: those for total enthalpy, flow rate, momentum, and entropy. Method 2 with
averaging of the total pressure over the flow mass leads to significant deviations in
determining the force characteristics, i.e., to an underprediction of the inlet drag coefficient by
10-28% (Fig. 4c) and about 7% deviation in thrust value (Fig.5b). The engine efficiency is
also underpredicted by about 3% (Fig.5c). Method 3 essentially produces the same results as
method 2. All considered reducing methods yield the engine characteristics which are little
different from each other (no more than by 1-2%) when the averaging is performed in duct
cross-sections lying at a distance of more than 10 throat heights from the duct entrance. Thus,
reducing methods using the momentum equation conservation seem to be preferable for
estimating the scramjet characteristics.
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INTRODUCTION

Combined measurements of velocity and temperature in turbulent flows are subjects of
fundamental and practical interest. Optical measuring techniques, yielding integral
inlbrmation or providing local temperature and velocity measurements, offer new prospects in
air- and hydromechanics. The measurement of velocity and temperature fluctuations is
important for the study of micro- and macrophenomena that occur in stratified flows, at a free
water surface and at a water/air interface. Spatial distribution of temperature and its variation
with height and time in the surface layer are rather relevant for the heat exchange mechanism
and ocean/atmosphere interaction. Liquid-Crystal Thermography (LCT) and Particle Image
Velocimetry (PIV) techniques show promise in their use for such measurements [1,3]. The
aim of this investigation was to combine LCT and PIV methods for study of unstationary
processses in hydrodynamic flow.

EXPERIMENTAL SETUP

The set-up [Fig. I] is a water channel made of acrylic plastic with a total length of 900 nun
2with a cross-section 80x80 mm

9

F'i.I. Water channel for testing the LC and PlY technique. 1-the end face of the channel: 2- window; 3-
%%axe generator; 4-electron generator; 5 - nonoperating section: 6- honeycomb, 7-1,C sensor: 8-laser: 9-
disk modulator; 10-power source; It -photon-coupled pair, 1 2-frequeney meter;1 3-optical block: 14-('(')
camera; I-P(C.

© C. Greated, V.1.Kornilov, V.N.Kovrizhina, V.M. Khachaturyan, A.A. Par'lor', G.M. Zharkova, 1998
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One of the end faces of the channel I is a parallel plane plate made of optical glass and serxces
to introduce the probing radiation into the examined medium (for PIV method). A part of the
side wall adjacent to this face 2 is also made of optical glass and works as a window for
lighting the LC sensor and image registration. Closer to thle opposite end of the channel there
is a wave generator 3, its oscillation freqUency being set by an electron generator 4. To reduce
thle intensity of the wave reflected on the end face of a nonoperating section 5. honeycomb 6 Is
placed between thle wave generator and this face. The wave generator can be moved along, the
channel within 60 mmn. Together with generator frequency adjustllenlt, this allows onle to
obtain a resonance standing wave in the measurement section. The LC sensor 7 was flai
plates-flamles made of metal 200 pm thick, with a rectangular window. Copper foil (30 u.11n
thickness) was glued to the window with a heat-insulating glue. The selective reflectiOnl
bandwidth of LC being used was 2.2'C, thle thickness of LC layer was not greater 20 pm.ý The
sensor was placed in water so that the LC coating was partially Outside the water. at least at a
distance equal to the wave amplitude. The water inl the channel and thle senlsor were at zoomi
temperature. Then. a slow jet of hot water in the vicinity of the sensor created a temperature
stratified (from top to bottom) profile displayed with LC as colour response, and oscillations
of a fixed Frequency were initiated. The coIlour imiag~es were transferred to a computer with a
fr-equency of 50 frames per second and processed.

LIQUID-CRYSTAL TIJERNOMFTRY

Information about the temperature fields can be found from the spectral characteristic of the
reflection radiation. As a rule, it is difficult to measure directly the selective reflection wave
leng1th uinder the conditions of' aerodynamic or thermiophysical experiment with LC indicators.
As a consequence, all algorithms of temlperaiture measuriiemient ulsingl L.C are indirect 13-81.
When it is necessary to determine localisation of the peak valu~es of' heat loads . it *i',
reasonable to Use the methods with a 11I-1 ihsplatia-l resoIlution inc Iudih1 n'il ~l Ilin fornult lonl ihotil
the coIlour. A non-linear colour solid (colour space) was used inl thle present work for)] a
quantitative description Of coIlour information. The coIlour is expressed there inl terims of'
inltenlsity, hue. and Saturation (abbreviations HSIS. HIS. or IHS in different puiblicationis V A
point-by-point conversion from one solid to another: is carried out using thle formla,1Ls

I (R + G + B)/3; S=I-(min(R,G,B)Il

H =90 - Arctg(F/' -3 )*360/(2n), if G>B or 270 - Arctg(F/'&3 )-360/(2nt) , if G<B;

or 180, if G>0; G=B; and 0, if G=B,

where R, G, B is red, green and blue primaries; F=(2R-G-B)I(G-B)

The results of preceding researches [1-3] showed that the 'hoe' versus 'temiperature'C
relationship obtained is described by a non-linear monotonic function which can be used 161r
measurement Purposes. The HSI system has some advantageous properties suIch as possibilit\
of independent operation with individual components (only the parameter H- is used t'or
temperature calibration), invariance of H ( contrary to R, G, B signals) with respect to
hligting, non-uniformity; no necessity of reaching thle temperature of the peak Va1lues of'
intensity in experiment, which sometimes simplifies the choice of tile operating temperature*
range. Taking this inito account, the HSI system was chosen in the present work for- a fuirther
LCTF development and increasing the measurement accuracy. For temlperaturfe mneasurement 'it
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is required to execute hue versus temperature 11 - f(T) calibration. The calibration procedure
can be performed by different methods under closely controlled conditions (for example
lighting. angle position and camera settings ). At present our calibrating procedure Aork has
been incorporated into a software package based on true colour image processing. From a JVC
video camera the surface image was transferred into a computer for digital processing by
means of the software. In present experiments a copper disk 40 mm in diameter was used for
calibration, its polished surface being covered with a temperature-sensitive coating. It w,\as a
thin-filln coating on the basis of polymer-encapsulated cholesteric LC v, ith the selective

reflection bandwidth of 2.2°C. The beginning of the calibration region (red colour) had a

temperature of 27.8'C. The disk temperature was set by means of a water thermostat and was
measured with an accuracy of 0.1'. The study of the calibration curve for various disk point
positions (effect of the angular dependence of LC selective reflection) showed that

experimental data obtained in the working range of a given LC are approximated by a

polynomial.

EXPERIMENTAL RESULTS AND DISCUSSION

LCT and PIV techniques were applied to register the temperature and velocity in a standing
resonance wave generated artificially in a water channel [Fig. ]]. The results of measurements
are presented in Fig.2 as spatial and time dependencies of temperature for various values of
the x and y co-ordinates.

y Water level time dependence
90. . .
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75 ""0 •ya a,
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Temperature time dependence for different y
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Fig. 2.
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Above there are the curves for changes of the local (corresponding to the co-ordinate x= 135)
water level in the channel and the water level in the point of peak amplitude value (Fig. 2a).
The number of frames is shown as the abscissa. It is seen that in this experiment the period of
oscillations in the region of the peak value of the amplitude is 0.18 s (firequency 5.5 1lz). In
the region x=135 the character of oscillations of the water level is slightly different. In the
region y = 60-77 there is a change of colour from red to blue, which corresponds to a
temperature difference of about 2.2'C. Figure 2b shows the temperature variation at the point
x=135 as a function of time. An analysis of these plots shows that, as expected, the character
of temperature variation is different at different depths. Indirectly, this is indicative of changes
in the flow structure with height. The most high-frequency oscillations are observed at the
height y=62 and correspond to a period of 0.04 s or frequency of 25 Hz. The scale of
temperature oscillations varied from 1 to 0.3°C, which is much higher than the fluctuation
noise of the TV signal. Thus, a conclusion can be drawn that the LC sensor permits the study
of processes with unsteadiness times of about 0.02-0.04 s. Unfortunately, the instrument used.
namely, a camera with a speed of 50 frames per second, does not allow the observation of
more high-frequency processes. In future, the authors are planning to carry out a more detailed
study of dynamic characteristics of LC coatings and to optimise the sensor constriccton on the
basis of this study.

A traditional optical scheme [Fig. 1] was used for velocity fields registration. The radiation of
a He-Ne laser (P= 10 roW) 8 is modulated by a disk modulator 9. The velhcity of disk rotation
is controlled by the voltage from a power source 10, the modulation frequency is registered
using a photon-coupled pair 11 and frequency meter 12. By means of the optical block 13.
laser radiation is formed into a flat beam (laser sheet) and directed to the water medium region
under study that contains specially inserted light-scattering particles. Images of the tracks of
moving particles in a chosen cross-section is registered by video-camera 14 and transferred to
an IBM PC 15. The image is registered with a time of exposure including two or more pulses
of the probing radiation. A CCD camera CV-MIO with a progressive sweep and a resolution
of 659x494 pixels was used. Figure 3a shows a typical image obtained in this case. Knowing
the modulation frequency of the probing radiation and the image scale, the velocity of a given
particle can be calculated from the distance between the images of the same particle for
different pulses. Not only the absolute value of velocity vector is found, but also its direction
in a chosen plane. However, as seen from the character of images obtained, the velocity
vector direction is determined with an accuracy 180'. Digital processing of obtained images is
one of the most relevant components in PIV techniques. The processing includes several
stages. The first one can include improving of the contrast of initial image, setting to zero the
image portions with brightness lower than a certain sets level. The image obtained after the
primary processing is shown on Fig. 3b. The first stage is not an obligatory one and is used
only if the source information is of poor quality.

At the second stage, some part of the image is separated. In what follows, this image part is
called a spot. A correlation function of the following form is found for this spot:

S

=ý Jl fF(x, y).- F(x - ý,y- ri) dx -dy

Zero co-ordinates x and y correspond to the central pixel of the spot, and the velocity vector
calculated for this spot corresponds exactly to this point. The limits of integration (-S, S)
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Fig3. Initial particle track image and particle track image obtained after the primarN proccssing of
initial image.

determine the spot size. On one hand. this size must he rather large to include the images of
tracks of several light-scattering particles. On the other hand, the spot dimensions define the

spatial resolution of the method and cannot be arbitrarily large. Some techniques make it
possible to reduce the level of spurious signal of the correlation function. For instance, in our

case, due to the useful signal symmetry, an averaging of the type ((,11,r) is possible. The last
stage includes the determination of the co-ordinates of information maxima and the
calculation of velocity vector.
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Fig.4. Syrnmetrised correlation functions, seletced maxinia of correlation functions and .elocitN tector
field, obtained for initial particle track image (fig. 3a).

Figure 4a shows the functions G(_,, 1 ) calculated for the initial image of Fig. 3a that were

made symmetric and normalised over the range 0-255. It is seen that G(4,i,) has typical

maxima symmetric about the central point. Figure 4b shows the positions of the maxima

calculated fiom these functions. The co-ordinates of these maxima correspond to a spot-
averaged shift of light-scattering particles between the pulses of probing radiation. Knowing
the image scale and the modulation frcquency of probing radiation. velocit\ is calculated from

146



positions of these maxima (Fig. 4c). A large amount of errors is observed because of bad
quality of the initial image.
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Fig. 5. Non symmetrised correlation functions and velocity vector field for particle track image (fig. 31)),
obtained after the primary processing of initial image..

Non symmetrised correlation functions and velocity vectors calculated for a filtered image
(fig. 3b) are presented in Fig. 5. Figure 6 shows the same information for asymmetric
correlation functions. One can see a considerable reduction of errors in velocity field

calculations, as compared with the initial image, and an increase in their number if the
operation of symmetrisation is excluded.
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Fig.6. Symmetrised correlation functions and velocity vectors field, obtained for particle track image (fig.
3b).
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Introduction
The requirements for ground test facilities based on the performance capabilities and

goals of advanced hypersonic vehicles are discussed in the number of papers [1-7] A typical
approach looks like that [7]. From the analysis of promising hypersonic air-breathing vehicles
flight trajectories, the field of flow parameters required for flight simulation can be defined.
Along these trajectories the flow enthalpy values up to 32 MJ/kg might be achieved, which
corresponds to stagnation temperature of about To = 8000 K or 10000 K and exceeds that of
the total air dissociation into atoms takes place. Keeping in mind the fact of strong influence
of real gas effects one has arrived at conclusion about the obligatory necessity to reproduce real
enthalpy and chemistry of air flow during ground testing. But it is impossible due to two
principal reasons. Firstly, because of the enormous energy (hundreds MW) associated with the
vehicles and trajectories of interest even at the meter-scale of the models. Secondly, a high
stagnation temperature in the settling chamber of the ground facility alters the chemical
composition of the working gas. Already at To = 3000 K the air contains up to 5% of
dissociated oxygen. During the expansion process through the hypersonic nozzle, the gas
composition tends to freeze, so the model interacts with a noticeable amount of high-energy
active free radicals. From that a pessimistic conclusion can be drawn: hypersonic vehicle
ground testing possibilities are limited to Mach numbers of about M = 8 [8].

Existing facilities

At present, the consensus regarding the ground testing possibilities appears to be as
follows: there are no facilities existing or in development for large-scale propulsion testing
above Mach 8 except for very few short-duration facilities [9]. The basic parameters of several
hypersonic wind tunnels, most suitable for free-jet propulsion tests are presented in the Table.
The greater part of these facilities refers to large-size conventional reflected-shock shock
tunnels that were constructed to study real gas effects, mixing and combustion under high-
enthalpy conditions. Shock tunnels have been in operation for many years., vast experience of
their exploitation has been accumulated and results obtained there have been published. Among
them, the LENS (Large Energy National Shock tunnel) is a representative example [II].

© A.M. Kharitonov, V.I. Shyshov, Ju.l. Vyshenkov, V.I. Zvegintsev, V.N. Rychkov,
M.E. Topchiyan, A.A. Mescherjakov, V.I. Pinakov, 1998
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Table

Facility Country Po, atm To, K Dc, mm M t, mc Test Re * 10-6 Ref.
gas I!m

Longshot Belgium 4000 2350 360 15-20 5-15 N2 16 [7]
U-11 Russia 2000 2600 800 10-20 500 air 4.5-70 [6]
F-4 France 1000 5500 430-930 6-20 200 air 1.5 [10]

IT-302M Russia 500 3000 300 5-15 120 air 2 D]
LENS USA 1200 5500 1220 6-18 3-18 air 1 - 100 [111
TH2 Germany 630 4600 586-2000 12 2-9 air 4.5 [7]
U-12 Russia 200 3200 1400 2-10 1-25 air 1-40 [6]
HEG Germany 1800 10000 800 7-10 1-2 air 1 [121

The following restrictions are inherent in the shock tunnels: low level of Reynolds
number, the working gas contamination with dissociation products due to high stagnation
temperature and very short test time duration (typically 1 - 2 ms and up to 18 ms for LENS).
These features confine the shock tunnel application area to studies of high temperature
surface heating, erosion, ablation, etc.

In Longshot and U-II a combination of the free heavy piston with a check valve is
harnessed for adiabatic compression of test gas [6,7]. By this means the pressure and run
duration have been significantly increased. But the problems related to valve design restrict
the tunnel simulation possibilities to nitrogen and carbon dioxide as a test gas.

In 1959 R.J.Stalker suggested a 'free heavy piston shock tunnel' concept, that was later
taken up all around the world. A typical kind of such facilities is the HEG in Goettingen [12].
These facilities hold the greatest promise for high temperatures up to 10000 K. However, the high
temperature reduces considerably the possible Re number level (by 1-2 orders less than
necessary) even if the pressure is raised to 2000 atm. Short run duration (1-2 ms) is not
sufficient for aerothermodynamic processes stabilization.

The hot-shot wind tunnels represent another type of short-duration facilities for hypersonic
testing. An electric discharge is used as the energy source here. One of the modem facilities
of this kind is F-4 [10]. Hot-shot tunnels have the P0 range of also no more than 2000 atm.
These facilities offer fairly good chances for hypersonic tests up to M = 11 - 12. Further
pressure increase for this type wind tunnels is very difficult because of energy supply
limitations and settling chamber strength problems. The main hot-shot wind tunnel drawbacks
remain the flow contamination with dissociation products and with the electrode erosion
products; the flow temperature inhomogeneity and the flow parameters drop during the test time.

The gap between the necessary flow parameters and those achieved in reality makes the
designers and scientists search for new unconventional methods for obtaining a hypersonic gas
flow [13].

Our concept

We suggest, first of all, the full-scale Reynolds number reproduction in a way of maximal
increasing of the working gas pressure. It is well known that the maximum value of Re at a
fixed value of M is achieved under the conditions of the minimum possible static
temperature and maximum possible static pressure of the flow. A natural lower limit for
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static temperature is the test gas condensation. High flow density allows one to get more
complete simulation of supersonic combustion in accordance with binary reaction parameter
(poL) responsible for ignition delay and with triple reaction parameter (p02 L) determining the
rate of the chemical energy release at the scramjet combustor and nozzle.

Gas sources with a complete adiabatic cycle of gas preparation can be used for high
pressure facility designing. In particular in SB RAS the long-time experience on high-pressure
gas source development is accumulated. The pressure multipliers have been used for the first
time in the gasdynamic facility A - 1 there. The pressure value up to 10000 atm with nitrogen
as a test gas and 6000 atm with air has been achieved in this unique facility [14].

The pressure multipliers provide high stagnation pressure generation and the running
time can be increased by a factor of 10-20 with nearly steady flow parameters during the run
time. Relatively low temperature in the settling chamber combined with high pressure allows for
complete reproduction of M and Re within the entire range of flight conditions. High purity of
the test gas allows for verification of numerical methods and transition to numerical
description of combustion process in actual flight conditions if the information on chemical-
kinetic properties of the air-fuel mixture is available.

Hypersonic wind tunnel AT-303

These original decisions were used while designing the newly created hypersonic wind
tunnel AT-303 at the Institute of Theoretical and Applied Mechanics SB RAS. The facility
is based on adiabatic cycle of test gas compression with the help of pressure multipliers and it
can ensure very high values of Reynolds number in the hypersonic range of velocities due to high
pressure of the test gas in the settling chamber. Wind tunnel AT-303 is dedicated for the study
of fundamental and applied problems related to a long-time flight of promising scramjet
powered hypersonic vehicles. It will provide scramjet system design data and criteria
for airframe-propulsion integration, as well as overall configuration aerodynamic
characteristics. The participants of this program are: ITAM, LIH, Design Technology Institute
of High-Rate Hydrodynamics (DTI HRH) and TsAGI (Moscow). A sketch of this hypersonic
adiabatic compression wind tunnel AT-303 with pressure multipliers is presented in Figure 1.

test ga, source vacuum tank

.•Ztest section diffuser valve

15 m

Fig. 1. Sketch of hypersonic wind tunnel AT - 303
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The basis of the wind tunnel is the test gas source. The remaining elements of the wind
tunnel are typical of hypersonic wind tunnels: conical nozzle with total angle of 160, test section,
exhaust diffuser, large-scale vacuum valve, and vacuum tank.

The principal scheme of the gas source is shown in Figure 2. Prior to the run, the valve in
the settling chamber 4 is closed, and the pistons in high pressure section 3 are in a start position.
The settling chamber is filled with the test gas through a special electric storage heater 7. At this
moment the initial pressure of test gas is no more than 200 bar and the temperature is no more
than 1000 K.

Fig. 2. Principal scheme of the test gas source.
1 - high-pressure barrels; 2 - hydraulic multiplier; 3 - high

1 pressure section; 4 - settling chamber; 5 - control device; 6 -
diabatic compression system; 7 - electric storage heater.

To start the wind tunnel, the driver gas with
* 2 pressure up to 200 atm is supplied from barrels I to

hydraulic high-pressure multipliers 2, and the
pressure within the liquid system increases up to
1400 atm affecting the pistons. The pistons begin to

5 move compressing adiabatically the test gas in the
settling chamber up to pressure of 3000 atm with

4 temperature of up to 2500 K. The speed of piston
3 motion is about 5 m/s and it is controlled by liquid

flow through the throttling device 5. This device
. '- keeps also a constant pressure in the settling chamber

+ during the operation time.
8 7

To, K Fig. 3. AT-303 performance map

3000
In Figure 3 the working gas parameters

""0 achievable at the first turn of facility are shown in the
Po - To plane. The initial state points lie inside the

2000 . rectangle ABCD. The line BC represents the
boundary of initial temperature (1000 K) achievable
with the help of electric heater. The line CD is
the maximum of initial pressure (200 atm), which is
limited by the heater strength. Note, the initial gas

1o000oo volume between the pistons is of about 6 dm3. The
relation between the initial and the final conditions in

_00 _A the settling chamber is connected by isentrope
equations since the gas compression cycle is

0.1 ¶ 10 ¶00 1000 P,,i adiabatic.
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In Figure 3 the inclined lines nn' represent the iscntropes for real air and the gas state
is changing along these lines during an adiabatic compression process. The path covered
along the isentrope is associated with the final volume of working gas. The volume
reduction from 6 to 11 times is required for extreme final parameters (P,=3000 atm, T,=2500 K)
generation.

The first turn of this facility with electric storage heater will provide from 1 to 3.6 dmi3 of
pressurized air, which will be sufficient for run duration of more than 40 ms with the conical
nozzle exit diameter 300 and 600 mm when the flow Mach number lies between M = 7 and M

20.
The second turn of the facility (named AT-303M) implies the wind tunnel modification,

which consists in the first adiabatic precompression stage with free heavy self-wedged pistons
installation instead of the electric storage heater, as it is illustrated by the dotted lines in Figure
2. The first stage consists of two gun tubes with inner diameter 200 mm fitted to the second
stage pressure multipliers and settling chamber. The total distance covered by each of two self-
wedged pistons moving towards each other is about 10 m. The initial settling chamber volume
will consist of 15 din3 . The second turn AT-303M will allow to increase stagnation temperature
Lip to 3000 K and to have the settling chamber volume between 8 and 15 dmi. Running time will
be increased up to I s with the nozzle exit diameter 800 mm.

Technical parameters First turn Second turn

of new wind tunnel AT-303 AT-303M

Nozzle diameter D, mm 300 - 600 300 - 800
Settling chamber volume, dmi3  6 8
Stagnation pressure P0 , atm 3000 3000
Stagnation temperature T0, K 2500 3000
Mach number M 7-20 7-20
Reynolds number ReD 108- 106 10' - 3.106
Run duration t, s 0.04 - 0.5 0.05 - 1.0
Test gases Air, nitrogen

9.0 Fig. 4. Achievable Reynolds number range in the
".•D =300 mm new wind tunnel

ASP, q =75 kPa * 600mm
0 800 mm

-7 Fig5. Achievable run duration in the new
/ wind tunnel

70 -,,o. 7 -

7.0 1

/ / 1000

BypaH/ -

Shuttle
6.0 -A

5 10 15 20 25 M
5 10 15 20 25 M
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The range of possible M and Re numbers for such advanced facility is shown in Figure 4.
The upper line corresponds to the typical trajectory of scramjet-powered hypersonic vehicle at
dynamic pressure q=75 kPa, the lower line corresponds to Space Shuttle or Buran reentry
trajectory. The solid marked lines characterize the range of Reynolds number and Mach
number reproduced in the new wind tunnel AT-303 for the nozzle exit diameter of 300 and 600
mm. The Reynolds number is based on this diameter too. The dashed lines show the same
characteristics that will be reproduced in the second turn of the facility AT-303M for the nozzle
exit diameter of 300, 600 and 800 mm. In the Figure 5 the expected running time with the same
nozzle exit diameters is presented. The running time was calculated in consideration of the
boundary layer thickness for the mentioned nozzles.

As it is seen from Figures 4, 5 the wind tunnel AT-303 will ensure full-scale simulation of
the Mach and Reynolds numbers of real hypersonic flight with the running time from 40 ms to
1000 ms and more. High purity of the test gas, long test time duration and rather large-scale
nozzle in that facility are sufficient for ground testing of scramjet-powered hypersonic vehicles
models.
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DETERMINATION OF THE DYNAMIC CHARACTERISTIC
OF AN ASPIRATING PROBE USING A SHOCK TUBE

A.Ya.Konkin, V.A.Lebiga, V.N.Zinoviev
Institute of Theoretical and Applied Mechanics RAS

630090, Novosibirsk, Russia

Introduction

The probes of special design, so-called an aspirating probe, were proposed for
measurements of concentration of one gas in a mixture [1]. Problem of calibration,
requirements to probe design, peculiarities of application details etc have been studied
before [1 ... 5]. An estimation of dynamic characteristics of an aspirating probe is
required when the measurements are carried out in unsteady flows, at scanning at high
gradients of the flow parameters for continuous measurements, and when it is necessary
to determine fluctuations of concentration.

The problem of experimental determination of the time delay and frequency limit
according to the response characteristics of a probe are the subject of the present paper.

Experimental Equipment

The general design of the aspiration probe have been described earlier [I.. .3].
A sensitive to flow parameters element is placed in a channel jointed to a vacuum pump.
There is a sonic nozzle at the outlet of the channel. Therefore the Mach number M at the
sensor location is fixed and determined by internal probe's geometry (M = 0 12 for the
probe used in present study [2, 3]). Thus, the sensor output depends on flow
temperature, density etc. A tungsten wire (6 micron in diameter 1.2 mm length) has been
used as a sensitive element. It was shown that since the Mach number is constant inside
the probe it is necessary to know the voltage e across the wire, total pressure po and total
temperature To at the point of flow being investigated to determine the concentration c
of gas components: e = e (c, po, To).

A shock tube -2 m lenrth and 3 cm in diameter was used for probe calibrations.
A stainless steel tank 0.04 m has been used to prepare required composition of the air-
helium mixture. The concentration has been fixed by partial pressures of the
components. The tank was joined to the shock tube and was used as a damping volume

Dynamic Characteristics of Aspirating Probe

In order to determine the frequency response of an aspirating probe, one should
provide controllable disturbances and measure the probe's response on these
disturbances. It was described a few methods to get a controlled unsteady flow. In one
of them pressure pulsations have been produced by a compressor to determine the
frequency characteristic of an aspirating probe with two wires [4] From frequency
spectrum analysis it was concluded that the frequency range of this aspirating probe is
up to 19 kHz. A pulsating flow has been provided by rotating disk with holes at another
experiments [5]. It was obtained that the frequency range corresponds to the first
harmonic and has an order of 1 kHz in this case Contradictoriness of known data leads
to necessity to investigate the aspirating probe frequency responses carefully.

t) A.Ya.Konkin, V.A.Lebiga, V.N.Zinoviev, 1998
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There are three elements tending to lag in the aspirating probe used for the present
investigations, namely: wire, internal probe volume, and pressure pipeline, therefore it is
necessary to estimate the time lag of each element. Theoretical results on estimation of a
time lag of each element are presented in [3]. Probably, the most difficult problem is to
determine and reduce the time lag of the aspirating probe itself, because it is poisible to
avoid the influence of the pressure pipeline by use of a miniature pressure transducers
mounted just in the aspirating probe, the anemometer sensor (a wire or a film) has, as a
rule, comparatively high frequency range which can be determined easily.

Time lag due to internal probe's volume depends on the relaxation time of
parameters inside the probe. To estimate the value of the time lag a technique proposed
in [6] has been used. There is an undisturbed flow with free stream conditions at the
probe inlet and those corresponding to M = 1 at the probe outlet. The flow is assumed
one-dimensional, the density is constant over the volume. Equation of continuity for the
volume under consideration can be written as:

G. (1 - G.(f) =(1)~dt'

where V is internal volume of the probe, p is density, subscripts (in) and (*) correspond
to the probe inlet and the outlet at M=I,

G =- Pq(M)S where '8 y ,+

T9o

S is the channel cross-section, yis specific heat ratio, 91 is the gas constant,

r+M Y_ m2_
2l+ Y M- 2 lY-1M22

is a function of the Mach number.
Using the equation of state for fv, Hz

the perfect gas (assuming that the
total temperature is constant over
the volume and the heat transfer
through the probe walls is 1500

negligibly small) Eq.(1) can be
transformed into
d(o.+.(o.=m(o• (2) 10o00

where

a. = N IqI and 500
V

a, = 6 9?[Tq(M.)S.
V

Equation (2) corresponds to 0 0.5

equation of flow parameter
relaxation in the internal channel of Fig. 1 The dependence offv(c) on air-helium
an aspirating probe. An equation of mixture concentration
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pressure change in the probe channel versus time can be obtained for various
disturbance types solving Eq (2) for different types of the right-hand side The
relaxation time of the flow inside the probe is determined by the value of parameter a.
which is of frequency dimension

Parameter a. increases with temperature slowly and has a very strong dependence
on concentration c An example off/ (c) for air-helium mixture is shown in Fig I. Limit
frequency . due to the internal volume of the probe was calculated as value inversely
proportional to a..

It is very important to note that the minimum value of fv corresponds to zero
concentration of helium Consequently, to determine the dynamic characteristic of an
aspirating probe at measurements in flows with variable concentration c it is sufficient
to do this only for air.

Determination of the Frequency Response of Aspirating Probe by a Pressure Step

As noted above, in order to obtain the frequency response of an aspirating probe,
one should generate controllable disturbances and determine a response of the probe's
sensitive element on these disturbances To do it, experimental scheme shown in Fig. 2
was used. The aspirating probe / and the surface wire probe 2, connected to the constant
temperature anemometers CTA, were installed at the end of the shock tube 3.
A membrane 4 was located at a small distance from the end The other end of the shock
tube was open. An excess pressure was produced in the cavity, and, after destroying the
membrane 4, an expansion wave W starts propagating towards the tube end A (see
Fig 2). Its arrival at the end A is detected by the surface probe 2, which triggered a
single sweep of an oscilloscope 5, to record a change of the aspirating probe I output

The period of time At,
which corresponds to the to vacuum pump
expansion wave refraction from
the tube end, depends on the 'L
shock tube section length L, see
Fig 2, and the pressure ratio p1 "' p
P2'Pl. To be sure that time
difference At is small enough to
consider the pressure change as 2

a step one, the value of p2 i' was
restricted in present experiments W
For air as the pushing gas and 4

P2 p~l = 3 At ýý0.00023 ins; for
helium as the pushing gas and
P2PI = 9  A/ _ 0.00015 ms
Thus, the change in pressure E

at the end of the shock tube NCJJý;7

can be considered as a step
one because the time of this 0
change is much less than
the time expected from Fig 2 A schcmc illustrating determination of the dynamic

theoretical estimations for the characteristic of the aspirating probe. and x vs t

aspirating probe [3]. diagram for the shock tube

156



Determination of the Frequency Response of Aspirating by a Contact Surface

To measure fluctuations of the concentration it is necessary to know the aspiration
probe frequency response on the controllable concentration changes. That changes can
be obtained at a contact surface in a shock tube. The following scheme can be used to
determine the frequency response of aspirating probe by a contact surface, Fig. 3.

Inside the shock tube I
opened at one of its ends, 1 A
both the surface probe 2 and 2
the aspirating probe 3 were C--
installed. An excess

pressure was provided to the ."'" ...
left of the membrane 4.
After the breakdown of
membrane, both the shock S to vacuum pump

and the contact C surfaces
move towards the probes.
Arriving to the surface C. --
probe the shock triggers a S .
single sweep of the ..

oscilloscope. To make the ' ...... ____ ______....

effects due to the shock and 0

due to the contact surface be Fig. 3. An experimental scheme for determination of
distinguishable, the probes dynamic characteristic of the aspirating probe with a
were installed at such step of concentration
distance to the membrane
that an interval At was ensured at least as 1 ms. A damping tank 5 was jointed to the
high-pressure part of the shock tube to diminish the effect of the reflected waves W.

Experimental Results

The frequency response of the probe was determined at different

p2!pl ratios for both air and helium as the working gas. The technique described
above has been p2, atm
used to obtain dy-
namic characteristics p2 p, = 3 (He)

of aspirating probes 4.......... p.'Pi = 2 (Hc)
both by pressure

and by concentration __p,_p 
= 3 (Air)

steps. However, it P 2 p2p = 2 (Air)

was established that \\
the use of the 2
pressure step gives -

more explicable and, " ..*' '..
therefore, more '.. , .. .

reliable data.
Some examples

of results are 0 1 2 3 t, ms

presented in Fig. 4. Fig. 4. Dynamic characteristic of the aspirating probe for
different p21p ratios.
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From the results obtained, it follows that, as the expansion wave arrives to the tube
end, the pressure in the probe falls down to the atmospheric one, oscillating during
10 . 15 ms. The frequency response of the aspirating probe s determined by the time A/
during which the pressure in probe approaches the atmospheric pressure, see Fig 4
For air and helium b ing the pushing gas. the time lag is of order I and 0 5 ms
respectively, which agree with theoretical estimations of the probe frequency response
shown in Fig 1.

Conclusions

The technique of determining the frequency response of an aspirating probe by the
stepwise changing of pressure or concentration has been de\ eloped Different
configurations of shock tubes are used in this case

An aspirating probe has the largest time lag when the concentration of a lighter
com'•orf+',' rrlds to zero Therefore, the limiting time lag of aspirating probe
could be estimated only for a heavier gas in the mixture, for example, for air
in an air-helium mixture.

Upon using the procedure for the determination of the frequency response of the
probe affected by a back pressure step in the form of an expansion wave, the
experiments should be performed at the restricted pressure ratios to ensure small enough
time difference corresponding to the pressure change
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EXPERIMENTAL STUDY OF MEAN AND PULSATIONAL FEATURES IN
SUPERSONIC BOUNDARY LAYER ON BLUNTED FLAT PLATE

A.D. Kosinov, N.V. Semionov, A.I. Semisynov, M.B. Bessonov
Institute of Theoretical and Applied Mechanics SB RAS,

630090 Novosibirsk, Russia

INTRODUCTION
Known that the leading edge bluntness leads to formation of an entropy layer abo, c the

model and laminar-turbulent transition depends on values of the nose bluntness. Experimen s
have shown that increasing of the nose bluntness of models stabilize a flow at first, but then
can bring destabilization ones [1-3]. However there are not yet sufficient understanding of
transition reverse phenomenas in the flow, excepting remarks made in [4]. The influence of
small bluntness of leading edge on linear stability of the flat plate boundary layer at Mach
number 2 was studied in [5]. It was obtained that amplification rates of three-dimensional
controlled disturbances have a nonmonotone dependence versus the bluntness radius. Similar
results were obtained by theoretically in [6]. The investigations of linear development of
controlled disturbances in the boundary layer of blunted flat plate were presented in [7].

In the paper the experiments are presented at the radius 2.5 mm of leading edge bluntness.
Mean flow and nonlinear development of controlled disturbances in the boundary layer of this
plate was tested.

EXPERIMENTAL EQUIPMENT
The experiments were performed

y/6=0,5-0,6 in the T-325 supersonic wind
u ytunnel of the ITAM of the SB

RAS with test section dimensions
200x200x600 mm. Free stream

Mach number was M=2.0 and unit
Reynolds number was Re,= (U/v)
"=(6.4±0.1)x 106 m-'.

The experimental set-up was the
same as in [5, 8]. As the model
have been used a flat steel plate of
the length 440 mm, width 200 mm
and thickness 10 mm. Cylindrical
leading edge had the radius 2.5
mm. The model was horizontally
mounted in the centre plane of the
test section under a zero angle of

camera attack. The local source of
controlled disturbances was

5MM Insulator electrode triggered by the high frequency
440/ mmTglow discharge in chamber and

was similar to the ones described
Fig. 1. Scheme of the model in [5, 8]. Artificial

© A.D. Kosinov, N.V. Semionov, A.L Semisynov, M.B. Bessonov, 1998
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disturbances were entered into supersonic flow through an aperture by diameter of 0 5 mm in
working surface of the plate The model is presented in Fig 1 Co-ordinates of the disturbances
source were x=35 mm downstream from the leading edge and z=0 that means the model centre
in transversal direction To measure of mean value and pulsations of flow the hot-wire
anemometer have been used. As the hot-wire the tungsten wire by diameter of 5 Pm and 0 76
mm length was used

The probe was moved along three co-ordinates with the help of a traversing gear of an
accuracy of 0. 1 mm for downstream and spanwise direction (v, z) and of 0 01 mm for normal
co-ordinate (t'). The hot-wire signal was written in the computer by using of 10-bit I IMltz
A/D converter. To improve the signal to noise ratio we have used a synchronous summation of
up to 500 digital oscillograms in the experiments Length of the each oscillogram was 400
microseconds. To define the frequency-wave spectra of the controlled pulsations the discrete
Fourier-transform was used. The technique of the experiments and procedure of data
processing was in details described in [8].

RESULTS

Behind the shock wave Mach number was equal M=1.93+0 2 in weakly gradient area
Measurements in transversal directions showed that flow is nongradient within the range of
±25 mm from a symmetry line of the model and 30 mm downstream from the leading edge It
was obtained that dependencies of total and static pressure over normal co-ordinate are close
to the constant values. The mean velocity and temperature profiles of shear layer were
measured with the help of the hot-wire anemometer in a nongradient area An example of
Mach and temperature profiles are shown in Fig 2 Experimental data were compared with
theoretical results obtained by Mr. Guido Dietz from Aachen University (Germany) These
data were in a good agreement.

300
2.0

1.5 rn
.. M 250

S• TI

1.0
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0.5

0.0 I 150

0 1 2 3 4

Y/rN

Fig.2. Mach and temperature profiles at x-35 amm. r•:=2 5 mm
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As note in [5] the linear development of disturbances in the supersonic boundary layer of
blunted plate is similar to the ones of the plate with the sharp leading edge. However the
disturbances amplification in the boundary layer of blunted plate more slowly. Hence an
experimental study of wave train development of artificial disturbances in the boundary layer of
the blunted plate was carried out in the same way as in [9]. Electric discharge was ignited at a
frequency of 2x 104 sparks per second. Periodic disturbances was excited in the boundary layer.
The measurements were carried out at the pulsations maximum in the boundary layer.
Oscillograms distributions over x, z was measured. After data processing the amplitude and
phase distributions A/(x,z) and OQ(x,z) of controlled disturbances were obtained for several
sections x=consl from x-60 mm up to x=130 mm. Using discrete Fourier-transformation the
wave spectra over f6 for the mentioned above sections were defined.

The nonlinearity actually began from x>100 mm at this initial amplitude of disturbances.
As an example the amplitude fl-spectra of the fundamental and subharmonic waves are shown
in Fig.3 and 4 at x-120 and x=130 mm respectively. The subharmonic amplitude fl-spectra are
different to observed ones at x=70 mm for linear evolution of wave train. There are many
peaks in the amplitude fl-spectra. Consider five of them as it was made in [9]. The maximum

at ,/#0 and four maxima at ,f=±(0.5-0.6) rad/mm and ,=±(1.3-1.5) rad/mm. How follows from
this data, the fundamental and subharmonic disturbances have amplitude-wave spectra, similar
to the ones for the case of the plate with sharp leading edge [9]. If maxima at ,8=±(0.5-0.6)
rad/mm are usual to the eigen waves of the supersonic boundary layer at f= 10 kHz, then the
appearance of increasing waves with wave number fl61 rad/mm is connected with the
subharmonic resonance. The maximum at ,9-=0 is possibly related with the sound radiation of
the supersonic boundary layer.

Afp

3 x=120 rran

c- tokl-t.•~ .. ... 20 k~t

2 6 0

2 El

0

-3 -2 -1 0 1 2 3

,8 rad/mm

Fig.3. Amplitude P3 - spectra of controlled disturbances
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Estimations of a,(9) were made for the verification of implementation of subharmnonic
resonance conditions:

arl = ar2 + ar 3.

,8, =,92 +,1-3

This conditions are realised for asymmetrical wave triplets selected on maxima in
amplitude /3-spectra. Results of this check for pair of asymmetrical wave triplets are presented
in tables 1, 2 and in the manner of the vector diagram in Fig.6 for the data shown in Fig.3 and
4. Therefore the process of the subharmonic resonance take place on the blunted plate too

L kl+k 2+k3=O
kf f k

k3  f/2 f12 k 2  k3 f 12

Fig.6 View of asymmetrical wave triplets

Table 1 Table 2

n f, A3 a,, n f A /ý a, 7
kHz rad/mrnm rad/mm degrees kHz rad/mm rad/mm dcgrecs

1 20 -0.8 0.49 -58.50 1 20 0.9 0.44 640
2 10 -1.5 0.23 -81.30 2 10 1.5 0.17 83.50
3 10 0.7 0.25 70.30 3 10 -0.6 0.28 -65o

Any distinctions of the case of the blunted plate and the case of the sharp leading edge
plate are obtained. About ten percent reduction of the phase velocities for the blunted plate
was observed that is similar to [7].

CONCLUSIONS
The experiments on the wave train nonlinear development in the boundary layer of the

blunted plate was carried out for the first time. It was obtained that the subharmonic resonance
take place on the blunted plate. It was shown that the process is the similar as for the plate
with sharp leading edge, but parametric amplification of disturbances is slowly. Wave triads are
asymmetrical like [9]. The measurements of mean flow profiles using constant temperature
anemometers have shown a correspondence of the data with one presented in [7].
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A NUMERICAL METHOD FOR SIMULATION OF UNSTEADY
PHENOMENA IN HIGH SPEED SHEAR FLOWS

A.N.Kudryavtsev and D.V.Khotyanovsky

Institute of Theoretical and Applied Mechanics SB RAS,

Novosibirsk 630090, Russia

INTRODUCTION

The numerical simulation of the transition to turbulence in high-speed shear flows
is a problem which is a great challenge to modern computational fluid dynamics. The
computations of the development of instability waves in real supersonic flows require
using numerical techniques which are of high accuracy for smoothly varying, wavelike
solutions and capable of capturing shock waves without oscillations and other numerical
artifacts. The objective of our paper is an assessment of the recently proposed weighted
essentially non-oscillatory (WENO) schemes as a numerical tool for similar problems.

We simulate a spatial development of both subsonic and supersonic instabilities in
a free shear layer formed by mixing of two parallel supersonic streams. In addition, we
give examples of shear layer instability in more complex situations which include the
interaction of instability waves with an impinging shock wave, and the initial stages of
evolution of underexpanded supersonic plane jet exhausting into the co-flowing stream.

NUMERICAL TECHNIQUES

We solve numerically two-dimensional compressible Navier-Stokes equations

OQ OF OG 1 (OR O_ S)
+ T I =0

Q= P ,F = )p G pv2 +p R = w S T

e (e + p)u (e + p)v r4 S4

Here p is the density, E is the total energy per unit mass, u and v are the velocity
components in the x and y directions, respectively. The constitutive equation for the
pressure p is given by

p= (-y- 1) (E-pu2v)

where -y is the adiabatic gas constant, y = 1.4.
Assuming the Stokes hypothesis, the viscous terms can be written as

@A.N.Kudryavtsev, D.V.Khotyanovsky, 1998
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p ac 2  p 0c2

(7+- 1) Pr 1x' (Y - 1) Pr Oy

Here c is the speed of sound, Pr = 0.72 is the Prandtl number, and p is the viscosity
which is assumed to be a linear function of temperature.

The approximation of inviscid terms is the most important part of any numerical
scheme for the compressible Navier-Stokes equations. The central difference and spec-
tral approximations suffer from non-physical oscillations near flow discontinuities. The
upwind total variation diminishing (TVD) schemes provide robust capturing of shock
waves and other discontinuities, but the), necessarily reduce the accuracy to the first
order near smooth extrema. Another class of upwind schemes which is more attractive
to simulate the, transition and turbulence in high-speed flows is the ENO (essentially
non-oscillatory) [1], [2] and weighted ENO schemes [3], [4]. The ENO schemes use
an adaptive "smoothest" substencil chosen within a larger, fixed stencil to construct
high-order approximation of the solution avoiding the interpolation across discontinu-
ities and preserving uniformly high order of accuracy at all points where the solution
is smooth. The main idea of the WENO schemes is to use a superposition of several
substencils with adaptive coefficients to increase the order of approximation even more.

In this paper we adopt the finite-difference, flux-based, fifth order WENO scheme
[4]. We use Roe splitting when calculating the numerical fluxes at cell intefaces. In
Fig.1 we give comparison of dispersion and dissipation properties of first derivatives
approximations obtained with various schemes.

The diffusive terms of the Navier-Stokes equations are approximated with the cen-
tral difference formulas of 4-th order, for instance

(MR) R,-2j - 8R 1 -,.j + 8R,+ij - R,+2,=

ax 12Ax

The components of R contain the derivatives like au/Dx and au/ly. For calculating
gu/ay, we use a central difference formula. If the same purely central differencing is
used for calculating &u/&x, it leads to a very wide, 9-point along x, stencil for viscous

terms. The Fourier analysis (assuming a constant p) reveals that the corresponding
formula for the second derivative has unsatisfactory dissipative properties for large
wavenumbers a (Fig.2). The dissipation vanishes as a approaches its maximum value
7r/Ax which can be represented on the grid. Therefore, we use another way. The
x-derivatives with different subscripts are approximated by differently biased 5-point
formulas of 4-th order whose leftmost point is always i - 2:

(au/ax),_2 -= (-25u,- 2 + 4 8 ,,,_, - 36u, + 16u,+, - 3u,+ 2)/12Ax

(au/ax)j_, = (-3ui-2 - 10u,_i + 18u, - 6u,+, + ui+ 2)/12Ax

(,9ulax)i = (ui_2 - 8u,_, + 8u,+, - U,+ 2)/12Ax

(au/ax),+1 = (-u,-2 + 6zi,_, - 18u, + 10u,+, + 3u,+ 2)/12Ax

(au/9X)i+2 = (3uj_2 - 16u,-, + 3671, - 48?1,+, + 25u,+ 2 )/12Ax
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Here we omit the subscript j. Applying these formulas gives a compact, 5-point ap-
proximation which at a constant pi coincides with the standard, 4-th order expression
for the second derivative. Though our approach is more expensive, the total compu-
tation time increases only slightly since a great bulk of time is spent when calculating
the convective terms.

Time stepping is performed by the explicit, Runge-Kutta-Gill scheme of fourth order
because of its high-order accuracy and low storage requirements. For investigated high-
Reynolds-number flows the time increment is mainly restricted by the inviscid CFL
condition. The CFL number used in all our computations was of the order of 0.7÷0.8.

EXAMPLES OF NUMERICAL SIMULATIONS

To justify our numerical method, we obtained the Navier-Stokes solution for the
profile of the shock wave and compared it with the analytical solution (Fig.3). This
problem does not have any essential spatial scale, therefore the only characteristic scale
is the computational cell size. It is evident, that even in the case of relatively high
cell Reynolds number Re = 10, our method robustly resolve the shock wave without
oscillations.

The results of Euler computations for the acoustic wave propagating in a channel are
given in Fig.4. Acoustic disturbance is imposed at the inflow on the uniform supersonic
stream in such a way that we have a stationary wave confined by the channel walls in
normal direction, and travelling wave in streamwise direction. The amplitude of the
wave was set small enough A = 0.01 to discard nonlinear effects. It is clear that the
sine wave advects in space without any distortions although the space resolution is not
so high.

The simulations of spatial development of a compressible shear layer formed by
mixing of two parallel streams with Mach numbers M1 and M 2 are conducted in a
rectangular computational domain. The flow at the inflow boundary is supersonic,
and the most unstable linear wave and its subharmonic with the amplitudes A1 = 0.1,
A1 /2 = 0.01 are introduced here as a forcing. The non-reflecting boundary conditions
[5] are imposed on the outflow and far-field boundaries. The Reynolds number Re
based on the velocity of faster stream and the vorticity thickness of the shear layer
S, = (U1 - U2)/(dU/dy)max at the inflow boundary is equal to 1000. U1, U2 denote here
the streamwise velocities of the faster and slower streams respectively. The number of
grid points used is 800x150. The grid was stretched in normal direction to enhance
resolution near the center of shear layer.

The typical flowfields are presented in Fig.5 and Fig.6 for two different values of
the convective Mach number, M, = 0.5 and M, = 1.5. The convective Mach num-
ber MX defined as M, = (U1 - U2)/(c, + c2), where cl, c2 are the speeds of sound
in the corresponding streams, is the most appropriate parameter to characterize the
compressibility effects.

It is evident that the flow patterns are completely different in the subsonic and su-
personic cases. At the subsonic convective Mach number (Fig.5), the Kelvin-Helmholtz
instability produces roll-up of the shear layer into large-scale vortex structures. Far-
ther downstream, the pairing of vortices takes place. When Mc is supersonic (Fig.6)
the development of supersonic (acoustic) instability results in the emergence of oblique
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shock waves in the free streams. We could not see the merging of large scale structures
in the case of M, = 1.5 up to the outflow boundary of the computational domain.

The interaction of the shock wave with the shear layer has been proposed in [6] as a
mechanism for enhancing the mixing at high speeds. It has been investigated in some
experimental works, for instance, in recent paper [7]. The shock with an angle of 220
impinges on the shear layer between two streams with AM1 = 3 (the upper one) and
V2 - 2 (1he lower one). The shear layer at the inflow is forced by the most unstable
wave with the amplitude A, = 0.01. 'Ihe computed Euler flowfield is shown in Fig.7.

As a result of the interaction, the shock wave refracts and the shear layer deflects. The
vortex intensity seems slightly increasing behind the shock wave.

We also performed the simulations of the underexpanded plane jet exhausting into
coflowing stream. The pressure mismatch at the inflow was Pj't/P. = 1.1. Although
we have undisturbed inflow in this case, multiple shock wave and expansion fan inter-
actions with the jet shear layers appear to be the source of the disturbances which lead
to the formation of the vortices similar to Kelvin-Helmholtz ones (Fig.8).

CONCLUSIONS

The high-order WENO schemes have been successfully used to investigate the de-
velopment of compressible shear layers in various situations. They seem capable of
capturing strong shock waves and reproducing accurately the behaviour of smooth por-
tion of the solution. The Navier-Stokes and Euler computations have been performed
to simulate both subsonic and supersonic instabilities of a spatially developing shear
layer, the impingement of the shock wave on the shear layer, and the underexpanded
jet exhausting into the co-flowing stream.
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NONLINEAR EVOLUTION OF SHEAR LAYER DISTURBANCES IN
A SUPERSONIC PLANE JET

A.N.Kudryavtsev and D.V.Khotyanovsky

Institute of Theoretical and Applied Mechanics SB RAS,

Novosibirsk 630090, Russia

INTRODUCTION

Numerical simulation of the nonlinear evolution of the unstable disturbances in
a plane supersonic jet exhausting into the co-flowing stream has been carried out.
This kind of flow is of interest due to its practical importance in such problems of jet
propulsion as nlixing, supersonic combustion, and jet noise generation.

Linear stability analysis reveals multiple-mode character of the jet instability. Lin-
ear stability studies of an incompressible jet [1] show the existence of two instability
modes in case of a plane jet, one of those has symmetrical normal velocity eigenfunc-
tion, which we will refer to as a sinuous mode, and another is antisymmetrical one
(varicose mode).

It is well known that the compressibility greatly influences the stability properties
of the jet flow. The top-hat jet analysis using the vortex sheet model of the jet shear
layers [2] reveals a number of unstable modes in supersonic case, which is made possible
by the transfer of energy across the jet by sound waves.

In this study we are primarily concerned with nonlinear stages of the jet instability
at subsonic as well as supersonic relative speeds. Weighted essentially non-oscillatory
scheme of the fifth order [3] was applied for the discretization of the Navier-Stokes
equations convective terms. Results of computations show essentially distinct patterns
of the jet instability in subsonic and supersonic cases, and for different instability
modes.

NUMERICAL PROCEDURE

To simulate spatial evolution of the instability waves in supersonic plane jet we
solve numerically two-dimensional Navier-Stokes equations of compressible gas. The
viscosity is assumed to be linearly proportional to temperature. The Prandtl number
is unity.

For the spatial discretization of convective terms of Navier-Stokes equations
weighted essentially non-oscillatory (WENO) scheme of the 5th order [3] is used. This
scheme represents a new generation of high-order shock-capturing schemes providing
high accuracy at smooth solutions, which is necessary when modelling wave processes,
and capture shock waves inherent in high-speed flows without oscillations. Unlike more
common total variation diminishing (TVD) schemes, ENO schemes do not reduce the
order of accuracy at local extrema of the solution.

@A.N.Kudryavtsev, D.V.Khotyanovsky, 1998
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In this paper we use Roe splitting technique when computing numerical fluxes at cell

interfaces.
Diffusive terms in Navier-Stokes equations were approximated with the central dif-

ferences of the 4th order.
Time integration was made with low-storage Runge-Kutta-Gill scheme of the fourth

order. For investigated high-Reynolds-number flows the time increment is mainly re-

stricted by the inviscid CFL condition. The CFL number used in all our computations
was of the order of 0.7÷0.8.

All calculations were performed in the rectangular computation domain. The size
of the domain was typically 50 x 10 jet widths. Number of grid nodes used was

800 x 160. The grid was uniform in streamwise direction, and stretched along the

normal coordinate according to algebraic mapping in order to enhance resolution in
the jet shear layers.

At the top and bottom boundaries, and at the outflow we impose non-reflecting
characteristic boundary conditions [4] to prevent undesired reflections which could
affect the flow.* The inflow conditions were imposed in the following way. At the
first stage of the computations we have at the inflow co-flowing supersonic top-hat jet
and the ambient supersonic stream of smaller velocity. The pressures in the jet and
in the ambient streams are equal. The computed Navier-Stokes stationary profiles of
streamwise velocity and temperature in some downstream location were then used in

the linear stability analysis. The computed linear stability eigenfunctions were imposed
on the stationary mean flow as the inflow forcing.

RESULTS

We consider here two cases with different relative velocities of the jet and the am-
bient stream. We will characterize the influence of the compressibility on the stability

characteristics by so-called convective Mach number:

,Nil = Ujet - Uambient

ajet + aambient

where Ujet, Sambient are streamwise velocities, ajet, aamrbint are speeds of sound in the

corresponding stream.
First case corresponds to subsonic relative speeds, and the Mach numbers of the

jet and the ambient stream are Mjt = 2.5, Marnbint = 1.5. Temperatures of the jet

and the ambient stream were chosen to be equal, and the convective Mach number

determined across the jet shear layer is in this case M, = 0.5.

In the second considered case we increase the velocity difference between the jet and

the ambient stream. The corresponding Mach numbers are Mjt = 4.5, Manbient = 1.5,

and the convective Mach number is M, = 1.5. Reynolds number based on the width

of the jet and the velocity difference is Re = 5000 in our computations.
The computed steady basic flow profiles of streamwise velocity and temperature at

x = 10 are given in Fig.1 for two considered convective Mach numbers. Normal velocity

eigenfunctions for two instability modes obtained by linear stability analysis in subsonic

case are shown in Fig.2. Linear stability eigenfunctions of the most unstable sinuous

and varicose modes in supersonic case are given in Fig.3. In comparison with the
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subsonic eigenfunctions which quickly vanish outside the jet shear layer the supersonic
ones oscillate either in the ambient stream or in the jet. It is associated with the Mach
wave emission from the jet shear layers in the latter supersonic case.

The obtained linear stability eigenfunctions were used as the inflow forcing in
Navier-Stokes computations. Usually we impose at the inflow the most unstable
linear wave with the amplitude A, = 0.1, and its subharmonic with the amplitude
A1 •2 = 0.01.

The results of computations for subsonic sinuous mode are shown in Fig.4. In early
stages of the evolution the instability waves in two shear layers develop independently
and are quite similar to the well-known Kelvin-Helmholtz vortices. Farther downstream
the neighboring vortices in each shear layer start merging and gradually expand over
the whole jet width. Beyond this point the instability structures in two shear layers
are no longer independent and interact in a complex way.

Flow visualizations in case of higher Mach number of the jet (Fig.5, 6) show the
essentially different instability evolution. Vortical structures in the shear layer are very
slender and flattened. In case of supersonic sinuous mode (Fig.5) Mach waves are
emitted by the jet into the ambient stream. The appearance of the Mach waves is not
something unexpected and was observed experimentally [5]. Farther downstream these
Mach waves transform into weak inclined shock waves. As the instability grows, the
shock waves and expansions appear in the jet core, and the jet breaks up.

On the contrary, the varicose instability mode (Fig.6) seems to remain confined in
the jet core up to the outflow. The flow evolves as a sequence of complex periodic
patterns containing shock and expansions. These patterns are somewhat similar to
steady cell structure typical for non-isobaric jets. This is not surprising because the
pressure in the jet core at the inflow is changing in time due to the forcing, and
this could correspond to the situation when the jet becomes locally overexpanded or
underexpanded at different moments. Of course, in our simulations we have travelling
waves, not steady state structure.

In Fig.7 we gave a comparison of the variation of kinetic energy of a harmonic with
downstream distance obtained by linear stability analysis and Navier-Stokes computa-
tions with small inflow amplitude.

Kinetic energies of harmonics are determined as follows:

Ek= JI(vu)kl' + I(V/PV)kI 2dy

where qk(x, y) denotes k-th coefficient in Fourier expansion of q(x, y, t).
Linear stability analysis was made in some downstream locations in locally parallel

assumption using computed Navier-Stokes profiles. This approach enables us to take
into consideration the spreading of the jet shear layers. Linear growth rate is connected
with the kinetic energy of a harmonic as

1  dEk-- Oki=2Ek d

where (ak)i denotes the imaginary part of the wavenumber of the k-th harmonic ob-
tained by linear stability analysis.
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This comparison was made only for the subsonic instability of both modes. It is
clear that the disturbance of the given frequency becomes less unstable downstream
due to the spreading of the shear layers, and in some downstream location (x ,z 11 for
varicose, and x ; 19 for sinuous), where the energy stops growing, becomes neutral.
At the same time, as it is expected, the frequency of the most unstable wave moves to
the lower values.

The growth of the energy of small amplitude disturbance in Navier-Stokes com-
putations is close to its linear stability values, but it is slightly lower because of the
viscosity influence on the disturbances, which is not taken into account in our inviscid
linear stability analysis.

CONCLUSIONS

Numerical simulation of the nonlinear evolution of the instabilities in a plane su-
personic jet has been performed. WENO scheme of the 5th order was applied for the
numerical solution of Navier-Stokes equations. In order to trigger the instability in the
jet shear layers, the inflow forcing based on linear stability eigenfunctions was applied.

The results of Navier-Stokes computations demonstrate the essential difference be-
tween the flow patterns for two considered Mach numbers of the jet and for the different
modes of instability.

When the velocity difference between the jet and the ambient stream is high enough,
i.e. at supersonic convective Mach numbers, the instability evolution incorporates the
emission of the Mach waves, formation of weak shock waves in the ambient stream in
case of sinuous mode, and the occurence of periodic cell structure in the jet core in
case of varicose mode. Sinuous mode of the instability seems to be mainly responsible
for the break-up of the jet.
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AN AERODYNAMIC STUDY OF COLUMN-TYPE HEADFRAMES

V. V. Larichkin

Novosibirsk State Technical University, 20 K. Marx Prospekt,
630092, Novosibirsk, Russia.

INTRODUCTION

In recent years aerodynamics has found a wide utility in designing surface engineering
structures. The latter is caused by stringent requirements imposed upon reliability of such
structures, by their complex shape, application of new materials, etc. Since, when solving the
above problems, one has to deal with a full-scale air stream, the use of aerodynamics is
restricted to physical processes taking place, for the main part, in low-speed incompressible
gas or fluid streams. A main peculiarity of this type of problems is taking account of the
interrelation between aerodynamics and meteorology.

The motion of atmospheric air in the ground boundary layer is always turbulent. For
an engineer, the following aspects of the flow are of primary interest:

"* mean velocity of wind and its variation with height, needed for perdorming a
calculation of the stationary level of wind load;

"* level and scale of turbulence of the full-scale wind both being required for
calculating the wind-load dynamic component;

"* local and near-wall turbulence generated by the structure under design, required for
evaluating the cross-coupling and making allowance for vortex excitation (vortex
resonance).

Since most of surface constructions in their shape are bluff bodies for wind, they share
common aerodynamic properties of geometrically simple bluff bodies such as cylinder,
parallelepiped, etc. At the same time, they have their own aerodynamic features resulting, first
of all, from their being three-dimensional objects [1-5].

The most promising among novel tendencies in developing high-performance
headframes are the constructions including a combination of a few cylindrical columns rigidly
connected together with lintels-galleries. Large overall dimensions of the constructions (height
of over 100 m) and involvement of a combination of complex-shaped elements necessitate a
detailed investigation of the aerodynamics of such constructions both from the viewpoint of
well-substantiated wind-load estimation and from that of choosing the most favourable
location of the object on the building site to meet both operational and ecological
requirements.

As is known, in order to determine the wind load, one should know not only the total
force exerted by the wind stream, but also the distribution of its pressure over the entire
surface of the construction. For making a good choice for the object's location, it is of
extreme importance to know parameters of the wake stream past the construction.

The present work was aimed at a detailed study of the interaction of a headframe with
modified shape with a wind stream through physical modelling in a wind tunnel.

@ V.V. Larichkin, 1998
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EXPERIMENTAL PROCEDUIRE

The one-five hundredth model was a construction made of three smooth console round
cylinders arranged according to equilateral-triangle scheme and rigidly joint together in their
upper parts with lintels imitating transport galleries In order to take off the surface wind
pressure in the midship section of one of the cylinders, which could revolve round its own
axis, there has been made a drainage hole 0,6 mm in diameter The model was installed on a
plate (screen) with a turntable and a built-in tree-component balance The tests were carried
out in the wind tunnel of the Novosibirsk State Technical Iiniversity with the open working
section of 1,2 m diameter and 2,0 m length at subcritical Reynolds numbers Re > 2.Ox104
under conditions of either a uniform flow at the longitudinal-velocity turbulence level c --
1,5% or a shear one modelling the ground boundary layer In the latter case, different
distributions over height of mean and pulsational velocities of wind were modelled with the
help of stationary vortex generator or different-type reliefs of the screen imitating a ground
surface The part tests were carried out in the wind tunnel of the Novosibirsk State Technical
University with the open working section elliptical section of (600 800) and 1200-mm length
a uniform flow at the longitudinal-velocity turbulence level F 1,7% The general view of the
model and scheme of the experimental setup are shown in Fig 1
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EXPERIMENTAL RESULTS

The flowpattern of the cross-flow around the three round console cylinders arranged
according to the triangle scheme is extrememly involved, the flow around each cylinder
differing substantially from that around one isolated cylinder. Depending on the spacing
between the lengthwise axes of the cylinders (L), angle of attack (a), Reynolds number, either
presence or absence of approach-stream velocity gradient, the distribution of pressure over
their surfaces underwent dramatic changes. As an example, Figure 2 presents for different
angles of attack under conditions of a uniform flow the dependence of dimensionless pressure
coefficient Cp on the angle which determines position of the point of interest As is seen, the
distribution of pressure over the surface of the cylinder under study (shaded circle in Fig. I)
is determined in the main by orientation of the cylinder with respect to the approach-stream
velocity vector. In the variants where the cylinder under study was located ahead of the
two other cylinders (0 < a < 600), the presence of the latter ones resulted in an increased
pressure on its lee side and in a shift of the flow separation point towards high angles .
Positioning of the cylinder under study in the aerodynamic shadow of the two other
cylinders (60 <a < 2400) was found to bring about a redistribution between the positive- and
negative-pressure zones with a substantial fall in its aerodynamic resistance.
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Fig. 2

As a hot-wire anemometer probing of the near model wake shows, for the majority of
values of determining parameter, the wake flow exhibits an asymmetric shape. The latter
changes the direction of the total aerodynamic force, its components in all three directions
appearing with the lengthwise and transverse ones being the largest. At the chosen ratio H d =
10, the main influence on the wake flow is exerted by the relative separation between
cylinders (H/D) and by the inflow angle. Figure 3 examplifies 3D splines of mean-velocity
profiles for different angles of attack (0, 300, 600) at the same distance from the model x1D =1.
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The effect of the approach-stream velocity upon the evolution of flow in the model
wake is illustrated by Fig.4. The differences in the mean-velocity losses of the wake stream in
these cases are seen to be relatively small, the distributions of the pulsational velocity along
the direction of stream and throughout the model's height, however, being drastically different
(Figs. 5 and 6).
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Analysis of the vortex formation process throughou|t the height of the construction
under study has shown that under the conditions of a uniform flow around the object, there can
be realized three indistinctly pronounced sets of vortex streets with different frequencies. For
example, at ax = 0, at the middl6 part of the construction, the vortex formation frequency
corresponds to the Strouhal number (Sh =f * d .' v) which turns out to be roughly equal to the
value of the criterion for the case of infinitely long round cylinder, while at the top and at the
bottom parts of the construction, the Strouhal -number drops in value markedly, which can be
explained by screen and end effects. The latter is confirmed also by the data reported in [6].
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It was found that, depending on the separation between columns and on the orientation
of the construction with respect to the wind stream, there could be realized either stable or
unstable regimes of flow resulting in substantially differing values of the dynamic component of
wind load. The most unfavourable inflow angles were found to Hie within the 300 to 40°
interval. Recommendations are offered as to the most optimum mutual arrangement of columns
as well as to that of headframes on mine territories with different type of terrains.
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AN EXPERIMENTAL STUDY OF ARTIFICIAL DISTURBANCES IN THE

SHOCK LAYER ON THE FLAT PLATE

A.A.Maslov and S.G.Mironov

Institute of Theoretical and Applied Mechanics SB RAS, 630090,
Novosibirsk, Russia

INTRODUCTION

The use of the method of artificial wave trains in the study of boundary
layer stability allows one to obtain reliable information about the evolution of wave
of particular frequency and amplitude in the boundary layer, and eliminates the
dependence of obtained results on the free-stream disturbance characteristics in
the test section of the wind tunnel. This method has been successfully used to
study subsonic, supersonic, and hypersonic boundary layer flows. There are no
publications about the use of the method of artificial wave trains for free-stream
Mach numbers higher than 6. For supersonic and hypersonic flows this method is
used as a method of electric discharge. Under the conditions of low free-stream
densities observed in hypersonic wind tunnels of continuous operation at high
hypersonic Mach numbers (M. > 10), the energy contribution of the discharge
into the flow decreases, and the discharge loses its locality. Under these
conditions, certain advantages are offered by devices generating the disturbances
due to unsteady periodic hypersonic flow around a body with a cavity, like an
oblique-cut gasdynamic whistle [1]. Proper relative positions of the whistle and the
plate 12] makes it possible to introduce disturbances with controlled frequency and
amplitude into the shock layer from the leading edge.

The objective of the present work is to study the characteristics of artificial
density disturbances in a hypersonic shock layer on a plate, which are introduced
from the leading edge using the technique described in [2], and their evolution in
the shock layer.

EXPERIMENTAL SETUP AND MEASUREMENT METHOD

The experiments were conducted in the hypersonic wind tunnel T-327
based at ITAM SB RAS for the Mach number M.=21 and Reynolds number
calculated from the free-stream parameters, Rel=6.105 m- 1. The stagnation
pressure in the plenum chamber of the nozzle was P0=8 MPa, the stagnation
temperature was T0= 1100 K.

The characteristics of density fluctuations were measured in the shock layer
on a flat plate model, which was a trapezium with 0.1 m leading edge width, 0.08
m trailing edge width, 0.35 m length, and 0.008 m thickness. The model was made
of blackened aluminum. The leading edge angle was 70, the bluntness radius was
about 0.05 mm. The plate sides were made as wedges with an angle of 200.

© A.A.Maslov, S.G.Mironov, 1998
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Fig.1. 1 - hypersonic flow, 2 - plate. 3 - oblique-cut gasdynarnic whistle, 4 - electron gun, 5 -
electron bcam, 6 - collector of electrons, 7 - lens, 8 - optical filter, 9 - photomultiplier.

]he experimental layout is shown in F-ig. I lhc measurement' \kci
performed by the method of electron-beam fluorescence using the technology
described in 131. The measurement point was scanned along the X coordinate by
moving the plate along the flow axis within the range of -5...+210 mm with
respect to the leading edge of the plate. The scanning along the Y coordinate
nonral to the shock layer was performed by moving the plate across the flow
within the range of -15...+15 mm with respect to the flow axis. The scanning
along the transverse coordinate Z was performed by moving the optical system of
fluorescence registration (observation point) along the electron beam axis within
the range of -20...+50 mm with respect to the symmetry, plane of the plate.

The construction and operation principle of the source of disturbances are
described in I1, 21. The source tube with 0.008 m outer diameter and 0.006 m
inner diameter was located under the plate and had an inflection to ensure the
optimum angle of 8.50 between the tube axis and the free-stream direction, which
ensured the pressure pulsation intensity close to its maximum value in a wide
range of frequencies Ill. The distance between the source tip and the leading edge
of the plate was 40 mm along the stream direction. The intensity of introduced
disturbances could be varied by changing the distance between the tube and the
leading edge in the crossflow direction.

All measurements were performed for a fixed frequency f=8.3 kHz and
harmonic, which for these experimental conditions corresponded to the frequency
parameter F=0.6.10-4 and 1.2.10-4. To eliminate the influence of appreciable
nonparallelism of the mean flow field in the shock layer, the measurements were
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conducted in the region of the maxima of the density pulsation distribution along
the Y coordinate across the shock layer. The measurements showed that the
positions of pulsation maxima coincide with the line Y=0.75.A (A - is the shock
wave position obtained by electron-beam visualization of the flow on the plate).
Within a 10% accuracy, the positions of pulsation maxima corresponded to the
line of equal mean density in the shock layer on the plate.

The data processing included the calculation of relative amplitude and
phase spectra between the fluorescence intensity fluctuations and pressure
fluctuations in the source of disturbances. The density fluctuations in the shock
layer penetrating from the free stream were excluded. The pulsation intensity and
the mean signal were normalized by the electron beam current. The influence of
the beam current variation on the measurement results was eliminated. The level
of density fluctuations was additionally normalized by the root of the root-mean-
square intensity of pressure fluctuations in the whistle cavity in order to eliminate
the reference signal variation.
When the measurement point is scanned along the transverse coordinate Z (along
the electron beam), the level of the constant and variable components of the signal
of the optical registration system changes. This is because the electron beam
becomes wider when passing through the flow due to its scattering on gas
molecules. Therefore, the measured data were additionally normalized by the
dependence of the mean signal on Z higher along the beam, far from the
centerline, where the flow on the plate is not disturbed. The obtained
approximating functions were close to those found previously in 141. The
amplitude and phase spectra were then calculated on the basis of wavenumbers
with respect to the transverse coordinate Z using the Hamming's spectral window.
After that, using the obtained spectra, we found the amplitude and phase
dependences versus the longitudinal coordinate X, increments, longitudinal phase
velocities, and propagation angles of density wave in the shock layer.

MODEL OF DISTURBANCE GENERATION

To understand the mechanism of disturbance generation in the shock layer
and the results of investigation, let us consider a simplified physical models of
disturbance generation using the proposed scheme. When the shock wave from the
whistle passes periodically during a pulsation cycle through the plate edge
(unsteady interaction) in the phase of its position beneath the plate edge, the plate
edge interacts with the free stream. The angle of shock wave inclination to the
flow at the leading edge is 140, the density jump is 5, the Mach number is 8.3.
When the plate edge crosses the shock wave from the source whose inclination
angle is 160 at a distance of 40 mm, the Mach number behind the shock is 7.4. In
this case, however, this region of the plate edge experiences the action of the flow
at an angle of 130 from under the plate due to turning of streamlines behind the
shock wave. According to numerical calculations performed by Dr.
T.V.Poplavskaya within the framework of the full viscous shock layer equations for
a two-dimensional flow, the static pressure in the wake behind the intersection line
is three times lower than in the undisturbed peripheral region. This nonequilibrium
causes the gas overflow from the periphery to the center, which leads to the flow
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ascending from the surface and formation of a pair of comnter-rotating vortices. In
this case, naturally, the vorlices are clearh tmusteadv and synchronized with the
shock wave oscillaticns.

When the plate edge is not very deeply inmnersed into the shock layer of
the whistle (quasi-steady interaction), the shock wave oscillations change only the
depth of its penetration into the shock laver and, hence, the contact region width.
All earlier considerations and estimations are valid, with an exception that there is
a steady vortex pair whose transverse Si7e oscillates with the pulsation frequency of
the shock layer from the source.

The measurements revealed a deformation of transvcrse distributions on
the mean density when the density decreases at the plate axis and increases at the
"valley" boundaries, which correspond, to the influence of a vortex pair entraining
the low-density gas from the plate surface to the shock layer boundary and
descending more dense layers of gas to the plate surface. The distributed intetsities
of density fluctuations correspond to the pattern of mean density deformation and
experience a 180) phase jump when the measurement point passes from the region
of decreasing mean density to that of increasing mean density, which verifies the
presence of ascending and descending gas flows.

RESt IillS

Two types of interaction between the plate edee and the shock layer on
the whistle were observed in the course of measurements: generation of unsteady
vortices (a) and formation of a st-'adv pair of vortices with superimposed pulsations
(b).

(a). In the first case, the maximum deforrmationi of the mean density field
lies within 5%. The transverse distributions of density pulsations have one
maximum at the plate axis and expand weakly from one cross-section to another

in a wide range of X values. The relative value of density pulsations <n>/n, varied
from 0.1% to 0.15% within the X range of 60-210 mm. Tihe estimate of the half-
width of the disturbed region corresponds to the plate edge penetration by 0.1 mmli
into the shock layer on the whistle. the shock wave oscillattions being 0.2 mm (the
corresponding amplitude of pressure fluctuations in the vhli•itlc cavity is 140 dB).

The analysis of obtained amplitude and phase P - spectra with respect to
the transverse coordinate for the fundamental frcqucncy and harmonic showed
that there is a fairly wide maximum of the amplitude near the zero value of 3,
wherein the phase is constant. "lhc spectral character corresponds to the
propagation of a plane front of waves with different inclination angles (up to 700-
800). The longitudinal phase velocity C, for the fidaimcntal frequency and for the

harmonic versus the propagation angle X arc shown in [ig.2 (curves 2,3). There is

a region of faster phase variation at the plate tip. which corresponds to a smaller

phase velocity. This agrees with the data of 121 where the near field of the
interaction region was studied. The resultant phase velocity is smaller than

1-l/MCosX (curve 1, Fig.2), which indicates the acoustic nature of developing
disturbances. Tihe disturbances increments for the fimudamental frequency and the

harmonic are shown in Fig.3 (curves 1,2). For the harmonic the disturbances are

decaying.
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(b). In the second case, the plate edge was introduced into tile shock layer
of the source by 1.6 ram. A steady pair of vortices was formed in the shock layer
of the plate, and a 40% deformation of the mean density field was observed. The
range of variation of the maximum intensity of density fluctuations along the plate
<n>/ni. was 0.5-6%. The amplitude and phase 13 - spectra with respect to the
transverse coordinate Z for the fundamental frequency and harmonic were similar
to the first case. The disturbances propagated with an approximately equal
longitudinal phase velocity C, _ 0.84 (curves 4,5, Fig.2). Their increments are
shown in Fig.3 (curves 3,4). An exception was only the region near the plate edge
where the phase velocity was close to C, - 0.3 obtained in 12]. Low values of
phase velocity testify to an acoustic nature of developing disturbances. On the
other hand, high values of pulsation increment were obtained, as compared with
the previous case and the data for natural disturbances in the shock layer of the
plate.

CONCLUSIONS

Experimental study of the characteristics of artificial disturbances in a
hypersonic shock layer on a flat plate is carried out at unsteady and quasi-steady
interaction of a conic shock wave with a leading edge of a plate. The dependences
of longitudinal phase velocity and increment of artificial disturbances versus the
propagation angles of density waves are obtained. Essential dependence these
characteristics from the conditions of disturbances generation is shown. Probably,
it is connected to development of secondary instability on the pair of counter-
rotating vortices, arising in a shock layer in the case of quasi-steady interaction.
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AN EXPERIMENTAL STUDY OF VORTEX STRUCTURES IN GAS DYNAMIC

DUCT WITH SWIVELLING NOZZLE

B.M.Melamed, V.N.Zaikovsk ii

Institute of Theoretical and Applied Mechanics SB RAS,
630090 Novosibirsk, Russia

It is important to study the swirl jet flows because they are abundant in various
natural phenomena and used in practice in many branches of industry. It is known that
the intensification of heat and mass transfer processes depends significantly on the
degree of flow swirl [1]. When studying the swirl flows, various research techniques are
used: probing of the flow structure, pneumometric measurements of the internal duct
surface, and flow visualization in the near-wall layer [2].

Proceeding from specific features of organization of the internal structure, the
swirl flows can be classified into forces flows in vortex chambers and free flows
propagating in a co-current stream. The local and integral characteristics of the former
are fairly well studied due to prescribed swirl law and known boundary conditions [3].
The study of the free swirl flows requires the knowledge of detailed flow structure,
especially for vortex jets generated in the separation region.

A typical example of such a flow is streamwise paired vortex structures arising on
the end face of a propellant charge in solid-propellant rocket engines with star-like ducts
[4]. A sketch of the model is presented in Fig. i, where I is the simulator of the
propellant charge with circular of star-like duct, 2 is a submerged swivelling nozzle.

The results of the flow pattern for a star-like charge duct are presented in [5] for
the case when the duct symmetry axis coincides with the nozzle axis, i.e., when the nozzle
is not deflected. Paired vortices are formed on the ledges (L) between the rays of a star-
like duct, the streamwise separation line lies in the symmetry plane of a star ray (R), and
the reattachment line lies in the symmetry plane of the ledge. The number of paired
structures is equal to the number of ledges in the duct. The vortices are uniformly
located over the perimeter of the nozzle duct cross-section (see Fig. I).
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Fig. 1. The general layout of the facility. Fig.2. The distribution of the relative pressure _ AP
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Some results on the evolution of vortex structures in the engine duct for a six-ray
star- like shape of the charge duct with the nozzle deflected with respect to the axis are
presented in [6].

The streamwise swirl jets significantly intensify the thermal erosion in the nozzle
behind the throat. Equally spaced streamwise recesses are formed on the inner surface of
a supersonic bell. Their number corresponds to the number of rays of a star-like duct.
Reliable prediction of gas dynamic and thermal processes in the nozzles of considered
type is necessary to ensure strength and reliable operation of supersonic bells.

For this purpose, an engineering technique for calculating the static pressure
distribution on the inner surface of a swivelling nozzle was proposed in [7]. This
technique is based on parametric experimental studies conducted in a wide range of
governing parameters (velocity at the exit of a circular charge duct, turning angle of the
nozzle with respect to its axis, geometry of sub- and supersonic sections of the nozzle).
The pneumometric data for the nozzle surface in the present work were processed similar
to [7]: a nondimensional relative parameter ±AP was used, which characterizes the value
of pressure deviation over the cross-sectional perimeter of a supersonic nozzle bell in the
presence of vortices from the pressure values at the corresponding point without
vortices, related to the pressure at this point in the absence of vortices (+AP corresponds
to reattachment of vortices to the surface, -AP to their separation):

+AP = (P - Po)/Po,
where P is the local pressure on the inner surface of the nozzle with a star-like duct, Po is
the local pressure at the corresponding point of a circular duct (without vortices). The
results of such treatment are shown in Fig. 2 for a half of the first cross-section
0°<a<180' (circles) where ca is the angular coordinate of points over the nozzle cross-
section perimeter. The level of the relative parameter are compared in the interval
0<c(x<60' with those of other cross-sections (squares for the second cross-section and
triangles for the third one). The flow velocity at the duct exit was varied in experiments
by changing the area of the simulator duct cross-section. For a star-like duct the velocity
at the ray exit was Md=0.25 and Md=0.35.

An empirical dependence is a curve with clear periodic alternation of minima and
maxima. The deviations of extreme values of the relative pressure from the values in a
circular duct are about 4% in the first cross-section, 2% in the second one, and about 1%
in the third cross-section. The measurement accuracy of experimental data is determined
by pressure gages with a ± 0.3% error used in experiments.

The number of maxima and minima over the entire perimeter of the cross-section,
in accordance with the model of interaction of swirl structures with the wall, determines
the number of streamwise vortices (it was 12 in our case). The maximum corresponds to
vortex separation region, and the minimum corresponds to vortex reattachment to the
inner surface of the bell. The magnitude of extremes decreases downstream in
accordance with increasing cross-section of the local vortex structure and decreasing
tangential component of velocity at the periphery according to the law of quasipotential
rotation (V,* R = const). The maxima of relative pressure decrease also when decreasing
the flow Mach number at the exit of a star-like duct. At the moment of vortex
incipience,the maximum of tangential velocity V~max at the boundary of the central
region of quasisolid rotation (V, /R = const) is apparently determined by the mean
velocity at the duct exit. The presented experimental data testify to existence of a system
of steady streamwise paired vortex structures at the flow periphery in a supersonic bell.

Let us consider the evolution of a system of vortices arising in a supersonic part of
the duct in a deflected nozzle. As is shown in [7], the nozzle rotation violates the
symmetry of the test gas entrance, and the flow in the internal volume of the deflected
nozzle becomes three-dimensional. The pressure distribution over the internal nozzle
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surface loses the axial symmetry. The pressure level decreases on the leeward
surface of the sub- and supersonic parts of the nozzle (a = 180' ), and increases on the
windward surface of the supersonic part (a = 00 ).

The maximum deviations of the relative pressure ±AP are proportional to the
angles of flow deflection in the corresponding region of the duct. Thus, when the nozzle
is deflected, the paired swirl structures in the transonic region, which propagate in a co-
current flow, experience the action of additional streamwise pressure gradient ( +AP )
and considerable curvature of the streamlines. Thus processed pressure distributions
measured over the perimeter of the first cross-section of a supersonic bell for the
governing parameters Md = 0.35, 3 =200 and simulator duct in the form of a six-ray
star are presented in Fig. 3,a. The experimental dependence is a periodic curve with two
uniformly located maxima and minima. Together with the previously considered model
of interaction of swirl structures with the wall, this experimental fact allows one to draw
a conclusion about the presence of four vortices in this cross-section.

The system of six paired vortex structure, existing at the entrance to a deflected
nozzle, transforms in the extreme region of pressure deviation from the axial symmetry
into a system consisting of two pairs of large vortices (Fig. 3,b). The maximum values of
relative pressure deviation from the mean level were about 4% for the primary vortices
and 12% for the secondary ones. Approximately a three-fold increase of the relative
pressure deviation is observed with approximately three-fold decrease of the total
number of vortices.

The pattern of the relative pressure distribution in a given cross-section for a
lower angle of nozzle deflection 0 = 100 favors a better understanding of the vortex
evolution process behind the throat (Fig. 4,a). In this case, an intermediate state of
transition from the primary vortex system to a system with large vortices is observed.
The primary streamwise vortex structure are still retained on the windward surface of a
supersonic bell ((x = 00) in the high-pressure region, while their destruction and
formation of an enlarged paired vortex structure takes place on the leeward side
(a= 1800) in the low-pressure region (Fig. 4,b).
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A similar result was also obtained for an
angle of nozzle deflection 200 , but for the Mach
number of the incoming flow reduced to Md =
0.25. Thus, the transformation of the initial vortex
structure into an enlarged one is characterized by
a combination of two governing parameters:
Mach number of the incoming flow and deflection
angle of a submerged nozzle, which form a
pattern of nonaxisymmetric pressure distribution
and curved streamlines in the transonic region.

The obtained experimental data show that
8 for a six-ray star-like duct in a deflected

supersonic bell the system of twelve primary
Fig.5. The plot of vortex pattern vortices is transformed into a symmetric system of

four secondary vortices, each of them being
formed by merging of three streamwise structures swirled in the same direction.

We suggest the following mechanism of evolution of vortex structures. The
streamwise vortex structure propagating in a co-current flow behind the star-like duct
exit interacts with the deflected outer surface ( E ) of the submerged nozzle (Fig. 5). This
results in a symmetric division of the incoming flow into two parts with subsequent
turning on the end face of the model and exhaust towards the leeward subsonic nozzle
region ( B ). Two symmetric swirl flows, O1 and 02, are formed at the interaction of these
divided counterstreams, each containing three pairs of the primary streamwise vortices.
Under the subsequent action of external turning load increasing towards the throat,
additional streamwise pressure gradient, and bending of streamlines, the pairs are
broken, and then the vortices with the same swirl direction merge. Since in each outer
swirl flow 0O0O1 and 02021 there are three vortices with this and that swirl, their
merging behind the throat forms again a paired symmetric system of four enlarged
vortices (see Fig. 3,b).

The obtained experimental data on the evolution of a steady vortex structure for a
star-like shape of the charge duct in a swivelling nozzle allow one to draw the following
conclusions:

i. Paired swirl structures arise at the exit of a star-like duct under the action of a
transverse velocity gradient, their number is equal to the number of rays of the simulator
duct, and their diameter changes proportionally to the size of duct elements.

2. The merging of streamwise swirl structures takes place if the incoming flow
turns in a supersonic nozzle deflected by an anglefi = 10' with the flow Mach number at
the star-like duct exit M d > 0.25.

3. The process of destruction of the primary vortex structure and merging into
large-scale vortices begins at the leeward surface of the supersonic bell.
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THE DEVELOPMENT OF A DATABASE OF
AERODYNAMIC EXPERIMENTS AND

COMPUTATIONS PERFORMED AT ITAM

O.N. Mosseichuk
Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia

1 Introduction

A large amount of computational and experimental studies has been performed at
ITAM SB RAS during the last decades for solving fundamental and applied problems
of aerogasdynamics related to the development of supersonic and hypersonic flying
vehicles. The problem of storage and systematization of vast amounts of information
obtained in these studies is very urgent.

The processing and analysis of great amounts of data, systematization and storage
of numerical and experimental results, comparison of results presented in versatile form,
from multidimensional numerical arrays to the filming of wind tunnel experiments, -
this list of problems that require an effective solution in the nearest future is far from
being complete.

" The database of aerodynamic experiments and computations performed at ITAM"
has been created within the framework of the research work on the development of an
all-Institute database of aerodynamic experiments and computations. It is designed
for informational support of fundamental and applied researches in the field of aerody-
namics.

The database is designed for improving the efficiency of scientific work, providing
the scientists with powerful tools for processing, analysis and visualization of the results
of a scientific experiment. The solutions on the basis of advanced software ensure a
high reliability of the centralized storage of the data and a flexible authorized access to
the results. The system can be used as a tool for scientific researches and as a database
of experimental data for CFD validation.

2 History of database evolution

The importance of the posed problem has been known for a long time. Our Institute
has known a rich story of the development of automated systems for processing and

O O.N. Mosseichuk, 1998
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storage of thlie ricsillts of aerod~llviliiic e'xIeriWIiICiit . "I xvie' li;,ve bein perforiiled
silice t Ihe t inie t lIe I Iirst rcall y avai laIhI anid WI d Wtrkinv comi11t cr• appeared, aId t hat
was TIhe6.[1]. [2].[L] Ih pt k of this acthiitY was oblscrved in late 80. when the
SNAO1\) system (a system foi accl1nu1latitn. ar;il'si and processing of the data of

aerodulvil IiC researches) w;a put into operation and started to work at the Institute.
[I] This was an opcirati u, fairlv advanced foll that time systen) that allowed one. to

a ccrtain extent. to autoniaite many stages of an aerophysical exlperiment. The era of
large Soviet coml)uting machines came to an en1d rat her quickly. 1iifoortniately, all
developments, data and codes were irret rievably v lost whei thiee inii les went out
of operation. The era of personal co(1mpliters led to( personal storage of daita. however
strange this can seem. Almost each laboratory started to develop its own processing
systems and databases. Practically all of them had the same merits and drawbacks.
These systems worked under tihe MS 1)0 op)eration systeni, they have no means of
controlling the access to them, no possibilities of rernot e access, and no possibilities
of multiple access. In fact, they had no prospects of gradual evolution with gradual
and planned accumulation of data, algoritlhins and iiiearis of their processin g, which
is a necessary condition for creating a database. Suubsequenlt frequent change of PC
generations with almost impossible transfer of tle developed software to new versions

demonstrated that these efforts had no future. At the same tiie. all analysis of these
developments can offer valuable experience. since it clearly shows the users' demands
and possible ways for meeting them.

Having created a database called the "Atlas of Aerodynamic (Characteristics" in
1992, a group scientists from our laboratory came to a conclusion that it is necessary
to change thlie basis and ideology of operation of this kind of systenis. Iii the next
years, a, ili liiber of systellis hlitve been created, which automittc the numerical aerody-
nanic experillient. These ilit egra, ed packaes i ri inchio' a conip]jte cycle of preparation.
starting and controlling tie state of a coniput at ion, preliiinary analysis of results,
accumulation of results, their visualization. analysis. coCmparison, etc. [5] Tle systeiis
have a developed graphical interface and use datialbases. Feeling the need in creating an
all-Institute database, we carefully examined and accumulated the experience obtained
during the development of integrated systems. In1 1997 the critical mass was surpassed
and the developlment of a new system began.

3 Ideology of constructing the system

When creating such a system, it is very irnportant to define clearly the main principles

of constructing the database and the ideology of users' work. As already noted, an
aerodynamic experiment is characterized by a large set of extremely versatile data,
whose relations are rather sophisticated. We are experienced in creating and using
both databases with clearly defined and rigidly fixed structure and those with arbi-
trary methods of creation with user-defined links. Both concepts have advantages and
drawbacks. The arbitrary creation is more flexible, it allows for storage of arbitrary
data in the database and for organization of extremely complicated links between them.
The exploitation of such a database has shown, however, that it can be used only by
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people that created it, in fact, its administrators. The probability of losing some hi1ks
and, correspondingly, some data is very high. A constant support of the workability
of such a database is complicated and expensive. A database with fixed structure
is free of these drawbacks, but its functional capabilities are more limited froom the
very beginning, the extension and adding of new types of data are labor-consuming or
sometimes impossible. To find a compromise between these types and to created an
extendable database with a flexible logical structure - this is the main problem to be
solved.

The main idea of solving this problem is to create a particular structure for data
storage of each set of data. For example, a set of runs in one wind tunnel have one
set of data, and a special structure for their storage is organized. We call it a class
of data and understand it actually as the description of the database fields and tables
and the links between them. The data for these real experiments are stored in the
database, in their own class. When a numerical experiment simulating the real one is
performed, the results contain a lot of data that characterize the computation itself,
and they cannot be stored in the same class of data; hence, a new class is organized.
The classes are created in accordance with specific stencils and system ideology, they
contain mandatory service fields that ensure their integrity and integration into the
system. It is quite logical that the descriptions of classes are also stored in the database
in special tables.

The logic of the database operation is fixed and determined by the structure of data
storage. All data manipulations can be divided into three levels.

At the first level, the user works with the names assigned to experimental results,
names of geometric models, classes of data and catalogs. It should be noted that a
catalog system with an arbitrary level of nesting defined by the user is supported.
Having chosen the data of interest, the user passes to the next level.

The most important and frequently encountered data are available for the second-
level work. Usually these are the initial data and integral characteristics of results
chosen at the first level. Viewing and editing in a tabular form, constructing graphs,
viewing the images of various formats, comparison between various experiments and
computations are possible.

At the third level, the data characterized by a large numerical volume are presented
for viewing and editing. These are usually the values of characteristics distributed over
the surface, flowfields, etc. The user's interface and possibilities are the same as at the
second level plus special visualization methods.

4 Visualization

The next important feature of the aerodynamic database is the means of visualiza-
tion. Obviously there is no sense to view in a tabular form the data which are often
represented as arrays containing tens or even hundreds of thousand values. Therefore,
though the tabular representation is realized in the database, special attention is paid
to the development of a flexible tool for building the graphs and visualization of 2D and
3D flowfields. The developed structure of data storage allows for simultaneous storage
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of data and methods of their visualization. The visualization itself is performed by
means of external programs. The database authors tried to ensure the closest integra-

tion of individual visualization codes and the database. The Kagr and Kapic software
systems developed at ITAM are currently used. it is also possible to work with Gniplot,

Tecplot, and Vigie systems.

5 Realization

Special attention in the database development is paid to its scalability, possibility of

further development and increasing efficiency. An SQL server of databases operating

under a UNIX family systems is the core of the systern that ensure the required char-

acteristics and possibilities of increasing the resources. The system is constructed on

a client-server principle, and all data can be accessed through a local Institute net-
work. It should be noted that all software used is licensed and belongs to the freeware

category.
A personal computer with the Linux operation system [6] and a PostgreSQL server

[7] are used as a server. This configuration demonstrated a high reliability and ac-

ceptable speed of operation. The client part was written in the C++ language, it also
works nnder the Linux operation system. When this program was under development,

it was also made possible to transfer this software to the Windows operation system.
However, this work has not been yet performed, the main difficulty is the transfer of

visualization means, which is rather problematic. Probably, we will have to use less

advaiCied software, su1ch as (lhlplot. or some commercial software.
3lh'side's. a varianl of the client part is made in the Java language. It works slightly

slower, is to work tinder all operation s'stems, but there are still problems with vi-

sualization means on platforms other than U NIX. Nevertheless, some methods are

available, in particular, the drawing of simple graphs and 3D geometric model without
visualization of distributed characteristics.

6 Some examples of using the system

One of the main advantages of the suggested system is a close integration of the

database and visualization methods. Already now several types of data representa-

tion are available to the user, in futtire it is planned to increase their number and

offer a possibility of using various graphical packages. Once the data are prepared
and loaded into the database, there is no need to prepare them in formats required
by different visualization systems, the user can compare the data with all previously

loaded data accessible for him. The links between various data obtained in the course

of one experiment allow the user to realize easily complex visualizations. Figure 1,
for example, shows the screen for the user working with the characteristics distributed
over the surface of an aerodynamic model. The top left window is the main working

window, the user can see there all available dalta and indicates those he would like to

see in the tabular form. These data are shown in the bottom left window. Having
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chosen the argument, parameters and intervals, the user can plot the needed functions
in the bottom right window. Besides, an additional window can be opened, which
shows a 3D geometric model with visualization of points for building the graph.
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Figure 1: Screen for the user working with the characteristics distributed over the
surface of an aerodynamic model.

The graphs and the corresponding lines on the model have the same color. Changing
the argument, parameters and intervals (Fig. 2)), various parts of the model can be
easily studied, certainly, if a sufficient amount of experimental data is available.

This example illustrates which possibilities are offered by a distinctly structured
storage of data, and how simple it is to perform rather complex visualizations that
sometimes require a long-time and careful preparation of data.
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Figure 2: Another example of characteristics shown on the screen

7 Prospects of development

The current state of the information system under development can be estimated as a

performed pilot project. The system is workable and has passed limited testing. The

wide-scale implementation involved both technical and organizational problems. The

main problem seems to be the education of the users, preparation of documentation,

and the overcoming of a psychological barrier. Scientists are not used to working with

centralized resources, it is difficult for many of them to trust the control over their

results to somebody else. At the same time, all people acquainted with the system

believe its utilization and further development are useful.

When designing the system, it was planned that its exploitation would be com-

bined with adding new material, improving the visualization mechanisms, adding new

methods of data processing. The work on database integration into the Internet and

presenting a limited access to data through WWW browsers is currently performed.
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Counting on advance technologies of collective working with data, the developn•n'i
initially oriented to a specific area such as aerodynamics, long-term studlius ii the field
of integrated aerodynamic systems allowed for creating the optimal structure of data

storage and effective mechanisms of their visualization and comparison. Such a system

can significantly improve the effectiveness of aerodynamic experiment and surely has

good prospects.
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THE RESULTS OF NUMERICAL INVESTIGATION OF A GAS FLOW
IN HYPERSONIC NOZZLES AT HIGH REYNOLDS NUMBERS

M.I.Mutchnaja

Institute of Theoretical and Applied Mechanics SB RAS
630090, Novosibirsk, Russia

The problem of viscous gas flow in a hypersonic axisymmetrical nozzle of given
geometry is considered for stagnation pressure values of about thousands atmospheres. This
work is initiated by urgent practice, and the problem is not new in formulation. The flow is
described by the system of simplified Navier-Stokes equations including vibrational
nonequilibrium within the scope of the theory of two-temperature relaxation [1,2]. The
difference of the present work is that the gas is not ideal in thermodynamic sense at high
pressure values. This is taken into account here by the advent of the compressibility factor
p=Z(p, T)pRT into the equation of state. The value of Z(p, 7) is found in the tables [31 by
means of two-dimensional linear interpolation.

The algorithm of the solution and the program of calculation remained practically
the same as in [1]. The system of equations is solved by the marching method along the
axial coordinate x using the implicit finite-difference scheme, with the application of
regularization in the form of "sub-layer approximation" for suppression of upstream
disturbances in the subsonic wall region. The entry conditions are set in the supersonic part
of the nozzle. They are taken from the calculation of sub- and transonic flow regions using
the "slender channel" model. The calculations are performed on a nonuniform difference
grid refined near the wall following a logarithmic law. The boundary layer near the nozzle
wall is turbulent at high stagnation parameters. In the calculation this is taken into account
by using effective viscosity (the Cebeci-Smith algebrical turbulence model is used).

Modern hardware has now allowed one to obtain the results which had been
inaccessible in principle when the author began similar calculations. Particularly, the
operation of the work program on 13ýCM-6 permitted to set a maximum of 80 grid nodes in
the radial direction. Now it is possible to set up to 1000 nodes and more on PC/AT-486.
Since the step along the marching coordinate x is chosen automatically in the program and
depends on the step along the radial coordinate r, then Ax is also smaller by an order of
magnitude. The program for a nozzle designed for Mach numbers M=15÷25 can be
computed for 2-3 days on the personal computer PC/AT-486 on this small-sized grid. On
the BE3CM-6 the same program would compute during a few months, even assuming there
were some capabilities of memory extension.

Figure 1 illustrates a comparison of the calculations on different grids. Here the
results are shown for a conical nozzle with cone half-angle 0 =8", throat section radius
r.=lmm and exit section radius r =300mm. The stagnation temperature was set
To=3000K, the stagnation pressure was po=3000atm, the wall temperature was Tw=295K.
The characteristic Reynolds number based on the throat section radius and parameters in the
plenum chamber, Re0=p0 r.(2CP0 T0)/ 2/op0 is equal to 7.3x 106, which corresponds to the
unit Reynolds number Re t 2x10 6 in the test section. This nozzle is intended for the high-
enthalpy hypersonic wind tunnel AT- 303 created at ITAM SB RAS [4].

© M.I.Mutchnaja, 1998
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The Mach number profiles are presented in Fig. 1 in two cross-sections with radii
150mm (solid lines) and 300mm (dashed lines). The distance from the axis of symmetry of
the nozzle normalized by the radius of local cross-section r, is plotted as an ordinate; r =0
corresponds to the nozzle axis, r =1 corresponds to the wall. Calculations were performed
with the number of nodes along the radius N= 81, 301, 501 and 1001 (curves 1-4.
respectively). The single calculation with N =2001 was performed on Pentium-Pro/180,
since the memory of PC/AT-486 was not sufficient for this purpose. The results of.
calculations with N=2001 practically coincide with the version N= 1001 and they are not
presented on the plot. The comparison shows that it is necessary to set 1000 grid nodes in
the radial direction. The use of a coarser grid does not ensure sufficient accuracy of the
calculation in the region of large gradients in the boundary layer, which results in
overestimation of its thickness and underestimation of Mach number in the flow core. It is
seen from the plot that the calculation with N=81 gives completely unacceptable results. It
should be noted that the calculation time of the variant with N=81 on PC/AT-486/DX2/66
is 25 minutes, this time is equal to 17 hours for N=501 and is about 3 days for N=1001.
The variant with N=2001 was computed for 2,5 days on Pentium-Pro/180.

The purpose of the present work is to investigate the flow uniformity at the exit of
hypersonic nozzles. Under the initial and boundary conditions mentioned above the
calculations were performed for comparison of the flow characteristics in three conical
nozzles with cone half-angles 0 =40, 60 and 8*. The exit section radius is r =300mm for all
nozzles. Hence, the length of the nozzles differs substantially, and the nozzle with 0 =4ý is
almost twice as long as the nozzle with 0 =8°. The profiles of Mach number in three
sections are presented in Fig. 2. The sections are such that their radii are equal for all three
nozzles, while the distances from the throat section are certainly different. The numeral 1
refers to the section with radius rw=60mm, 2 - rw=150mm, 3 - rw=300mm. It is seen
from the plot that the flow with a large isentropic core is realized in all nozzles. The core
radius at the exit is about 0.7 of the cross-section radius for 9 =4' and 0.8 - for 0 =8'.
Besides, the larger is the cone half-angle, the thinner is the boundary layer in the sections of
identical diameter and the larger is the value of Mach number. The flow in the core is
practically one-dimensional for all nozzles in the section with r =60mm. The radial
character of the core flow manifests utself more clearly as the distancc from the throat
section is extended. The distributions of Mach number on thc axis M, are shown by solid
lines in Fig. 3. The numeral 1 corresponds to the nozzle with 0=8', 2 - 0=6', 3 - 0=4'
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The plot demonstrates decreasing of the longitudinal gradient Mo with decreasing the cone
half-angle. The preference should be given to the nozzle with the cone half-angle 4* from
the point of view of flow quality at the exit (the uniformity both in the longitudinal and
cross-sectional directions is implied).

For the nozzle with 9 =4* the flow with stagnation pressure po=1000atm was
calculated for the same values T,0=3000 K and T,=295 K. Figure 3 shows the distribution
of Mach number at the axis for this variant (small-sized dashed line). The profiles of Mach
number for po=1000atm (small-sized dashed lines) and po=3000atm (solid lines) are
compared in Fig. 4. It is seen how the pressure decrease (and hence, the Reynolds number
decrease) affects the boundary layer growth.

For comparison the results of calculations without regard for the compressibility
factor are presented, i.e., with Z -1 (Figs.3-4, dashed lines). It is possible to see that the
account of compressibility factor renders appreciable influence on results of calculations,
especially for the nozzle with 0 =4*. The difference in Mach number values in the flow
core is 2 % for 0 =8' and 4,5 9 for 0 =4*.

Here it is necessary to pose a question on reliability of results obtained earlier on
B13CM-6, including the results published by the author in [2]. The following situation was
revealed at repeated calculation on the personal computer of the variants submitted in [2].

The grid refinement did not lead to essential changes in results on the isentropic
flow core when the calculation was performed for conical nozzles. The profiles of Mach
number are shown in Fig. 5 for the conical nozzle with 0 =100, experimental data for
which are presented in [5]. Numerals 1 and 2 refer to the variant with po=192atm and
ReoL10 6, the numeral 1 designates the section x/r.= 500, 2 - the exit section x/r.= 1085.
The numeral 3 designates the section x/r.=1085 for 'the variant with po=50atm and
Re, 22.5x10. It is seen that the increase in the number of mesh nodes refines the flow
pattern in the boundary layer. The border between isentropic core and boundary layer
becomes less blurred, and the profiles of parameters in the core are more filled and closer
to experimental data. It can be noted that the results of calculations practically coincide
among themselves in the core at N > 100.

In these variants the characteristic Reynolds number is Reo •100 10 , therefore, the
boundary layer is laminar, and just this circumstance distinguishes these calculations from
those considered above. This means that in the calculations of flows with the laminar
boundary layer on a coarse grid a sufficient number of nodes is ensured inside the boundary
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layer if the grid is close to the wall. The same refinement turns out to be insufficient for the
turbulent boundary layer with its much larger gradients in the wall region. This results in
overestimation of the boundary layer thickness even at the first steps (see Fig.1).
Corespondingly, the size of isentropic core and the value of Mach number in the core are
underestimated.

It turned out that the grid splitting results in essential changes in the core in the
calculations of a laminar flow in long contoured nozzles, contrary to conical nozzles. It is
illustrated in Figs. 6 and 7 which show the results of the calculations for two nozzles
I) - 0,,. =11",,po=43atm, Re ,-4x1O 5 ; II) - ,n= 18",po=100atm, Re, - 640 . The data
for the first nozzle are presented in [6], the second nozzle is available on the wind tunnel
T-326 ITAM SB RAS. Both nozzles were designed for obtaining a uniform flow with Mach
number M=15 at their exit. The results of calculations on two computational grids are
presented for each nozzle. The distribution of Mach number on the axis is shown in Fig.6.
The profiles of Mach number in several sections are shown in Fig.7. The letters a and b
refer to nozzle I, the numerals 1-3 designate the sections x/r.=650,750,1000. The letters C
and d refer to nozzle II, the numerals 1-4 designate the sections x/r.=200,500,700,1030.
It should be noted that the results of the calculations of these variants with N=501 and
N= 1001 practically coincide.

It is seen from the plots that the flow overexpansion in the flow core which was
discussed in [2] is preserved as the computational grid is refined, but to a much smaller
degree than on a coarse grid. The analysis showed that in this case the reason for
appreciable divergence of the results obtained on different grids is as follows. Due to
contouring of the nozzle wall, the region of viscous - inviscid interaction influences strongly
the flow core formation. Thus, in calculation on a coarse grid, the number of nodes on the
interface between the boundary layer and isentropic core is proved to be insufficient, which
results in distortion of the flow pattern.

The results of the calculations on a refined grid show that the flow in the core at the
nozzle exit is fairly close to uniform. But the Mach number value proved to be slightly
higher than the designed one. The longitudinal gradient of Mach number in the core is close
to zero at a large distance before the exit. Thus, though the hypersonic contoured nozzle
designed on the basis of the solution of an inverse problem (when the isentropic core is
calculated separately and the boundary layer displacement thickness is added to it) does not
fully reproduce the designed flow, but still it is not so bad as the author claims in [2].
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OVERVIEW OF ESA AEROTHERMODYNAMIC RESEARCH AND PROJECT
ACTIVITIES
(1996-1999)

by J. Muylaert and W. Berry
ESAIESTEC, P.O. Box 299, 2200AG Noordwijk, The Netherlands

INTRODUCTION

At ESA, a specialist section for Aerothermodynamics was created in 1988. Over this ten year period,
as the technical capabilities of the Section have increased, inevitably more demanding space missions
have emerged, comprising launchers, re-entry vehicles, planetary landers and space station crew
transfer and rescue vehicles. These new missions have imposed demanding aerothermodynamic
requirements and challenges. These are reviewed in this paper.

Aerothermodynamics at ESTEC has now evolved into a wide field of applications encompassing all
the major fluid dynamic aspects:
- External aerodynamics of aerospace vehicles, covering their complete flight regime: subsonic,

transonic, supersonic and hypersonic speed. The outputs of this work are aerodynamic loads and
kinetic heating rates, used for the structural design, thermal design and flight control design of the
vehicles;

- External aerodynamics of aerospace vehicles to cover the transition from high altitude free
molecular flow to continuum flow as vehicles enter planetary atmospheres. Flight control of
vehicles during this phase require a combination of reaction control from small rocket engines and
aerodynamic control from vehicle control surfaces;

- Aerodynamics of parachute and parafoil landing systems;
- Internal aerodynamics of aerospace vehicles covering the design of propulsion engine inlets,

propulsive exhaust nozzles, engine flow control valves, manifolds and vents;
- Microaerodynamics which encompasses the assessment of local flow effects in gaps between

thermal protection tiles; at steps between structural elements and at corners, such as those
occurring at aerodynamic control surface hinges;

- Unsteady flow effects due to aerodynamic buffeting and flutter of structural elements;
- Chemically reacting flows in combustion chambers and in the shock layer of aerospace vehicle

during entry into planetary atmospheres;
- Two and three phase flows in nonequilibium, chemically frozen or equilibrium conditions where

contamination or debris are concerns;
- Rocket engine exhaust plume flow impingement effects on spacecraft surfaces: forces moments,

heating and contamination;
- Flow analysis of liquid-in-tube nutation dampers.

AEROTHERMODYNAMIC ACTIVITIES AT ESA
ESA is faced with challenging aerothermodynamic problems in several of its manned space flight,
science, application satellite and launcher programmes. The Aerothermodynamic Section has given
technical support to all these programmes and in parallel has prepared and implemented coherent TRP
and GSTP research programmes to improve industrial design tools and to strengthen the co-operation
between universities, research establishments and industry.

The MANNED SPACE FLIGHT PROGRAMME
Over the ten year period, this programme has been the main initiator and stimulus for a large number
of aerothermodynamic activities. Its needs have resulted in the current high level of European
technical expertise in experimental facilities and techniques and CFD codes-for space vehicle design.
The current programmes are:

© J. Muylaert, W. Berry, 1998
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ARD
The Atmospheric Re-entry Demonstrator (ARD) is a guided re-entry vehicle of the Apollo type,
(Figure 1) which will be launched on the third Ariane 5 flight in October 1998. This mission will be a
major achievement for Europe as the ARD will be the first ESA vehicle to perform a complete re-
entry. Throughout its re-entry and descent, flight measurements will be taken to evaluate heating,
transition, reaction control system interaction, ionisation (black out) and parachute deployment. The
post flight analysis will give industry invaluable experience, allowing them to validate and improve
their design tools.

XCRV
The Experimental Crew Rescue Vehicle (XCRV), also called the X38. is being designed as an
experimental vehicle for the emergency return of crev from the International Space Station (ISS). It is
a joint ESA/NASA project scheduled to have its maiden flight in late 2000. Europe plays an important
role in the aerodynamic design of this vehicle. The aerothermodynamic challenges are:
- control and stability of the vehicle through its complete re-entry flight regime:
- efficiency estimates of the body flap and rudder effects of boundary layer transition;
- microaerothermodynamic effects like local heating in hinges and gaps:
- heating rates on the nose and heating effects of windward boundary layer transition:
- integration of flight instrumentation into the vehicle in an a non obtrusive manner.

Figure 2 shows a multiblock surface mesh used for Navier-Stokes computations.

ATV
The Automated Transfer Vehicle (ATV) is an expendable supply vehicle for the transport of
equipment and propellant to the International Space Station. During rendezvous and docking
operations using small rocket engines on the vehicle, exhaust plume interaction effects will arise and
these must be well understood and quantified during the design of the vehicle. The ATV must be
destroyed during re-entry. Aerothermodynamic calculations must guarantee that the burn-up of the
vehicle in the atmosphere takes place completely so that no parts of this large vehicle fall to Earth.

MSTP TECHNOLOGY PROGRAMME
The Manned Space Technology Programme was created to continue the development of technologies
in re-entry aerothermodynamics after the cancellation of the Hermes Space Plane programme. The
emphasis was on: ground test facilities: re-entry capsule critical issues; industrial CFD code
improvements including code validation workshops: a parafoil technology programme: the creation of
an engineering data base for design. This work was completed by the end of 1997 when the
programme was terminated. Figure 3 shows the test cases for CFD validation used for the
aerothermodynamic workshops and the extrapolation-to-flight approach used for design.

Plasmatron
An induction heated plasma facility (plasmatron), was designed and developed at the Von Karman
Institute (VKI) in Belgium, for the study of gas surface interactions such as catalycity and ablation in a
contaminant free environment.

Scirocco
The 70 MW Scirocco arc heated plasma facility is under design and construction at CIRA in Capua,
Italy. It will be used for materials testing under the high temperature conditions experienced by re-
entry vehicles. It will be read), for operational use by the end of 1999.

The SCIENCE PROGRAMME
Spacecraft for science programmes have to deal with plume impingement problems caused by the
exhaust gases from attitude and orbit control rocket engines. Additionally, those spacecraft which
must enter planetary atmospheres face critical aerothermodynamic problems
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Intermarsnet and Venus Return Mission
The ESA-NASA Intermarsnet mission will place three instrumentation stations on the surface of Mars
and an Orbiter around Mars for data relay purposes. The launch is scheduled for 2003 using an Ariane
5 launcher. The stack of three stations must perform a ballistic entry into the Martian atmosphere
using a heat shield to progressively reduce the vehicle's speed by aerodynamic drag. A parachute
landing system will then be used to place the vehicle on the Mars surface. The aerothermodynamic
issues are entry heating and vehicle stability, heat shield separation and parachute deployment.

One of the most challenging ESA scientific missions under study is the Venus Sample Return. It aims
to return soil and atmospheric samples from Venus. Two Ariane 5 launchers will be required; one to
launch an Orbiter composed of the Venus Orbital Module and Earth Return Module and the other to
launch a Venus Lander which will enter the Venus atmosphere and descend using aerodynamic
braking and parachute landing systems. For the return to Earth of rock and soil samples the Lander
will use a balloon to lift the vehicle off the Venus surface. A multistage solid rocket system will then
propel the vehicle to a Venus parking orbit to rendezvous and dock with the Orbiter vehicle. The Earth
Return Module will then be propelled back to Earth and will enter the Earth's atmosphere and descend
to a soft landing using aerobraking and parachute descent systems. The critical aerothermodynamics
issues are:

- Venus aerocapture and aerobraking;
- Venus and Earth atmospheric entry and descent;
- ascent of the balloon;
- ascent of the solid rocket propelled stage.

XMM
XMM is a large spacecraft, which makes plume impingement effects from the attitude control rocket
engines into a critical issue. To illustrate the work that has been done to minimise impingement
effects, Figure 4 shows the thruster nozzle pressure contours, the location of the thruster and the
numerical calculation grids used. A combination of Navier-Stokes codes for the nozzle flow field
calculation, with a Monte Carlo analysis for the plume near field in combination with free molecular
flow calculations for the thruster far field were used to address this problem.

THE SATELLITE TELECOMMUNICATION AND EARTH OBSERVATION PROGRAMME
The major aerothermodynamic problem for these spacecraft is plume impingement effects from rocket
engines used for attitude and orbit control. The impingement effects from chemical rocket engines is
now well understood and advanced analysis tools are available. Electric propulsion is now being
introduced on these spacecraft for orbit control purposes. This will pose a new problem of
impingement of ionised propellant species and this problem is now being addressed at the level of the
basic physics of the phenomena.

THE LAUNCHERS PROGRAMME:

Ariane 5
Experimental and numerical studies have been carried out to assess the contamination from unused
propellant as it is vented to space from the Second Stage Propulsion System (EPS) and the Attitude
Control System (SCA). Another activity was the design, construction and transonic windtunnel testing
of the unsteady base flow buffeting loads on the Ariane 5 vehicle. Windtunnel models were
construction for transonic and supersonic windtunnel testing. The particularity of some models are
that they also simulate the plume flows, using cold nitrogen gas, from the Vulcain main engine and
from the Solid Rocket Boosters. Figure 5 shows a Schlieren photograph of the flow. The compression
and expansion waves are clearly visible. Activities are continuing for the study of the influence of hot
plume on steady and unsteady base pressure.

FESTIP PROGRAMME
ESA's Future Space Transportation Investigation Programme (FESTIP) has been implemented to
examine future reusable launcher concepts that could be of interest for Europe. For FESTIP,
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aerodynamic activities were concentrated on generating aerodynamic and aerothermodynamic
databases for each of the single-stage-to-orbit (SSTO) and two-stage-to-orbit (TSTO) configurations
and on the definition and follow up of the FESTIP technology programme in aerothermodynamics.
The technology programme focussed mainly on the following critical points: roughness induced
boundary layer transition; turbulence modelling for shock wave- boundary layer interactions; flap
efficiencies and heating; base flow plume interaction; flight measurement techniques: air data systems.
As an example of this work, Figure 6 shows the European Experimental Test Vehicle (EXTV) studied
in the context of Festip. This version is designed for vertical take-off and horizontal landing.

FLTP Programme
ESA's Future Launcher Technology Programme (FLTP) is now being prepared to continue the work
undertaken in the FESTIP Technology Programme. It is expected that this programme will be started
in 1999. Major aerothermodynamic activities which need to be pursued within the FLTP are:
- Improvement of measurement techniques such as pressure sensitive paint, infra red and, phosfor
paint techniques for heating analysis; stereo lithography for rapid model prototyping: standardised
force balances for rapid testing in transonic. supersonic and hypersonic facilities: numerical and
engineering tools for aero database generation:
- Simulation of hot plumes for base plume interaction for steady and unsteady loads;
- Stage separation loads, plume interaction loads, local microaerothermodynamic loads, buffeting on
protuberances !nd base flows;
- Transition and turbulence modelling for shock-boundary layer interactions;
- Interaction effects between aerothermodynamics, propulsion, structures and thermal protection;
- Propulsion system improvements: nozzle flow separation control; advanced nozzle concepts and
integration.

TECHNOLOGY RESEARCH AND DEVELOPMENT ACTIVITIES AT ESA ON
AEROTHERMODYNAMICS
A series of technology research activities have been initiated to prepare the technology needs for
Europe' s space programme. Some of these important programmes are:

- Development and validation of three dimensional nonequilibium Navier-Stokes codes combined with
research on parallel processing to investigate cost and time savings of executing aerodynamic codes on
massively parallel computers;

- Validation experiments in hypersonic windtunnels for the study of different types of boundary layer
transition mechanisms and turbulence modelling improvements for shock boundary layer interactions
including the influence of hot wall effects;

- Scaling and extrapolation to flight conditions using NASA Shuttle Orbiter data for the study of the
influcnc'e ot real gas effects on trimming and flap efficiency. Testing in the F4 facility at ONERA and
the shock tube HE(y at DLR, to allow the comparison of wind tunnel data with flight data using CFD;

- Testing instrumented tiles as flown on Japan's Hyflex re-entry vehicle in the DIR plasma facilities
for the study of micro-aerothermodynamic phenomena such as tile gap filler heating and local
boundary layer transition;

- Improving Direct Simulation Monte Carlo codes for the study of satellite thruster plume interactions
which cause forces, moments, heating and contamination:

- Optimising force balances for dynamic-derivative testing using free and forced oscillation techniques
for blunt body configurations such as the Huygens probe, the ARD and the X38;

- Experimental study of base flow buffeting on simple and complex configurations such as the Ariane

5 launcher, including cold plume effects at transonic flow;

- Experimental and numerical studies of external expansion nozzles (plug nozzles) and nozzle flow

separation control mechanisms for improved propulsion performance at sea level;
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- Aerothermochemistry database creation and standardisation including multi-phase flows;

- Aerodynamic analysis tool development for preliminary design.

INTERNATIONAL COLLABORATION
Collaboration with partners outside Europe on specific items such as the Shuttle Orbiter and X38 with
the USA, the Hyflex re-entry vehicle with Japan and Plasmatron test facilities with Russia have been
very useful. An improved understanding has been obtained on critical hypersonic design problems
such as the influence of real gas effects on vehicle pitch trim and flap efficiency; tile gap heating and
determination of the catalytic effects of thermal protection system tile coatings.

- In co-operation with the USA, NASA Shuttle Orbiter models were tested in the ONERA and DLR
High Enthalpy facilities in exchange for NASA Langley wind tunnel and flight data. This resulted in a
good understanding on the use of these real gas facilities in the design process. Figure 7 shows the
pitching moment versus reduced enthalpy (Ho/RTo) as measured in some hypersonic facilities S4, F4
and comparison with flight.

- In co-operation with Japan, as part of an ESA/Japan exchange agreement; a combined experimental
and numerical activity is underway in the DLR LBK facility to study the heating between tiles flown
on Japan's Hyflex re-entry vehicle. The objective is to compare plasma wind tunnel data with flight
data and to analyse scaling and wind tunnel-to-flight extrapolation issues. CFD plays an important in
these wind tunnel and flight re-building activities.

- In co-operation with Russia, a series of very useful activities were performed such as: lessons learned
from the Russian re-entry vehicle Bor and Buran; use of Russian facilities for database creation for
validation especially for thermal protection system testing. Of particular importance is the Russian
expertise in plasmatron design, manufacture and testing for gas surface interaction effects: ablation;
oxidation; ageing; coating catalytic behaviour. A strong collaboration is now engaged with the VKI
(Belgium) where the Agency has funded a completely new 2 MW plasmatron, which is the world's
largest. Figure 8 shows the VKI plasmatron performance envelope.

CONCLUSION
This paper has presented the wide scope of aerothermodynamics for aerospace vehicles and has traced
ESA's activities in this field over the last 10 years since August 1988 when the Aerothermodynamics
Section was first implemented at ESTEC. Aerothermodynamics has emerged as an important
discipline, which is essential to enable the design of advanced launchers, re-entry vehicles and
advanced propulsion systems.

The Agency is sponsoring European Industry and Research Laboratories to develop efficient
numerical and improved experimental tools for aerothermodynamic design and verification. ESA's
technology research programmes in aerothermodynamics have already helped European Industry to
increase its competence in this field. ESA has set up a coherent research programme to meet the needs
of space projects. However, in order to maintain European expertise in CFD and experimental
techniques, a continuing investment is essential. For the future, ESA will continue to pursue its
objective to strengthen European aerothermodynamic capabilities by co-ordinating European efforts
and by promoting close collaboration between Universities, Research Establishments and Industries.
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LAMINAR-TURBULENT TRANSITION, RELAMINARIZATION,
SEPARATED FLOWS, INTERACTION OF TRANSITION AND SEPARATION

ON ROCKET NOSE CONES OF TWO TYPES IN A TRAJECTORY FLIGHT AT

Re,.,_ 10', M!< 4.5, a_< 32 g

A.M Pavlyuchenko, OA. Bragin, A.A.Tyutin, and AN. Popkov

Institute of Theoretical and Applied Mechanics SB RAS
630090 Novosihirsk, Russia

INTRODUCTION AND PROBLEM FORMULATION

The derivation of reliable quantitative data on heat transfer and drag of bodies at M_<5

and length-based Reynolds numbers Re _.._5108 requires comprehensive studies based on
ground and in-flight aerophysical experiments and on calculations employing numerical
methods and computers [1]. Wind tunnels are an important tool in investigating complex
aerophysical processes occurring in transonic, super- and hypersonic flows. Because of wind
tunnel defects (flight Reynolds numbers are not simulated; Reynolds and Mach number,
temperature factor and free-stream turbulence are not simulated simultaneously; there exists an

acoustic field in wind tunnels at Mo. > 2, etc.), the research flight experiments are becoming of
great importance with the known limitation of numerical and integral calculation methods. For

example, the acoustic field in wind tunnels at M_ > 2, generated by the turbulent boundary
layers on the walls of the test sections, makes the study of transition in boundary layers on
models difficult. According to Beckwith and Bertram [2], the transition Reynolds numbers for

sharp-nosed cones in tunnels at M_ < 5 are significantly lower than under flight conditions. The
length-based Reynolds number calculated for models in wind tunnels are several times smaller
than those of flying craft [3]. But phenomena such as boundary layer separation, shock
wave/boundary layer interaction, transition and others are a function of Re [4], so scientific
flight experiments [2, 4-8] for the purpose of deriving aerophysical data over a range of
variables that cannot be simulated in wind tunnels, as well as for testing calculations and
comparison with wind-tunnel experiments are important.

We have previously [1, 5] proved the desirability of developing aerophysical research
rockets, based on type M100 and "Oblako" ("Cloud") meteorological rockets with recoverable
nose cones, designed to perform systematic studies of aeromechanics, heat transfer, turbulence,

etc., at M_ < 5.
Figure I diagrams the aerophysical exploration rockets with recoverable nose cones,

equipped with the standard measuring systems and multichannel telemetry described in [5].
Figure 1, aI shows the instrumented rocket based on the M 100 meteorological rocket (1 is the
spike, 2 -instrument compartment, 3 - intermediate compartment, 4 - parachute bay, 5 and 6 -
1st and 2nd stage engines). The maximum Mach and Reynolds numbers obtained with the M100

are M<_! 4.5 and Re L,-!5 0.8.108. Figure 1, all is the rocket developed on the basis of the
"Cloud" meteorological rocket (1 - nose section with measuring and transmitting systems, 2 -

engine, 3 - parachute bay). For the "Cloud", M_!< 2, Re /__•< 2.10' and H<8 km.

@ A.M. Paviyuchenko, O.A. Bragin, A.A. Tyutin, A.N. Popkov, 1998
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The following objectives were to be attained using these two rockets
I. Obtaining quantitative data on heat transfer and pressure along the surface under

real Reynolds and Mach numbers and flight conditions both in unseparated and
separated flow.

2. Investigating the stability and transition in wall boundary layers with the "Cloud"
rocket

3. Investigating the effect of transient conditions on gas dynamics and heat transfer at
rocket accelerations to 32 g.

4. Obtaining data on relaminarization of the compressible turbulent boundary layer on
the MI00

5. Calculating the critical values of the gradient criterion of stability [9, 10] for the
laminar boundary layer on a meteorological rocket of the "Cloud" type at M_! 5 2
and for relaminarization on a meteorocket of the M100 at M.,_< 4.5.

1. FLIGHT TEST DATA ON TRANSITION AND REI.AMINARIZATION, COMPARISON
BETWEEN CALCULATED AND NATURAL VALUES OF WALL TEMPERATURE

Reliable data on the Reynolds number at the onset of transition and over the length of the
transition region at super- and hypersonic speeds can be currently obtained only in flight
conditions. The corresponding results have been presented, for example, in [2, 3, 11-13]. The
data of full-scale experiments on the transition Reynolds number in a supersonic boundary
layer obtained on the forebody of a "Cloud"-type single-stage rocket aerophysical complex

under the conditions of aerodynamic heating and operating engine at an acceleration a"_12 g
[3, 5] are of considerable practical interest, since the processes that take place under such
conditions cannot be realized in wind-tunnel tests or simulated numerically In this connection,
of current interest is the problem of the laminar-turbulent transition zone, and of the model
which would enable one to gain better insight into the boundary-layer turbulence on a full-scale
flying object of the "Cloud" type

Of practical interest here are the calculations of heat transfer in supersonic boundary layer
reported in [14]. In this work, on the basis of both the Emmons turbulent-spot theory and the
relationship between the turbulent-spot formation rate and the Reynolds number established
when analyzing wind tunnel data, an expression for the intermittence factor has been obtained,
which is valid for the flow around a thermally insulated surface The known full-scale data on
the laminar-turbulent transition (see, for example. [2]) were obtained on objects without
operating engine. In this connection, it is interesting to compare the Re,, values at three points
of a "Cloud"-type complex forebody [3] in the on-power regime and on a freely flying conical
body [2] for identical Mach numbers and unit Reynolds numbers The values of Re,, for

M,=1.6, Re .,-=286.106 mi turned out to be very, much the same, while at M,=1.66,

Re,,=30.10 6 n-I and M,=1.45, Rei,_-26 2.106 m-' the Re,, values for the "Cloud"-type object
were found to be by 20 and 33% smaller than for the freely flying body in [2] The latter points
to a necessity to make an allowance for the effect of the operating engine of the complex upon
the Reynolds number of the transition beginning

Wall temperature distributions along nose cones of axisymmetric aerophysical missiles

MI00 (Re,,, _-, 10', M_•<4 5, a"_32g) and "Cloud" (Re,,, - 2-10", MN_<2, a5•Il2g) were obtained
by Pavlyuchenko et al in flight tests [5]. The Reynolds numbers of transition beginning for the
"Cloud" objects were found by Pavlyuchenko et al [3, 15] under the conditions of operating
engines, vibrations and deformations The heat transfer in the boundary layer in the transition
regime was calculated by means of Emmons turbulent-spot theory' modified by Chen and
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Thyson [14], spot generation velocity being calculated on the basis of experimental transition
data. Theoretical and experimental temperature values have demonstrated good agreement
(Fig. 1), the arrow shows the transition beginning The turbulent flow regime around the M I00

missile formed after take-off and for flight time t1Ž14-15 s - quasilaminar one to be connected

with relaminarization process At T=87 s boundary layer relaminarization on the Viking-10

rocket started at Re.,.,=0.9-10 6 [11], for tr>87 s an algorithm was used which contained
expressions for the laminar boundary layer Relaminarization also occurred on the MI00
Numerical experiments show that it sets in at different points along the nose cone of the M I00

at Re,. between 3,10' and 4.106 [4]. It is seen from Fig I that the in-flight and predicted wall
temperature values are in rather satisfactory agreement The arrow shows the relaminarization
beginning.

2. HEAT TRANSFER ON "CLOUD" AND M100 WITtH SEPARATED FLOWS

For the "Cloud" rocket we have also obtained data on the temperature distribution over
the zone where there is flow separation, upstream of a step on the nose cone produced by a

ring with h=6 mm placed at X=312 mm [6]. The boundary layer thickness was such that 8-h
Prior to separation the boundary layer was laminar [3, 6] Figure 2 presents the wall
temperature distribution along the separation zones for times of 6.24, 7.8, and 9.36 s. The local
temperature maximum is due to reattachment to the wall of the flow generated by interaction
between secondary circulation flow and vortex in the lower corner of the step. The
temperature peak in Fig. 2 is due to reattachment of the flow on the wall near the step when
the flow in the separated boundary layer is transient [6] In accordance with Fig 2, for the
"Cloud" the length of separation region was L,,I/h-15. For M100, where the separating

boundary layer was turbulent, l,,,p/h<_467 (Fig 2, [7]) The presence of the temperature peak
on the "Cloud" (see Fig.2), its value prior to separation [3, 6] and the length of the separation
region show that the laminar flow in the separated boundary layer becomes unstable and the
flow in it becomes transient or turbulent

3. GRADIENT CRITERIA OF TRANSITION AND RELAMINARIZATION FOR FLIGHT
CONDITIONS OF FLOW AROUND BODIES

Gradient criteria of stability suggested by Yanenko, Gaponov [9] and Van Driest, Blumer
[10] seem to be promising for the problem of laminar-turbulent transition and relaminarization
at natural conditions of flow around bodies in the presence of heat transfer Yanenko et al
criterion Re,, is invariant for many regimes and types of flows Van Driest et al number T, is
not invariant. Both of them take into account local properties and are approbated for flows to
be idealized. Applicaiton of these to flight conditions demands some additional verification
Approbation of these two criteria for natural conditions has been realized on the basis of flight
data and numerical simulation integration method suggested by Pavlyuchenko et al [16].
According to that, having solved the system of compressible boundary layer equations an
experimentally measured wall temperature distribution is used in boundary conditions for the
above mentioned system. Velocity profiles were approximated by a cubic spline which allows
one to exclude additional errors in velocity derivatives Figure 3 demonstrates the dependence
of Yanenko, Gaponov [9] and Van Driest, Blumer [10] criterion on the vertical coordinate of
laminar boundary layer for "Cloud" and MI00 nose cones Behavior of criteria under
consideration is of great practical interest in the beginning of laminar-turbulent transition and
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relaminarization on nose cones of the "Cloud" and M100, respectively. The data for Reg are
shown in Fig. 3. Distributions of Reg and Tr are obtained for the supersonic flow conditions.
The distribution of Reg and T, criteria in Fig. 3 in transition and relaminarization regions,
respectively, differ considerably [16, 17]. The Reg criterion is more suitable for physical
conditions of transition. The difference in Re• and Tr distributions in transition and
relaminarization regions is both qualitative and quantitative.

Invariant criterion of Yanenko and Gaponov is more physically and mathematically
grounded in comparison with Van Driest and Blumer one. Invariant criterion Regr may be
recommended for analysis of stability, transitions and relaminarization in real flight conditions
of supersonic flow around bodies.

The presented results have a scientific and practical significance and contribute to solving
the scale effect problem in the high-speed aerodynamics.
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WIDE APERTURE TOMOGRAPHY METHOD IN FLOW
INVESTIGATION

V. V. Pickalov, N. V. Chugunova
Institute of Theoretical and Applied Mechanics SB RAS.

630090, Novosibirsk, Russia

Tomography methods which allow for determining the internal structure of an object
on the basis of integral characteristics (projection data) have been known for a long time.
The classical methods of reconstruction ignore the detector geometry, and tomography
algorithms for image reconstruction are developed assuming the projection data to be
obtained by integration along infinitely thin lines. In a real experiment, however, the
detector accepting the signal has always a certain width and, in the general case, a nonzero
angular aperture prescribed by the collimator.

An iteration algorithm capable of taking into account the geometry and position of
an arbitrary detector is suggested and studied in the paper.

INTRODUCTION

The objective of emission tomography in a two-dimensional formulation is the recon-
struction of the internal structure of an object in a plane cross-section on the basis of
projections obtained by registering the radiation of this object in several directions [1].

p p

Y Y

1 1

8 _ _

7 X 7 -_-

X 6 - - - -/ x

-1 g(X,Y) 1 -1----------1

R2

-1 -1

a. b.

Figure 1: Schemes for obtaining projection data: a) classical scheme, b) scheme for a wide-aperture
detector.

Let the function g(x,y) describes a sought distribution (Fig. 1(a)), for example,
spatial distribution of refractive index, density, etc. The projection of this function along
a certain line LC, is the integral f& = fL g(x, y)dL~p, called the line integral, and a set of
line integrals forms the projection. Thus, it is necessary to determine the function g(x, y)

® V.V.Pickalov, N.V.Chugunova, 1998
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on the basis of known projections f 0 (p, ). This problem refers to the class of ill-posed
inverse problems of integral geometry, and there are many approaches to its solution [2].

It was shown in [3] that when integrals over a band determined by detector geometry
are used instead of line integrals, the classical reconstruction algorithm yields a solution
which is too smooth (Fig. 2(d)). This study was performed for a standard algorithm of
filtered back projection (FBP). Two iteration algorithms taking into account the detector
geometry were considered in the same paper. The first algorithm is the ART modification,
the second one is based on expansion of the inverse operator with respect to direct operator
powers into the Neumann series (ENS). The numerical experiment showed that both
algorithms yield comparable results for narrow bands. If the detector determines a wider
band, however, the ART reconstruction becomes too smooth. This effect was not observed
for the second iteration algorithm, but the iteration process was unstable. The present
paper is devoted to further development of the ENS iteration algorithm.

ITERATION PROCESS USING EXPANSION INTO THE NEUMANN SERIES

The inverse operator expansion with respect to direct operator powers has been known
for a long time, though this approach is seldom used for tomography problems [5, 6].

Let us use the approximation - split the domain, in which the tomographic recon-

struction is performed, into elementary cells - pixris. The value of emission coefficient

is assumed constant in each pixel. As a result, we obtain a system of linear algebraic

equations A g = f where A is the matrix of coefficients containing the areas of pixels in a
diverging band determined by the detector (see Fig. 1(b)), g(x, y) is the tomogram, and

f(p, ý) isthe projection obtained in this band.

Let Ag = f is the operator representation of the problem, then g = A-' f, however,
the operator A` is unknown. The matrix approximation of the operator A usually leads
to matrices with very large dimensions, and direct methods of obtaining the inverse matrix

A` become inefficient. Let us represent A in the form A = B A 0 , B = A A0' where AV'
is some known approximation to the operator B-` (for example, the operator of solving
the tomography problem in infinitely thin beams). The Neumann series for the operator

B` can be then written as

g = A' Ak(E- B)kf = Ao'B-1f = A-'f, (1)
k=O

where E is the unit operator, A is the real number called the relaxation parameter. The
convergence condition for a unit sphere is I A 111 (E - B) _ < 1.

Then the iteration ENS algorithm is described by the formula
gt~l = I t r t •

g' =go + A' A-' 7- = g + A'sl r, (2)

here gij' is the reconstruction result at the (1+l)th iteration, A' is the relaxation parameter
at the Ith iteration, aij are the elements of the matrix A, Isr = AV' is the operator of
solving the problem in infinitely thin beams (the FBP algorithm with Shepp-Logan filter

[4] was used in this case), f is the source projection, fJt is the pseudoprojection at a given

iteration fd' = A g', r' = f - fd' is the residual vector.
When working with the operator ISL, scaling is needed to correlate the units. The

mean band width determined by detector geometry was chosen for scaling. To suppress
the influence of random experimental noise, regularized cubic splines were used [5]. The
performance of this algorithm without normalization were partly studied earlier in [3].
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In emission tomography, the examined function cannot take negative values. This a
priori information about the object was taken into account in the numerical simulations.
After each iteration the obtained negative values were set to zero.

NUMERICAL SIMULATIONS

A mathematical phantom modeling an emission object in the form of an asymmetric
model composed of two gaussians was chosen for the study (Fig. 2(a)):

g(x, y) = Cexp {•--n2(X If - - 4 In) 2 (1 - Y/1)2 (3)

with parameters al a 2 = bl= b2 = 0.25, xol = Xo2 = 0, yo0 0.5, Y02 = -0.5,
C,=2 = 1.

a) b)

A . .c) d)

-i, -I, - . -i,

Figure 2: Detector trace of tomograms for the distance to the detector Rq =1.5 (a), Rq =3 (b), and
Rq =6 (c), Shepp-Logan reconstruction (d).

The reconstruction error was studied in the numerical experiment as a function of
band configuration determined by various detector parameters. The reconstruction error
(in percentage) was determined from the formula

Ei Ej (gij - gij)' (4)1 E, Ej(g-j) 2

Here gij is the exact model, gij is the reconstructed tomogram.
The modeling was performed with the number of observation angles K=6, the number

of detectors for one view N = 21, tomogram size N, = Ny = 33.
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Figure 2 shows the tomograrns with the traces of the "observation band" of one detec-
tor, the band width being varied. This detector had the following parameters: aperture
angle a = 50, detector width Rd = 0.1, distance between the detector line and the origin
R,=1.5 (a), 3 (b), and 6 (c). Figure 2(d) shows the reconstruction result from 6 views by
the classical method of filtered back projection (FBP) using the Shepp-Logan filter and
ignoring the detector geometry (Rq = 1.5). It is seen in the figure that the reconstruction
is too smooth, the reconstruction error is A1 = 86W.

A)PD 3 b)
'~8 3

60 t.

tz~ ~ ~ 4 13'•"••

20

* w-g * - . - +

>i. .* -

.~ +.

2 4 6 P 10 1 14 16 18 20 2 4 6 8 10 12 14 16 1e 20

Iteration number, I Iteration nr-he•r, I

Figure 3: ENS algorithm: a) reconstruction error A1, (%), b) residual norm A1 , (,).

Figure 3(a) shows the reconstruction error A, versus the relaxation parameter for the
ENS algorithm.

Cuives 1-3 here were obtained for Rq=3, A =0.1 (1),A =0.5 (2), A =1.5 (3). Curves
4-6 were obtained for varied A =1.5 for the first iteration and 0.1 for the rest iterations,
R =1.5 (curve 4), Rq =3 (curve 5), and Rq = 6 (curve 6). Figure 3(b) shows the
•oic;!:rrding residual norms.

1`1,i A 0.i (Fig. 3(a), curve 1) the iteration process convergesvery slowly and reaches
A1 = 33% (the inmiber of Irtit ions J=100).lncreasing A, the iteration process starts to
diverge, but thevalue of (A\),,, , decreases. Foi A =1.5 (curve 3) we obtained the best
".llies of A, for three first iterations with subsequent rapid divergence. Obviously, it is
-o ,, rsry to stabilize the iteration process to presert, the advantages of the first iterations

for large A and convergence for small A. A modified approach was developed and studied.
This approach is based on varying the relaxation parameter A for each step of the iteration
process. For example, for Rt=l1.5 the most successful combination was A =1.5 for the
first step and 0.1 for all other steps of the iteration process A, = 32.9W (Fig. 3(a), curve
4). The iterationprocess reaches the minimum error with a small number of iterations.

It should be noted that for varying tHq by a factor of 2-4, thc modified algorithm yields
o',d res;ults, the reconstruction error changes only by 2-31X (curves 5 and 6).
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) "• d)
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Figure 4: a) exact tomogram, b)-d) reconstruction by the ENS algorithm with varied A, 20 iterations,
Rql. 5 (b), R,=3 (c), Rq= 6 (d).

Appropriate tomograms are shown in Fig.4. Let us note that an increase in band

width affects to a certain extent the character of artifacts, but the overall pattern remains

practically the same.

CONCLUSION

A modified algorithm has been developed and studied. This algorithm is based on

expansion into the Neumann series, which allows one to take into account the detector

geometry in the course of reconstruction. The modification is the relaxation parameter
variation during the iteration process. It has been shown in numerical experiment that
when the relaxation parameter increases, the iteration process based on the Neumann
series with a constant A diverges. The modified algorithm allows the user to stabilize the

process and achieve a more stable result little dependent on the bandwidth changes (Rq
= 1.5-6).

The authors are thankful for partial support by the Russian Foundation for Basic
Research and the Netherlands Organization for Scientific Research (NWO).
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ON THE THEORY OF PARAMETRIC EQUATIONS OF
TWO-DIMENSIONAL LAMINAR BOUNDARY LAYER

A.N.Popkov
Institute of Theoretical and Applied Mechanics SB RAS, 630090 Novosibirsk, Russia

1.The present work is a logical continuation of the paper [1]. To facilitate the under-
standing of the present paper, it is necessary to recall some facts and definitions from [1],
wherein the equations of 2D steady laminar boundary layer of incompressible fluid in the
presence of pressure gradient are reduced to the parametric form. After introducing the
stream function TP and using the transformations of dependent and independent variables

S= ý(x), y = J(4)7 , 1P = uo.(x).,[(x),'7],

these equations reduce to the known nondimensional formulations

L((Ib, x,/ )= a.[4), 4](,,,) (a), L(4b), X, #1) = &.[(D, 4D](,,C) (b) ,(1

with "standardized" boundary conditions

q = 0 : 4I) =0, --0; q : 1(2)

with the operator

L(I,)y, ,31) - • + x(x) 4- lD +/ i(.).(1 - )2)

The right-hand sides of (la) and (1b) are the Poisson brackets,e.i.,

whose specific features are that they contain derivatives with respect to x or to •. The
functions Xs(x), /30 1(x), 6(x) are determined by the relations

Ue, 6 dU,X(x) = o.5(6, + 1 ), 0 1(x) = a- = 0, -

G U, d'

J(x) = VOL(Je , a = = 2.

(The dot denotes the derivative with respect to 1, the prime indicates the derivative with
respect to x).

It should be noted that the transformation of the longitudinal coordinate ý(x) is an
arbitrary function, and it is possible to impose the conditions of differentiality and con-
tinuity on it. The resultant nondimensional equations (1) can be considered as general.
Particular equations are obtained by specifying the functions ý(x). This nondimension-
alization of the boundary layer equations is a mandatory first stage of parametrization.
The second stage is the introduction of a recurrent sequence of parameters following the
general rule [1].

( A.N.Popkov, 1998
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To form a sequence of parameters. it is nccs~arvy to raise thle Ploison bracket factor o,
or 6 to the recurrent power A- and miult iply it by I lie APt 11 deri Vat jye wit It respect to x' or

(depending on the p~aramet rized niondlimensional furniu of (1I)) of ihe ext ernal flow velocity,
and divide it by the value of this velocity.

Thus, for equrat ion-, (I a) and (11/3 thle recurren~t Seqjuences of parameIters are

ok (ikU - k (111
x3 = -, -'L. (3)

17, d.r' V" - c

For parameters of (3) we have two parametric forms of boundary layer equrat ions:

L/3. . 'r YZ(2k\ (A -+1)3l)3A + 3k 11]. .) (4)
k-1

L(oD, N, 31) = >1[(2k /, 3/3k + h][. J P()
k=1I

The boundary conditions for eqiuat ions (4) and (5) coincide withI (2). Thel( initial con

ditions are dletermined when specifying thle equnatiotis. i.e.. when sett inrg ý(.r ) Iin each
particular case. Thel( choice of the function ý(xa) Is determined by* thle conidit ions, of full
parametrization of (4) and (5). This mens~n that thle f111ict1 iN (.r ) should depend only
on the paramneters

),(!3A) or x(.h) (6)
It can be shown that there are such ý(x) for which equat ions (1) and (5) yield known
parametric equatiotis. Assim~ng ý = x 2 , (,1) Is transformed to thre equrat ion derived in [2].
For

=rr(c
2 jT dx

equation (4) yields thle 'Universal' eqiuat ion [31]. 'I'lie use of th Ic( ort icr t ransformiat ion

allows one t~o obtain thle p~aranmetric equlation from [.1]. '1 hus. the presented exaniples

show that equations (4), (5) generalize thle known paramietric forlis,.
All above st atenments are a formal mathlemuat ical derivaition (if piaranmetric eqiuat ions.

However, of principal importarnce is not thle riot ation of thIis or that eqiration buhit the
information about thIe type of boundary condition ii, (.r ). w~hi chi is 'encoded' ]in a givyen
equation, in Its successive approximnat ions.

The basic characteristic of a paranretric equation is a class of functions U, (.r) deter
mined by the st ruct ure of paramiet ens arm]. soriretli nes. bY thIe riot ation of t his equrat ion.

If the condIition,-,

OA = 0 or 3k =O. K=I .2. 3.

are valid in the singular poi nit oftI lie parai net ric equat ions (.1) an~d (5). t(re iurit ia condit toris
for these equrat ions are( determnired bY thle soluit ion of thle Blrseqniat ion

41 + \No 4) 4) = 0 . c il( r( CO I? ciSt 0. (7)
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As shown in [1], equation (4) describes the boundary layer flow for the external flow
velocity presented in the form of an arbitrary power series with respect to the physical
coordinate x:

2 3 kkUe = ao + aix + a2X + a3x + ... +akX ..+ ao +- -akX• (8)
k=1

Thus, (4) is a generalized equation for a wide class of external velocity distribution func-
tions - a class of analytical functions.

Parametric equations with different notation and structure of parameters but deter-
mining the same class of distribution functions of external velocity U((x) will be called
equivalent. For example, the equations of [2] and [3] are equivalent since they describe
the boundary layer flow with U,(x) (8), though the notation is substantially different.

Equation (5) is generalized for even wider class of functions UJ(ý)

U, = b0 + biý + b2ý2 + b3 ý3 +4 ... + bk ýk + ... bo + Ebk ýk•

k=1

If equations (4) are equivalent irrespective of the choice of ý(x), then equations (5) depend-
ing on ý(x) will describe the boundary layer flows with different distributions U•('(x)).

2. Equations (4) and (5) describe the boundary layer development on bodies either
from the stagnation point or with a zero taper angle. This means that these equations
do not contain initial singular points where we could obtain self-similar solutions for the
Hartree parameter interval 0 < 13x < 1, which is the initial condition for pointed bodies
with the taper angle varied within 0 < ( < 27r. To obtain such parametric equations, we
present the parameter /I,(x) in the form of the sum of a certain constant K and a quantity
-Y W

•31(x) = 2K + -yj(x). (9)

The function - 1(x) can be represented as the first parameter

'Y(X) = a-/z. (10)

For the desired function z(x), taking into account (9) and (10), we obtain the first-order
ordinary differential equation. After its integration we determine z(x)

z = const.Ue.{-, (11)

After introducing a recurrent set of parameters related to the governing factor 'Ti (10)
c0k dkz
az dxk, k = 1,'2,3,

and parametrization of, e.g., equation (la), we obtain the following parametric form of
equations of 2D laminar boundary layer:

xL , 1) - -{[2k(x - r,) - (k + 1)711k + ')k+l }1'[0, 1](,.k)' (12)
k=1
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x

If = f(Jd.r, i.e., the Gortler transform, here X = L the distriloition of external velocity
0

is

x o = aAr C1  K = K$"1.

k=O -- 1

Thus, the external velocity is deterimined by a generalized power series, For = x ,

1 + K; + 0.5 • y1 we have

U, = '" a-x

k=O

A self-similar solution for the external flow velocity in the singular point N = 0 , k

1,2, 3,... , which determines the Cauchy problem for the parametric equation (12)

U, = a0,r , i = K/(\(ýk = 0) - K) . (13)

Thus, setting different values of the constant K and( transformation ý(x) from the class of

allowable values, we can obtain versatile polynomials of the distribution of external flow

velocity and the necessary boundary conditions (13).
Since the parameters Ik contain sequential derivatives of a certain complex (11) con

taining both a specified boundary condition 1J,(x) and a transformation of the longitudinal

coordinate ý(x), which was not defined a priori, these parameters can be called mixed.
Obviously, the choice of complexes, such as (11), can be different and the presented deriva-

tion of (12) with mixed parameters should not be regarded as the only possible one. The
use of mixed parameters extends the classes of functions of the boundary condition 11,(x),
for which the parametrization of the laninar boundary laver equations is possible.

3. The value of z(r) is determined, as mentioned above, from a differential equation.

If we multiply the both sides of this equation by n:

0- 0- - KO- 07' - K'j

it is easy to notice that the quantity I', o=/ý is the first parameter of the following set

of parameters:
= - (i- d i- 1.2.3.

dr'

which is introduced following the general rule for an arbiilrarv function ý(x). The param

eter Fl is equal to 2 and always constant. If all 1', = con.ot , i = 2.3,4, ... , then the

function ý(x) is only a power function - (='1.rc , where ('C and C2 are constant.

When we put into consideration the parameter 1',, we expand the class of employed

transformations of the longitudinal coordinate, this is the main idea of introducing I',.

Thus, for two independent functions 17,(x) and ý(.r), we write two sets of parameters:
f( a lk) ai(1) "

Sk,= c , k , . = 1,2.3.... (14)

Finally, the equation is written in the form

L(4D, x, 31,,F2) = YZok.k[1, 1(,,) + -t ,,],r (15)
k= 1 i =2
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the boundary conditions coincide with (2), the initial conditions are determined by inte-
grating equation (7), to which (15) reduces for the values of parameters

O3k=0, k= 1,2,3,... ; F=0, i=2,3,4, .... (16)

The initial conditions (16) determine the Cauchy problem for equation (15) at the singular
point, and since this equation has no arbitrariness in quantities entering into it, there is no
need to impose additional conditions of the type (6). The external velocity distribution,
which satisfies (15), is written in the general case as

0" 
00

Ue, = Zak'(-,) u = Zbi.xz . (17)
k=o i=1

Thus, we can see that the distribution Ue(x) is described by the function of the type (8).
Comparison of the influence of the parameters /31 U Fr.

If all ri are constant, then the transformation ý(x) is a power function. Let / 1 #Aconst,
,3j = 0 , j = 2,3,4,... , but it follows from (17) that U, = ao + ajx. It is shown in
[11 that for this distribution of external velocity equation (15), wherein only one Poisson
bracket with respect to /1 is left, has two singular points, the solution at these points
being described by the Falkner-Skan equation in the Hartree form

ý + Dý + x'.(1 _ ý2) = 0. (18)

The zeroth approximation corresponds to fix = 0, the first approximation to Ox = 1. The
difference in these approximations is rather significant, since the zeroth approximation
describes a laminar boundary layer on a plate, whereas the first approximation describes
the same in the vicinity of the stagnation point. Thus, the variation of the parameter 31
involves a considerable change in the fluid flow in the boundary layer.

The influence of the parameter r 2 . Let us consider equation (15) whose right-hand
part has only one Poisson bracket depending on the parameter F2, i.e. 62 :# 0. All /3 k are
constant, then the external flow velocity is

Ue=,a,,m.(1-+b~x-)m (19)
1 + 2.b2x

The values of X and /1 are

x = 0.5.(m + 1)(2 - 0.51 2) , /01 = n.(2 - 0.5F2)

Equation (15) turns to the ordinary differential equation (18) for F2 = 0, H F2 = 2,
(b2 = ±oo), the solutions of the latter being dependent on the same value of the pressure
gradient parameter in the Hartree form fx = 2m/(1 +m), and the distribution of external
velocity in these singular points is described by the known power function U, = am.xm.

Despite the fact that in the general case we integrate the equation in partial derivatives,
the difference of the resultant solution from the self-similar one is very weak. In other
words, equation (15) in the considered one-parametric approximation with respect to 172

described an almost self-similar solution, and, thus, the external velocity distribution (19)
yields a laminar boundary layer flow close to the self-similar solution.
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OilI tlie lbasj! (f thle albo\ve said(. the paramleters 3, co~l? lillilliC, the dlerivatives of tite
bounlrdary (olohil oh call he (alled strong paralnetcrt. 'I It( loiTitle1ters F,. whose strue-
ht1re does not (01)11aml tW l oie hnd;ffY coTId it on. are( weak ii r~nttrwm c.> - w l> ot ioll, are(
(oli\'('lIt Jolla I, but tit ve alow olle to1h l all nlij or? i it prot .lei1 of filuid root onl ill I li
boundaryv layer. which Is' (lolse to self s'Iiuikiib nloti~ll.

'Ilie, paraniletric equation of tIle t ' \p (175) Is callcI lin '~~2k hiaralotnctie. ObviouslY.
thlese equations cani be oblt inied lbY diilf Iren mduethw la->iI general. thte Hit rodiuct ion of
the 1)0both s~ stemls of p,1iramleter> ciiii lbe per-forn ed by wiwiieiius different mnethlods, the
parahlleters of ti( be othI systeius' call hw iiii."d. (1 c.

For example, let it,, tnt roduce twvo sy~t en i of paitnot er,. whuich) turn the( p~arameti c
equaltion into the Blasiuis equation wheii thIVy eq ral 1/iro at I tie ý,1LCi r11(11t olit. fum t ils
puirpose, the funct ion X (.) siolilld ho rep resented Ill tlie( forml

N 1 .SJ,i + (I1).1

where r ,s and d are arbit rary' coust ant s. 'lie reijirrent setsý of the parameters

i3k a I 'l -~,(k,j3 = 1 ,2. 3. . arewriltten similart 1(11(). t he 2k-parameitric eqliat ion hasý
the form of equalialoll (15). hut the( recurrent facto(rs 0) andl q, iii the( right-hand parts
(differ iromn tq aid _ý lin (15). 'I'lie p;,ranw~tCrS -1 are mixed. It is possihle to find the
externllF flow velocity and thle lonigitudinal coordinate transformation without deriving a
p~aramretric equation:

The longitudinal coordinate transformation is a generalization (of that suggested in [2],
arid also the Gortler transformation for particular Nalues of tie( constants r, s, and d.

Thus, the presented theoretical study (ivf the( paramuetric equaltions of 21) laminar bound-
ary layer of incompressible fluid wit Ii p~ressuire grad( liet allowsý one to classify, order. andi
ge'neralize the known forms of equations andh lotigit udinal coiordiunate transformation,' an(I
also to obtain new results. This stutdy canl be also extended to the flows in 21) laminar
boundary layers Wvith Ii hat -auld-niass t rausfor.
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THE ACTION OF INJECTION OF INERT AND CHEMICALLY ACTIVE HIGH-
TEMPERATURE GAS MASS ON DUCT FLOW GAS DYNAMICS

A.G. Prudnikov
Baranov Central Institute of Aviation Motorbuilding

Moscow, Russia

P.K. Tretyakov
Institute of Theoretical and Applied Mc.hanics SB RAS,

Novosibirsk, Russia

The results of experimental study of gas dynamics of a flow in an axisymmetric
duct with expanding cross-section under the action of distributed and local addition of
inert or chemically active mass of propellant combustion products are presented.

It is shown that for a sub-
sonic flow velocity at the entrance 2 3 4
(M = 0.7) and duct expansion
larger than 3.0 the flow can be or- M,0
ganized so that the transition
through the critical speed of sound 5 6,
occurred without geometric Scheme 1: 1 -shock w•ves, 2-expaion ve

throttling, i.e., a mass flow/thermal 3- "cold".fio core, 4- aacked shock wa.e

nozzle can be obtained. 5 - separation region, 6 -fuel charge

The research goal was to 3 4
verify experimentally the physical 1
principles of organization of the l.
combustor operation in an air-
breathing engine (ramjet), which
allow for organization of the flow Scheme 2: I - homogeneous mi.*we, 2 -propellent gas generator,

with mass addition and combus- 3- ciionf,ot, 4. -stai,, s.ai r,,egions

tion in such a way that the critical
speed of sound in the flow was 2 3 3
achieved without geometric throt- -7
tling, as it takes place in traditional
configurations. Theoretical pos- - --
sibility of obtaining a mass flow
and thermal nozzle is well known, Scheme 3a: I-propellant gas generator, 2-inlet,

it follows from the action inversion 3o-afterburning region

equation derived by P.A.Wulis and
I.F.Shebeko. However, the pres-
ence of a nozzle is necessary for
practical realization of the opera-
tion process in an air-breathing
engine. 2
The construction of experimental Scheme 3b: I - gas generator,

models was based on the known 2- aferburning region ("thrmal" nozzle)

configuration of two-contour
Fig. 1. Schemes of organization of two-contour

© A.G. Prudnikov, P.K. Tretyakov, 1998 heat release
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organization of tw cu.,.ibust,._n process. An example of its experimental implementation
for a two-niolc ;amjet work-ing on a hydrocarbon fuel (kerosene) is the study conducted
in[l].

It is well known that the heat release in the scramjet duct is most effective in a
pseudoshock combustion regime [2]. In this regime, the flow Mach number decreases to
M = 1.0 due to heat addition from the chemical reactions of combustion. In the ramjet
combustor with subsonic velocity the traditional principles of combustion organization
do not allow one to maintain high pressure in the flow after the inlet compression;
therefore, a converging section of the nozzle is needed.

Several possible constructive schemes of organization of two-contour heat release
in a scramjet (Fig. I) are presented below. It is necessary to note that it is preferable to
use these schemes for small-size aircraft.

Scheme I is the simplest one. The afterburning of the products of open burning of
the propellant takes place in several recirculation regions formed by steps. In the limiting
case, when the propellant combustion products are chemically inert, the thrust increases
due to mass addition and mixing process in the second contour.

Scheme 2 implies the combustion in the second contour flow of a uniform
"quasihomogeneous" fuel-air mixture, which is stabilized by a longitudinal system of
plumes of the first contour flow. These plumes are formed by a system of stabilizers, with
high-temperature jets of propellant combustion products with negative oxygen balance
being supplied to recirculation regions of these stabilizers.

In the third scheme the af-
terburning process of generator
gas takes place in the subsonic -&-0,015A -&,035;

air flow of the first contour P +S. -,0.017; A -g,-0,046;

forced to come from the second P 0 -g, -057

contour flow (scheme a) or natu- 0,8 5 4

rally ejected (scheme b). 0.6 A *.

"The experiments were
conducted using an attached 0,4
pipeline and ran ijet models 0,2 o-
manufactured according to p0 p2 [1 -2;S,=O

schemes shown in Fig. 1. All U_ 2, 3,0

models had an axisymmetric
body 50 mm in diameter, which
was attached to the nozzle unit. Fig. 2. Results of model testing with inert gas injection

Tests with inert mass (scheme I, Fig. 1)

addition (combustion of ballistite without combustion: 1 - 0 = 0,23; 2 - 0 = 0,04;

fuel). with combustion: 3- 0 = 0,23; 4- 0 = 0,285; 5 - 0 = 0,05

The combustion products
of ballistite fuel have a zero oxidation balance. In this case, the operation process in the
model duct is determined by gas injection from the fuel charge combustion and by the
gas temperature. Figure 2 shows the base pressure, the static pressure profiles along the
combustion chamber for various propellant flow rates. The air flow rate and the mass
flow rate of propellant combustion are known from experiments. The pressure variation
along the model duct follows the gas dynamic structure of the flow. The presence of a
step at the entrance cross-section leads to flow expansion (pressure measurement point 2)
to a level close to base pressure (pressure measurement point 0). An increase in pressure
at the duct exit is caused by an emergence of a shock wave (see Fig. 1). As it follows from
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the figure, an increase of the mass flow rate of propellant combustion (gf = GIGa) with
decreasing the exit cross-section blockage (ýo = Fexit/Fduct) allows one to preserve a high
pressure levelin the duct.

The estimate of flow velocity in the flow core for the case with fuel combustion
showed that the flow velocity is close to transonic one (M = 0.7-1.0) up to cross-section
located at a distance of approximately 2.5 diameters from the duct entrance. Then the
flow is accelerated up to M > 1.0.

_P Thus, we can conclude that it is
P. 0 -1 possible to organize a mass flow nozzle
O's2 due to injecting high-temperature chemi-
, .. _••66 -4 cally active mass.

Tests with chemically active massaddition.
0,2 0 8The model testing according to
0 2 4 6 XD scheme 2 (see Fig. i) with the gas

generator operating on solid propellant
- - ,z .- with oxidizer deficit and a system of

separation of flame stabilizers proved a
,2holes,,laceby2 lies6 .r ine) principal possibility of combustor flow

Fig. 3. Results of model testing with propellant gas control by means of redistribution of
generator (scheme 3b, Fig. 1). generator gas injection along the duct.

1 - without combustion; 2-with combustion, The thermal choking in the exit cross-
gf = 0,05; section could not be obtained, since the

Pressure in gas generator: 3 - without combustion, duct length was insufficient for
4 - with combustion. completing the process of generator gas

afterburning. This purpose was achieved
in testing the combustor model made according to scheme 3b (see Fig. 1). Figure 3 shows
a sketch of the modei duct and the pressure distribution along the duct for two cases:
without combustion and with solid propellant combustion. The generator gas was

b

Fig. 4. Photographs of flow regimes with combustion. a - in a quartz tube, b - without a quartz tube.
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supplied into a tube 30 mm in diameter with two rows of orifices. Thc gas temperature
was approximately Tg = 1500 K, the stoichiometric coefficient was 1n = 6.0. On the basis
of this pressure distribution, the Mach number in the cold part of air flow was
calculated. A transonic flow is formed in the annular duct. Without combustion, the
amount of air supplied through two rows of orifices is sufficient to accelerate the flow
behind the tube exit without the final shock wave, the flow being accelerated to M = 1.8.
In the regime with propellant combustion, the sonic velocity is established in the cross-
section x/D = 7.9, and the maximum flow velocity corresponds to the Mach number
M = 1.34 in the exit cross-section of the duct. This regime can be called a local thermal
nozzle regime. An illustration to this set of experiments is a qualitative experiment with
visualization and registration of the combustion process. A quartz tube was mounted
instead of the model body. The difference was that ten rows of orifices were made in the
inner tube. Figure 4 shows photographs corresponding to different conditions of
combustion. The model with quartz tube and propellant afterburning is shown in
Fig. 4a. The plume shape is indicative of flow acceleration. The plume is more powerful
in the case without the quartz tube (Fig. 4b). In the presence of a quartz tube, part of the
air enters the inner tube from the annular channel. Without the tube, the generator gas
comes through orifices and burns completely in the outer flow.
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NUMERIC SIMULATION OF TRANSPORT PROCESSES IN

SUSPENSIONS AND GAS SUSPENSIONS

V.Ya. Rudyak, A.A. Belkin, G.V. Harlamov

Novosibirsk State University of Civil Engineering

Novosibirsk, Russia

INTRODUCTION

Dispersed media are widely spread both in nature and in technical applications. They
include gas suspensions, aerosols, suspensions, emulsions etc. Such systems flows are
usually calculated in framework of multifluid hydrodynamic models in which interface
interactions are taken into account. Expressions for interface forces and transport coef-
ficients received from phenomenological theories or experimental data are used in such
cases. Such an approach is not satisfactory in many cases because the conditions of
phenomenological theories application are often broken and experimental data are not
complete.

At the same time rigorous kinetic theories of such systems have been poorly devel-
oped and do not permit to calculate transport coefficients and interface forces even in case
of high rarefied gas suspensions and suspensions. So the direct numerical simulation of
transport processes in the heterogeneous media provides as the very valuable information
as an experiment. The such simulation results give important information about equi-
librium and nonequilibrium characteristics of the considered heterogeneous systems. In
particular, it is possible to study fluid-solid state phase transitions, to calculate transport
coefficients and interface forces, to determine relaxation times.

The present paper is the first work in the series devoted to direct numerical simula-
tions of transport processes in dispersed media. Dispersed medium (suspension or gas
suspension) is simulated by a system of hard spheres of different diameters and mass-
es. Transport properties have been calculated by molecular dynamics method (the basic
principles of this method were formulated in the pioneer work [1). The results of our
calculations of the velocity autocorrelation function, radial distribution function and de-
pendance of medium pressure on density are presented.

MODEL DESCRIPTION

The simulated system presents a cube sell filled with layers of N molecules. The length
of cubes rib is equal to L. For high-density regions they have the form of the rectangular
parallelepiped. At the initial time the molecules velocity according to a certain law were
assigned. The total momentum of the system is equil to zero and the kinetic energy
Ek = Eo = const. The conservation of these values during the systems evolution is the

main physical criteria of the numerical experiment correctness.
Intermolecular forces in hard spheres model is equal to zero for all molecular pairs

except colliding ones. This fact permits to use the following modification of the method
offered in article [1]. Collision times are calculated for all particles and the minimum time
is selected for each particle. These times are ranged as increasing. All the particles are

©V.Ya. Rudyak, A.A. Belkin, G.V. Harlamov, 1998.
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moved along their trajectories for minimum time (till the nearest collision) and then
the post-collision velocities and collision times are recomputed for collided particles and
for the particles that might have collided with them. A separate part of the algorithm
is realization of boundary conditions. In present paper the so named periodic boundary
conditions were used: when a molecule reaches the boundary of the cell the same molecule
is putted through the contrary boundary.

The object of our study is dispersed media. The binary mixture of light small hard
spheres (gas molecules) and heavy large ones (dispersed particles) is simulated by method
of molecular dynamics. The number of heavy hard spheres Nr, their masses m. and radii

RP were varied on a wide range. After the system had been in equilibrium (the main
criteria was equality of molecule energy and particle one) its properties were studied.

VELOCITY AUTOCORRELATION FUNCTION

Velocity autocorrelation function

1 Nv
Kr,(t) - v,(0) ,,,(t)

Ni=1

is the most important characteristic of both equilibrium behaviour of the system and
dissipative processes. The ergodic hypothesis

11iN K

Kr,(t) = -- E ' . Vi(Tk) " v,(r& + t),

have been used for calculating of a function Krv. hIere K is realization number. The curves
Krv of one-phase fluid at various concentrations have been calculated for the testing of the
program. The obtained curves coincided with the results of known works (in particular,
of paper [2]).

Fluid density was characterized with the parameter a = Vý/1N, V, = 8N
where V7m is a cell volume and V0 is the close pacing volume, R is radius of a molecule (or
particle).

Then mixtures of molecules and particles of the same radius and various ratio of masses
mr/mo at various a were calculated. The change of Kr, of molecules and particles at the
increasing share of particles in the system is illustrated in Fig. 1. The medium density
is rather high, it is comparable to a solid by its properties. That's why the curves have
typical negative region with minimum (for one phase fluid it is located near t = 8

T-\, 'r

is a mean free path time). At any ratio of concentrations n,/n the function Kr, of the

particles is located to the right of the corresponding function of molecules.
When the particle concentration decreases (see the solid line in Fig. 1) the minimum of

the velocity autocorrelation function of molecules goes down and moves to the right. The
relaxation time of the particles velocity autocorrelation function increases considerably.

The heavy particle lacks several collisions with molecules for a significant change of its

velocity. On the other hand the relaxation time of the both components decreases when
concentration of the particles (and the particle - particle collisions number) grows (see

Fig. I for concentration n,/n = 1). When particles prevails in the system their velocity

autocorrelation function coincide practically with the function for the same spheres at the
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corresponded density. In this situation the molecules turn out to be "squeezed" between
the heavy spheres the properties of a solid are characteristic of them in the greatest degree.

Let us consider the heavy particles as the Brownian ones. Their motion along the x
coordinate is described by the Langevin equation

d2 x dxM p-ýt- = -,y-i+ F(t), -y= 67 r PR, (

where F(t) is a stochastic force and r is a viscosity of a carrier fluid. It is easy to show
that autocorrelation function which satisfy the equation (1) has an exponential form

Kr,(t) = Kr(CO)exp(-t/r,,) , r,, =,m/y. (2)

The curves in Fig. 1 show that autocorrelation functions have no exponential form at
rather long times and high densities of the fluids. On the contrary, the function Kr,(t)
has practically an exponential form in rarefied gases and gas mixtures. So, it is necessary
to study a rather rarefied system when we want to simulate the system described by the
law (2)1. The molecule free path I must be rather long for this purpose but naturally it
should be much less than the cell size L, I << L. In order to select a suitable from this
point of view value of the parameter a the series of calculations have been provided. Two
of the obtained results are given in Fig. 2. Here solid line corresponds to the density
a = 2.0 (1 = 0.21, L = 22.45) and dashed line corresponds to the density a = 4.8
(I = 1.14, L = 30.2). In both cases np/n = 10, mr,/mo = 100, distances are measured in
units R. We see that velocity autocorrelation functions indeed dependances on the fluid
density strongly. Analysing the figure one can see that at a = 4.8 the function Kr, does
not have a negative part and approximates an exponential curve for rather long times.
Henceforth in present paper a carrier medium with such a density will be used for the
Brownian motion simulation.

Kr, Kr,
-- n/n, = 0.1; 1 a=2.0;

... np/n, = 1; - a=2.8;
0.8" -- np/n. = 10; 0.8 mrP/mo = 100;

a = 1.5;0.1;
m.,/mo = 10;

0.6

0.4 0.4-

0.2 %%%"

0 10 20 30 40 50 0 200 400 600 800 1000

Fig. 1. Function Kr, of the molecules Fig. 2. Function Kr, of the particles
and particles in a binary mixture. in a binary mixture.

'Here we mean a rarefied system as compared with solid phase.
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DIFFUSION COEFFICIENT AND RELAXATION TIME OF THE
BROWNIAN PARTICLE

Let us consider evolution of one heavy particle (Brownian particle) in a molecular
bath. One thousand molecules have been used in the latter for calculation. The ratio of
the Brownian particle mass and the molecule mass was equal to m,/mo = 100 and the
ratio of their radii 1I/R was equal to 1,2,3 and 4. So the mass measured in units M0 .

The unit of time was equal to the time for which a molecule passed the half linear size of
the cell.

In these units kT = 74.925 (k is the Boltzmann constant, T is the temperature). The
ratio of the volume occupied by the molecules to the volume of close packing V/Vo = 4.8.
V = Vm - Vp, where V, is the volume of the Brownian particle. Time dependence of the
velocity autocorrelation function of the Brownian particle and the mean square distance
of the particle during given time < R2 (t) > have been calculated

< - 2(t) >= lim - {[x(rk + t) - X(rk)]P + [Y(Tk + t) - Y(rk)] 2 + [Z(Tk + t) - Z(Tk)]}.
k=1

Rather smooth curves for < RI2(t) > have been already obtained at K - 10' + 5. 10". We
limited our investigation with these values of K.

It should be noted that at the arbitrary initial data the average energy E, of the
Brownian particle did not reach the value of the molecules average energy for rather long

Kr, T
1 a = 4.8; 10

Mrp/mo = 100; 0
1 R,1; P= 1;

0.8 2-- Rp =2; 8 • 2

3- RP=3; 0

0.6 1 4-- RP 4; 6-

0.4 2,

0.2- 2

.. .........:.

0 .. 0 11RI

0 100 200 300 400 0 0.2 0.4 0.6 0.8 1 R

Fig. 3. Function Kr, of brownian Fig. 4. Comparison of relaxation time r,
particles of various radii, with theoretical calculations

.... calculated data
- approximation of this data by
exponential curve (2)
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times and amounted to about 82 + 94% of this value. On the other hand, changing the
initial configuration of the system it is possible to obtain in calculations the Brownian
particle average energy approximating or even exceeding the average molecule energy.
Apparently, it points to the fact that the quasistable states in which the average energy
of the Brownian particle differs from that of a molecule is appeared in the studded system
of finite number particles. The total energy and the total momentum of the system
is conserved with great accuracy. The Brownian particle track has a complex chaotic
character. Fig. 3 shows the time dependence of the velocity autocorrelation functions
and their approximations by the exponential curves (2) with 7p, given in the table.

Approximation of the calculated values < R2 (t) > by the solving of the Langevin
equation (1)

< R2(t) >= 3 < 2 (t) > 2T [ - exp(-t/rR)]2 +

+ ,ft- 2r l- ex(-t/,,)] + 2!;,[1 - exp(-tIrpR)]} (3)

affords to define the relaxation time TpR. Comparing the relaxation times Tv, and TpR

given in table we see that they coincide with one another very well (see the table).

Table. Calculated and theoretical dependencies of velocity relaxation times and
diffusion coefficients of the brownian particle from RP (average molecule energy

E., 112.5)

Pv T" D. TpR DR rp, I D12  r72  D2  Ep
1 9.4 6.42 9.3 6.36 8.63 5.9 8.38 5.73 102.5
2 4.6 3.17 4.65 3.27 4.31 3.03 3.57 2.51 105.6
3 2.9 1.89 2.9 1.96 2.88 1.94 2.02 1.36 101.2
4 1.9 1.32 11.9 1.23 2.16 1.42 1.30 0.85 98.46

The following notations have been used in the table. D" and DR are the diffusion
coefficients of the Brownian particle defined by the following expressions

1o kT
D, = 1 Krr,(t)dt, DR = U TpR.

D, and rp, are the diffusion coefficient and relaxation time calculated according to the
Langevin theory =

rp-67r•PR,'

where q is a viscosity of the hard elastic spheres system calculated according to the Enskog
theory 1[3]

'1 = T0o 1 + 0.8bp + 0.7614(bp)2x),

'The calculations of the hard spheres pure gas viscosity [2] prove the correctness of this theory in our
conditions.
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x = I + 0.625bp + 0.2869(bp)2 + 0.l1115(bp) 3 ,
moIN 22ra' 5 m~k7TIWO Vr = m0 , 2Ro I 71o = 1.016 2

Tp2 and D 12 are the relaxation time and diffusion coefficient calculated according to the
theory of molecular diffusion in dense gases of hard elastic spheres [4]

7'p2 = -DI)12,

3 kT(m, + mo)
)12 = [D12 /X 12  , [D1 8a 2 2=m-mo , a1 2 = + R,

"717 3 717 3 8
X12 =I+ j- noao(8 - 3a 0 la 12 ) + -nPa(7 - 3at/a 1U 2 ).

Here no, a0 and np, ar are the concentration and diameter of the molecules and Brownian
particles, respectively.

The dependence of the relaxation times 7-, 7-, 7-, 72 on 1//k are given in Fig. 4. It
can be seen that calculated points are located close to the curve obtained on the basis of
the Einstein and Langevin theories though one might expect confirmation of the molecular
diffusion theory with so small radii of the particles and the elastic interaction between
particles and molecules.

PHASE TRANSITION

The hard spheres potential permit to simulate the very subtle effects of the collective
behavior of the particles system. Such an example is the step-wise change of the pressure
in the state equation of a hard spheres system. This phenomenon is interpreted as the first-
order phase transition "fluid -solid" [1]. In present paper the properties of one component
system near the point of phase transition were investigated.

It has been showed that the transition depends greatly on the initial configuration
of molecules. In particular, there was no transition in cubic lattice even at a maximum
density for such packing (o = 1.48). In face centered lattice at o = 1.5 the quasistable
solid state is being observed for rather a long time. However then the system quickly
turns into a liquid state. The structure change of the system in this situation was studied
with the help of the radial distribution function. In a fluid the periodic structure relaxes
but the first maximum increases (and hence the importance of nearest neighbors). The
phase transition to the liquid state is not observed at the medium density a < 1.49.
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PARAMETRIC INVESTIGATION OF THE MULTI-BEAM
BRIDGES AEROELASTICITY

Salenko S.D., Obukhovsky A.D.

Novosibirsk State Technical University,
630092, Novosibirsk, Russia

In the paper, aeroelastic vibrations of dynamically analogous models of two real three-beam
span constructions of bridges across the Ob river(fig. 1) and across the Tom one are studied, as
well as those of two- and three-beam sectional models. The experiments were carried out in
the wind tunnel T-503 of the Novosibirsk State Technical University with the length of
working section of 2 m, diameter of 1.2 m and stream velocity up to 60 mis.

One-hundredth scale models were used as dynamically analogous ones. Their design
peculiarities are described elsewhere [1]. The main distinctive feature of the Tom bridge as
compared to the previously studied Ob one is the value of separation between beam axes

Fig. 1. Aeroelastic dynamically analogous model in w-ind tunnel.

©S.D.Salenko, A.D.Obukhovsky,1998
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Fig. 2. Dimcncionless amplitude of Ob bridge consolc end vcrsus slip angle and reduced velocity.

Experiments on the dynamically analogos models have shown similar results, the main
peculiarity being the presence of two regions of stream velocity, within which resonant
vibrations were found to arise. Both the intensily of the vibrations and the conditions under
which they were arising were found to depend strongly on model design Experiments with
blowing at an angle have shown that at sideslip angles exceeding 20 degrees the behaviour of
amplitude-velocity characteristics (AVC) were dependent both upon model's geometry and
upon the sign of sideslip angle (Fig.2). For each configuration of the model, there existed a
certain most dangerous, from the viewpoint of the exitation of vibrations, sideslip angle, the
observation being consistent with [2].

In view of the widespread application of multibeam constructions in engineering, an analysis
was attempted of aerodynamic instability of such constructions in a wide range of their
geometric parameters. These studies were pcilbli mcd under conditions of a plane-parallel flow
on sectional models differing from one anothei both in the spacing between their beams and in
the shape of beam cross-section . In all cases, the height of the cross-section was kept
unchanged (H=60mm=const) and it was taken as the main characteristic linear size for
determining similarity criteria (Re, Sh, Sc) as well as models' dimensionless geometric
parameters.The width of the section B was chosen from the set (10, 20, 40 } mrm, which
corresponded to relative widths B.'H of 1/6, 1/3, or 2/3.The separation between beams was
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Fig. 3. Geometrical parameters of sectional models.

varied with the relative step 1/4. The largest relative separation between the axes of end beams
L/H amot~nted to 10(Fig.3). Normally, the models to be blown through were either three- or
two-beamn ones, the latter being the one with the eliminated central beam. For comparison
purposes, aerodynamic behaviour of isolated beams was studied as well.

The tests were conducted on a setup which allowed the model under study to execute
oscillations in vertical plane. The model was installed horizontally inside the working part of
the wind tunnel at right angle to the approaching stream, being suspended on an elastic hanger
consisting of eight steel wire tie-rods and eight springs. The hanger permitted an amplitude of
oscillations to be realized exceeding a half of the beam cross-sectional height, such vibrations,
however, being unattainable in practice. The frequency of the vibrationsf was about 14 Hz and
it was maintained constant for all variants of the constructions. The oscillations were recorded
using a strain gauges fixed at an arm of the hanger. The registered signals were digitized to be
processed subsequently by a computer.

The stream velocity was varied from 2 to 20 m/s in steps being smaller than 0.3 m/s.
The main results of the tests in the form of generalizing amplitude-velocity characteristics

of some types of models are presented in Figs.4-5. From their analysis, the following main
conclusions can be drawn:

1) Isolated beams with B/Hý 1/3 or 2/3 possess a common region of resonant velocities, the
maximum amplitude of oscillations corresponding to the reduced velocity V/fH=8.5 (Sh=0. 12).
The beam with B/H=I/6 exhibits no vibrations at all.

2) Two-beam models share, as a rule, the same region of resonant velocities which usually
coincides with the corresponding region for isolated beams (if any does exist). The smaller the
beam width, the lower values of reduced velocity are observed: at BIH= 1/6 -Vffl-=6... 8, while
at B/H=I/3 -V/fH=8 ... 10. However, there are some exceptions to this generality. The most
prominent among them is the AVC exhibited by the model with B/H=2/3 and LIH=7, which
shows two peaks with near the same intensity at Vff/-/=7 and VlfH=8.5. The observation of two
peaks in the AVC of the model with BIH=2/3 and L/H=4 agrees well with the results by
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Fig. 4. Gencralizing amplitde-velocitN characlerislics of tmo-beam models (B/1 2/3)

C;C,3

6

N p

Fig. 5. Generalizing amplitude-velocity characteristics of three-beam models (1341=2/3).
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Tackeuchi [3], which provide an evidence for the existence of two peaks in the spectra of
pulsational velocity measured by hot-wire anemometer in the vicinity of motionless two-beam
models similar to those described above (fig.6).
3) Three-beam models (excluding the models with the narrowest beams, B/H=1/6) show a few
intervals of resonant velocities . Normally, one of them lies closely to the ranges where
vibrations of corresponding two- or single-beam models are excited, which points to the same
physical reason for the excitation of oscillations being likely connected with the classical
vortex-resonance mechanism, when a coincidence of the natural frequency of model's
vibrations with the frequency of vortex stall of one beam takes place.

For models with the separation between beams L/H=2...5, an additional resonant region is
found lying in the interval V1f/=4...7. In this case, for each type of beams there is observed
almost linear dependence of the values of reduced velocity, at which oscillations of the model
take place, upon relative separation between beams. This dependence can be approximately
represented by the formula

V/fl LiH + 2 BIH,
Let us call the separation between neighbouring "humps" or "troughts" of the wake the
wavelength of aerodynamic wake. In case of the classical vortex resonance, the latter will be
the spacing between two neighbouring vortices of the same sign in the Karman street. It can be
easily shown that the -values of V/fh are equal to non-dimensional wavelength of the
aerodynamic wake. The latter allows the conclusion to be made that the oscillations in this
region resulted from beam interference, and, first of all, from the influence exerted by the first
beam on the others located downstream.
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Fig. 6. Strouhal numbers of oscillated two-bea.m models (B/H=2/3).
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As the separation between beams increases (L H=6 ..8), the additional resonant zone shifts
towards the high-velocity region To middle-sized beams (B H 1/3), resonant velocities
around I'.tll 10 correspond, while to wide ones those around [f.tt- -12

In the case of large separations between beams (L H=9 . 10), no additional resonance could
be observed The latter can be explained by that the aerodynamic wake had managed to get
washcd out before it reached the downstream beams

Another evidence for the difference between the mechanisms of excitation of aerodynamic
,cI;IaiLr, t,, the main and in the additional resonant-velocity regions is provided by different

character of the development of oscillations from zero to maximum amplitudes at the stream
velocity being kept constant. In the main region, a rapid growth up to the maximum amplitude
is observed, while in the additional regions at small amplitudes the excitation occurs slowly,
anu6 1c1e nlc;i a tlr.ite ,xternal disturbance is needed to trigger the oscillations Our estimations
show 'iwal tnder the full-scale conditions, it takes 5 to 10 minutes to reach maximum
amplitude of bridge span oscillations

The obtained results show that aeroelastic oscillations of multibeam constructions differ
considerably from those of isolated beams
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PRESSURE OSCILLATIONS INVESTIGATIONS ON MULTI-BEAMS

BRIDGES MODELS

S.D Salenko, A.D Obukhovsky.

Novosibirsk State Technical University,
630092, Novosibirsk, Russia.

In the paper, pulsational components of aerodynamic forces acting upon multibeam span
bridge constructions at the stage of their assembling are studied in order to gain better insight
into the excitation of aeroelastic oscillations of bridges. The presence of several ranges of
Strouhal (Sh) number, in which intensive resonant phenomena take place, is a characteristic
feature of these oscillations [1].

Experiments were carried out in the Laboratory of Industrial Aerodynamics of the
Novosibirsk State Technical University on the wind tunnel T-503. A detailed description of the
wind tunnel and of the aerodynamic bench was given elsewhere [2].

The general view of the models used in this study is shown in Fig. 1. The relative width of
beams B/H in the experiments was 2/3, the relative separation between the axes of end beams
L/H varying in the range from 4.5 to 9.5. The oscillation frequency of the models ranged from
14 to 25 Hz. The Reynolds number determined from the beam height varied from 0.2*10 to
0.6*103.

1 3/4

/H

/B

----- ------ ---- - - J ..S / I / : * \ i
I I ' ' H I \ If Ji

II / I' I
SI II\

1 - -- -\ J

Fig. 1. General Niew of experimental model.
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Fig. 2. Oscillogram of pressure pulsations on the beams of motionless model

Pressure pulsations were measured with the help of semiconductor sensing elements, which
were located inside each of model's beams and connected with drainage opennings made on its
surface. The opennings were located in the symmetry plane of the model, one openning being
made on each side faces (top and bottom ones) of the beams at a distance 1/4H from their
front edge. Since, as was shown in [3], the pressure over the length of the side faces of
oscillating prisms having a rectangular cross-section varies insignificantly, from measurement
results obtained at one point of each face one can make an estimation of forces acting upon the
whole surface.

Taking readings from sensing elements was performed at a frequency being 35.. .45 times
higher than that of model's oscillations. The signals from elements were amplified, digitized and
processed by a computer. Spectral analysis of pressure pulsations of beams was performed, as
well as that of oscillograms of model's vibrations. Phase shifts between the pressure pulsations
at different beams and the displacement of models were measured Experimental dependences
of characteristics of pulsational pressure components upon oscillation and approach-stream
parameters for different geometric proportion of models were obtained.

At the first stage, pressure pulsations on motionless models were studied For the
considered geometric confugurations, the amplitudes of the pulsations of pressure coefficient
at the first beam were close to zero, and those at the second and at the third beams were the
same order of magnitude, about 0.5 (Fig.2). The latter indicates that the first beam, giving rise
to a Karman street, contributed insignificantly to the pulsational force component, but it
formed a stream which, flowing around the next beams, brought about considerable pressure
pulsations. Analysis of pressure pulsations has shown that at relative separation between beams
L/H>5, in the spectral characteristics there existed a clearly pronounced peak at a frequency
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Fig. 3. The pressure pulsations spectral characteristics at large separation between beams

corresponding to the Strouhal number of the isolated beam (Fig.3). At L/H<5, spectral
characteristics revealed a broad frequency range of pressure pulsations covering in Strouhal
number the both regions of aeroelastic vibrations (Fig.4). The latter is presumably due to that
at small separations between beams the second and the third beams appeared to be situated in
the stall region of the first beam, while at large separations a regular wavy flow pattern was
formed with streamlining both the second and the third beams [3]. These results are consistent
with those obtained by T.Takeuchi [4] on the pulsational velocity spectra in the vicinity of
immobile two-beam models being similar to the models used in our study, which provide an
indication that at large separations between beams only one peak is observed in the spectra,
while at small separations two peaks are seen.

The distribution of pressure over the oscillating models were found to depend substantially
upon the amplitude of model's oscillations. At small amplitudes, pressure pulsations at the first,
second and third beams exhibited insignificant phase shift between them, each of the beams
making a positive contribution to developing oscillations (Fig. 5). As the amplitude rises, the
difference between the phases increases, the second beam, as a rule, amplifying the oscillations,
while the third damping them. At large amplitude of oscillations, the situation at the first beam
changes drastically: the amplitude of the pulsating pressure increases three- or fourfold, the
phase shift, however, growing in value as well, running into a value of abouti 7r. As a result, the
contribution to the development of oscillations due to the marked aerodynamic forces at the
first beam acting almost in antiphase to the displacement of model, remains the same order of
magnitude with that of other beams. Noteworthy also is high value of the amplitude of
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pressure pulsations at the first beam, which at strong oscillations of model was found to be in
excess of 2(Fig.6).

The obtained results allow to gain better insight into the problem of the origin and damping
of multiple-span bridge constructions.
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CONVECTION AND HEAT TRANSFER
IN ANGULAR MOMENTUM NONEQUILIBRIUM

TURBULENT FLOWS

V.M. Trofirnov

Institute of Theoretical and Applied Mechanics SB RAS
630090, Novosibirsk, Russia

INTRODUCTION

The evolution of aerospace technology, particularly, the aspect of heat protection,
posed the problems closely related to the properties of turbulent motion in supersonic
flows. Our previous experimental and numerical studies in supersonic flows with cavities
and steps showed that the heat transfer behavior is qualitatively different from the
static pressure behavior ind can even have an opposite tendency [1]. The "memory
effects" manifest themselves most clearly in the streamwise heat transfer distribution. The
measurements of turbulence characteristics in the mixing layer ahead of the steps revealed
their considerable deviation from the equilibrium distribution. The main problem is that
there are no adequate turbulence models for conditions of these flows. Integral methods
still play an important role. At the same time, the Kutateladze Leontiev theory [2], which
is widely and successfully used in supersonic flows, is invalid for these conditions. We also
showed that an introduction of a new boundary layer does not yield any positive result.
The conclusion is that it is necessary to study the mechanism of formation of the internal
structure of developed turbulence, its influence on convection and heat transfer, and to
develop methods for description of turbulent motion at high Reynolds numbers.

The challenge of the present work is to develop such an approach to investigating
convection and heat transfer, including experimental studies of the influence of internal
structure of turbulent flows on heat transfer, development and verification of model
concepts of large-scale turbulence behavior in supersonic flows with high pressure gradient,
construction of a model of angular momentum nonequilibrium turbulent flow and its
application in the problems of heat convection in a fluid layer to reveal the mechanism of
generation of large-scale structures in developed turbulence.

A review of literature was made on the problems of turlblent flows with internal
structural processes and relaxation phenomena, and also the known approaches to their
description, including asymmetrical mechanics. The analysis of publications showed that
there are grounds for wider use of the concepts of moment media in the description of
structural processes in turbulent flows, convection, and heat transfer. This primarily
refers to flows with high Reynolds numbers and large pressure gradients.

EXPERIMENTS

The influence of the internal flow structure on the heat transfer processes in supersonic
flows with high local pressure gradients was experimentally studied. The problem formu
lation included the study of three-dimensional flows behind flat steps, expanding steps,
and also flows in a supersonic duct with flow turning. A complex of measurement methods
included the electrocalorimetric method of the measurement of heat transfer coefficients

@ V.M.Trofimov, 1998
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(the method of graphite film), the method of pneumometric measurements on the surface,
the method of liquid crystalline thermoindicators, and also the visualization methods:
optical, vane filament, and oil-film techniques.

The results of visualization of the limiting streamlines, the directions of the medium
streamlines in the boundary layer (vane filaments), and temperature fields of the models
confirmed the existence of quasisteady streamwise structures in the flows behind flat
steps, and yielded new quantitative data about their behavior. More detailed data on the
influence of these structures on heat transfer were obtained (Fig.1). On the basis of these
data, a new scheme of secondary vortex motion, including at least two layers of vortex
structures, was proposed (Fig.2). A similar tendency of scale hierarchy of streamwise
structures was registered earlier in low-speed flows with obstacles. Thus, it is a common
property of flows with high streamwise pressure gradients.

Experimental studies of turbulent heat transfer on the walls of a supersonic duct with
the turning of its axis revealed a different kind of structural effect on heat transfer [3].
A specific feature of such flows is intense (up to 200 dB) discrete tones in the pressure
pulsation spectrum in the frequency range of 1-5 kHz, which are excited upstream of
the nozzle. The distribution of the heat transfer coefficient at zero angle of nozzle axis
deflection is described well by the theory [2] (Fig.3 a). As the angle of nozzle axis

FIG. I. Influence of the longitudinal
structures on a heat transfer

considerations near the back-
ward step (the Mack number
M = 3.0)

FIG. 2. Longitudinal vortices
concept : a - old, b - new
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increases, another qualitati\ve behavior is clearly observed. The heat transfer coefficients
are randomly stratified into 3-7 levels with different probability of falling into each level
(tVig.3 b). The probability is higher at the medium layers. but decreases as the axial
angle increases. The analysis of experimental data revealed the multiplicity of the ratio of
the squares of heat transfer coefficients that belong to different levels. Their relationship
with the frequency characteristics of acoustic nature was estahlished, and an empirical
dependence wes found, which is a power function of the ratio of the squares of beat transfer
coefficients versus the level iiuirbei oJ/o1 =- 2 n-I , n1 = 1 2, 3 ... The relationship of the
measured amplitudes of discrete cornponenits of the pressure pulsation spectrum has a
similar form and corresponds to the pressure field of mult ipol(- sources. By analyzing the
equation of aerodynamic noise of a turbulent jet, a source term was revealed, which can
describe the interaction of radiation from vortices multipoles with an external acoustic
field, similar to acoustic resonance interaction in paramagnetic medium (APR). Such a
possibility was confirmed by a comparison of real scales of the largest vortices in the
boundary layer with the frequency observed on discrete tones of the acoustic field. Their
complete correlation was found, which is necessary to invoke interaction similar to APR.

The main conclusion is that the character of interaction of vortices-multipoles as
objects of internal structure with acoustic radiation testifies to the existence of internal
angular momentuma in the field iiedium, related to these objects. The consequence is
iniportant for us: the reorientation of the angular momentum of large vortices in the field
of pressure gradients cannot occur instantly', but is accompanied by relaxation processes,
which can be responsible for the "memory effects".

VERIFICATION OF MODEL CONCEPTS

To verify these model concepts, we constructed an approximate integral method for
calculating the heat transfer in supersonic flows with large pressure gradients. It is based
on the main propositions of the asymptotical theory [2]. A compressible boundary layer
flow is considered. Using the integration with respect to the transverse coordinate, we pass
to an integral energy equation containing an unknown Stanton number, which requires
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the definition of the heat transfer law. Using the limiting heat transfer law within the
framework of the asymptotical theory, we can calculate the heat transfer in many flows
with moderate pressure gradients. Large local pressure gradients, however, do not allow

one to use this theory. Contrary to the initial theory, the limiting heat transfer laws were
obtained here in the form including the nonequilibrium influence function. This function
is constructed assuming the absence of equilibrium in the motion of large vortices with
the mean flow in the course of reorientation of their angular velocities in the field of
pressure gradient. This function takes into account the contribution of all sections with
different pressure gradients, prior to a given point, which reorient the turbulent vortices.
The calculations of the distribution of heat transfer coefficients in the vicinity of steps
in a supersonic flow (Fig.4) and on the walls of a supersonic diffuser (Fig.5), and their
comparison with experimental data confirmed the effectiveness of model concepts.

METHOD OF ANGULAR MOMENTUM NONEQUILIBRIUM FLOWS

The experiments showed, and the verification of model concepts confirmed that it is
necessary to take into account the property of preferable orientation of internal structural
objects (vortices) in the medium when describing turbulent flows with high Reynolds
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The behavior of neutral curves of this problem is dramatically different from the
classical case. For the values of angular momentum nonequilibrium parameters equal or
larger than the critical value (-y = 1), there is no region of stable long-wave harmonics: all
disturbances with all wavelengths become unstable when a certain value of the Raleigh
number is reached. It is seen (Fig.6) from the behavior of neutral curves with -Y < 1 that
as the nonequilibrium parameter -y increases the scale of the most unstable disturbances
increases (since the wavenumber decreases), which ends by the formation of one large-
scale structure with a scale of the whole region, contrary to structures commonly used in
the classical problem, in the form of Benard cells whose scale is equal to the convective
layer thickness. A similar picture of generation of a large-scale structure is observed under
the conditions of helical turbulence [5, 6].

For the conditions of development of tropical cyclones in the Earth's troposphere, the
scale of energy-containing vortices is A = 12.5 m , and the seed vortices have a scale of
5-8 km. The resultant large-scale structure (cyclone) has a scale of 200-1000 km.

Thus, convection and heat transfer in supersonic gas flows with high pressure gradients
and the model of emergence of large-scale structures in rotating convective fluid layers
have been experimentally and theoretically considered from a single viewpoint of angular
momentum nonequilibrium turbulent motion. The results obtained clarify the physical
mechanisms of the influence of turbulent motion on convection and heat transfer at high
(> 106) Reynolds numbers and verify that the turbulent motion at high Reynolds numbers
manifests itself as a medium with internal angular momentum.

The work was supported by the Russian Foundation for Basic Research (grants 96-02-
19500, 96-01-01798, 98-02-17783).
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ACOUSTIC TONES INVESTIGATION IN ZONE OF TURBULENT
HEAT TRANSFER STRATIFICATION

AT SUPERSONIC VELOCITIES
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630090, Novosibirsk, Russia

INTRODUCTION

Acoustic interactions with developed turbulence under conditions of strong rotational
anisotropy (losses of reflection symmetry) of the flow are of special interest, since the effect
of the acoustics on momentum and heat transport processes is qualitatively different in
the presence of asymmetry of the stressed state of such a medium.

Acoustic (vortex) flows and heat transport due to them near obstacles of different types
are ordinarily not established immediately, but rather they develop gradually until the
retardation due to the viscosity of the medium compensates the increase in their velocity
under the action of the sound. The scale of the flow is determined by the thickness of the
acoustic boundary layer 6 = (vl/w)/2 (v is the kinematic viscosity coefficient and W is the
angular frequency of the sound).

In [11 a stratification of heat transfer into discrete levels has been observed experimental-
lv in an interaction of an acoustic field with a turbulent bouindary layer in a supersonic
channel. In [2] a new mechanism of stratification is investigated which corresponds to
interactions between the sound fields of the turbulent vortices and the radiation from the
discrete currents of the external flow which are such that the acoustic flows are established
so quickly that. several (3-7) vortex modes of acoustic origin, giving way to one another
in a random nianner, are realized near the heat transfer surface.

The basic arrangement of the experiment and the measurement procedure are presented
in [1]. In the present work, we obtained new data which made it possible to determine
the inechanisni which results in the stratification of heat transport.

EXPERIMENTS

Tile experiments conducted on a gasdynamic RD (rocket engine) apparatus (Institute
of Theoretical and Applied Mechanics. Siberian Branch of Russian Academy of Sciences)
with air flow rates of up to 10 kg/s. The distributions of the heat transfer intensity
coefficients, pressure, and pressure pulsations at the walls of a supersonic channel were
measured as a function of the position of the channel axis with respect to the subsonic
gas flow rate at the entrance. Characteristic acoustic oscillations were excited in the
semiclosed volume of the gas flow and then interacted with the sound fields of the turbulent
vortices in the boundary layer of the supersonic channel.

The gas (air), passing through the enterance channel 1 (Fig.la), flows into the second
channel 3, which is shaped like a conical Laval nozzle. The diameter of the throat (critical
section) equals 38.4 mm. The position of the nozzle 3 was varied by changing the angle f,
and the velocity of the flow at the entrance to the nozzle was varied by changing the Mach
number Ml of the jet flowing out of the channel 1. The measurements were performed
along the generatrices of the nozzle 3 on the upstream and downstream sides: this was

® V.M.Trofimov, V.N.Zaikovskii, 1998
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achieved by rotating the nozzle relative to the axis by 1800.
Three heat transport regimes are observed on the generatrix of the nozzle 3 (temperature

sensors 4), depending on the values of MI and /3. The first regime (fig.la) corresponds
to an ordinary turbulent heat transport regime in a supersonic channel (here and below
in the figures the curve was calculated according to [3]). The second type (Fig. lb
and Ic) reflects the effect of nonstationary processes due to the instability of large-scale
secondary vortex flows, which in turn inteiact with the sound field of the entrance of
the nozzle 3. This type of heat transport exhibits the typical nonstationary, irregular
character expressed in the random variance, which increases with M1, in the values of the
heat transfer coefficients. The third regime (Fig.ld), first observed in [1], is characterized
by a clealy observed ordering of the heat transfer coefficients av, which are distributed
with different probability in several levels n (Fig, 1b), and by ratio a'/a'(n 1,2,3,...)
which takes on integer values.

Pressure pulsation measurements were performed on the wall of nozzle 3 at variation
of angles 0 and -y, as well as the Mach number M1 of the jet flowing out of the channel
1. A location of the sensor 1 corresponds to a region of clearly defined heat transfer
stratification, the sensor 2 was located at the end of the region where the stratification
was out.
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The pressure pulsation measuring and data processing method (discrete Fourier trans-
formation with weigh functions - frequency spectrum windows) allowed present reliably
data in frequency range 0-10 kHz. Actually the 0-5 kHz range concerned us since the
discrete tones of pulsation spectrum were observed in that region.

The pressure pulsation spectrum (sensors 1 and 2) is presented in Fig.2-7. The ordinate
is pressure pulsation level at the frequency f determined as Lf= 20 Ig 2-, where p is the
pressure pulsation amplitude at the frequency f in band of 49Hz, poo = 2 • 10' Nt/rn.
All spectra are averaged over some samples with the aim to exlude the overshoots.

We can observe (Fig.2-6) that i) the pulsation level grows with the Mach number
increasing, ii) the frequencies of the discrete tones are the same for all region of measurements,
iii) the acoustic state in enter part of the nozzle is the governing factor.

The comparision of regime with 3 = 0°(Fig.6) and # = 200 (Fig.7) demonstrates the
effect of the channel deflaction on the spectrum of pulsations. The discrete tones are a
decrease in value.

These observations are indicative of the interaction between the discrete tones acoustic
radiation and the turbulent vortices (of boundary layer flow) oriented in the gradient field
of the main flow. On the basis of present knowledge, the physical mechanism of acoustic
interaction [2] takes a new verification. Heat transfer stochastic stratification supports
in our opinion the principal fact. It is as follows: the turbulent flow shows evidence of
the moment medium (medium with the intrinsic angular momenta) in conditions such
measurements, namely, in present of the high pressure gradient and the intensive acoustic
radiation.

The work was supported by the Russian Foundation for Basic Research (grants 96-02-
19500, 98-02-17783).
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NUMERICAL INVESTIGATION OF SUPERSONIC FLOW STRUCTURE
IN THE DUCT AT THE PRESENCE OF MAGNETIC FIELD

A.B.Vatazhin, O.V.Gonskov, V.I.Kopchenov
CLAM. Moscow, Russia

Recently some proposals [1-5] to use the MHD-devices as flow control systems in
hypersonic technology are discussed It is necessary to estimate these proposals not only
qualitatively, but quantitatively as well At the same time, the qualitative arguments and
simplified quantitative estimations are currently presented as a rule to justify these proposals
The flow field in the hypersonic propulsion system is too complex The new physical models
must be developed and included into the existing computational models of the flow in
hypersonic propulsion system Furthermore, it seems to be appropriate to solve sc,me
simplified model problems to understand main flow features and to estimate the efficiency of
the supersonic and hypersonic flow control by MIlD methods in the range of parameters
typical for hypersonic propulsion systems

The possibility of MI-D flow control in the duct of hypersonic propulsion system and
flow structure are investigated now in CIAM on the base of the combined mathematical model
[6]. This combined model [6] includes as constituents the gasdynamics, turbulence and
supersonic combustion models. This model is supplemented by the physical model for the
description of MHD flow. The existing preceding experience in MHD flow investigation [7] is
used and adapted to new applications

Some model problems were solved to investigate the efficiency of hypersonic flow
deceleration with the aid of magnetic field on the first stage In this article there are presented
some results on deceleration of axisymmetric supersonic flow in the magnetic field of single
current loop or in the magnetic field of finite length solenoid for inviscid, laminar and turbulent
flow regimes, The results of solution of the problem about the flow deceleration in 2-D channel
in the regime of electric power generation with continuous electrodes installed on the channel
walls are presented also

Short description of mathematical and physical models
The governing equations for the present analysis are the unsteady compressible two-

dimensional or axisymmetric full Navier-Stokes equations The time dependency of the
governing equations permits the solution to progress from an arbitrary initial guess to the
steady state The expressions for the volume densities of MHID force f and electric power q
supplied to the gas must be included into the right side of equations as follows
f = j x B, q = jE. Here B, E and j are vectors of magnetic field, electric field and

electric current density The volume electric charge density is neglected When induced
magnetic field is also neglected in comparison with the applied external magnetic field, the
equations for E, j and B determination are following [7,8]

j = c(-V ++v x B)-Ajx B, divj 0,

rot B = 0, div B = 0, E = -Vq9
Here (p is electric potential, c; is electric conductivity, 03 is the Hall parameter, and P3, T are
known function of thermodynamic parameters In these equations B is applied magnetic field
The equations for B are supposed to be satisfied in the regions where external electric circuits
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are assumed to be absent. It is suggested that transport coefficients (viscosity, conductivity)
did not dependent upon the magnetic field B.

In turbulent case the averaged full Navier-Stokes equations are used. The one equation
differential model "vt-91" [9] for turbulent viscosity is employed in the code FNAS2D [6].

Flow deceleration in cylindrical duct by single current loop or solenoid magnetic fields
The axisymmetric flow in the circular tube with nonperforated and electrically

nonconductive walls is investigated. For simplicity, it is assumed that the electric conductivity
is isotropic and constant and Hall effects are negligible. It is supposed that external magnetic
field is generated by circular current loop or by axisymmetric solenoid. Therefore external
magnetic field is assumed to be axisymmetric. In such case the MHD source terms f and q in
accordance with the velocity, magnetic and electric fields structure are following:

fx= -uyuy- vB,), f, = o-B,(uB, - vj q = 0.

Here x and y are axial and radial coordinates, u and v are axial and radial velocities. The
axisymmetric magnetic field is presented according to [8].

The flow at the duct entry is supposed to be supersonic and uniform. All parameters
distributions must be given for supersonic flow at the duct entry. The slip velocity conditions
are posed on tube walls in inviscid case and no-slip conditions - in viscous case. For viscous
and heat conducting gas, the wall temperature is supposed to be equal to free stream
temperature in the entry cross-section. In supersonic inviscid flow on the exit computational
boundary, the additional boundary conditions are not required. In viscous case, the so called
drift boundary conditions with normal derivatives of all parameters being determined inside
computational region are posed both in supersonic core region and in subsonic part of wall
boundary layer.

The system of equations is used in dimensionless form. The main values used for
reference are following: the duct radius R, the free stream velocity V0, density p0, gas constant
W, dynamic viscosity to, characteristic magnetic field B. and electric conductivity (O. Then the
following dimensionless parameters appear in the system of equations

Re = poVoR/i.to, S = aoB,2 poVo2, Pr, Prt, y,
where Re is Reynolds number and S is MHD interaction parameter.

As the first example, the inviscid, laminar and turbulent flows in the cylindrical duct
with magnetic field generated by current loop were investigated for the entry Mach number
equal to 5. The cross-section x=0 is concerned with position of electric current loop. The
radius H of current loop is equal to two duct radius. The exit duct section is located in position
x=5.

a. S=3 (inviscid flow) b. S= 1.5, Re=2x 10 (laminar flow)

)•y •. 1

c. S=1.5, Re=2x 104 (laminar flow) d. S=3, Re=2x 106 (turbulent flow)
Fig. 1. Mach number fields. Magnetic field generated by current loop
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SUqini.......I!P- Durinu thesw calculations influence of
. \ MIlD interaction parameter on the flow field

was estimated In order to investigate the
viscosity influence on the deceleration

a S- 3 (imviscid flot\) process sonic cases were considered The
calculations were performed for laminar
"viscous flow with Re 2 10 and Re 2 I04

In order to provide the development of
boundary laver in flow. the entrY section ofK S 1 5. Re -2, 1W) (lamminr no%%)

.5. 2 . 15 radius length is positioned before cross-
Fsection where current loop is posed For the

turbulent flow, the Reynolds number is
supposed to be equal to 2 10" The Mach

c N. 3. Re 2, 10". (turbi'c'nr flow\) number fields fotr the current loop are
Fig.2 Mach niiumber fields Magneic field of solenoid presented in Fig I

Further, the data for flow in cylindrical duct when the magnetic field is generated by
solenoid are presented The solenoid entry is located in the cross-section x 0 The solenoid
exit cross-section is located at x 10 and the right boundary of calculation region is posed at
x- 15. The length of the duct from entry cross-section to entrance to solenoid is equal to 5 and
15 duct radius correspondingly in the cases of inviscid and viscous flows The solenoid radius
is twice greater than channel radius

MI-D interaction for inviscid flow (Euler equations) and for laminar and turbulent
viscous flows at different Reynolds numbers (full Navier-Stokes equations) was analyzed The
Mach number contours for the solenoid are shown in Fig 2 For turbulent case, it is necessary
to note that visible turbulent boundary layer exists already at the solenoid inlet The boundary
layer thickness is increased appreciably at the entry to solenoid as the result of magnetic field
influence Then in solenoid the bounda 'v layer thickness is almost constant up to exit from
solenoid The flow in this case did not contain the separation region

Flo", deceleration in 2-I) channel in the regime of electric power generation
The 2-1) flow in the tube of constant helght with nonperforated walls is investigated It

is supposed that magnetic field B is directed normally to the plane of the flmo Tihe magneric
field is averaUcd over lateral coordinate z in the channel The component H, of the magnetic
field is designated a- B and it is the only nonzero component B-(O 0, /() The 2-D
electrodynamic equations can he formulated as follmos

j (p i4U + uhI?

--~~~~~~~ + P .el /2'/ cl

(T/J

Hlere u is supposed to be the known function of thermodvniaic parameters "le
components of MIID forcef, f, and electric poxscr q supplied to gas are defined as

In the considered approximation [7]. B is function of x only and is supposed to be
given The presented equations can be used for the determination of electric potential
distribution if velocity components u and v are known The solution of these equations requires
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the formulation of the boundary conditions on the duct wall and at the entry and exit duct
cross-sections. The formulation of these boundary conditions depends upon the physical
problem (see, for example, [7]). The following wall boundary conditions were considered in
this article.

Walls are ideally sectioned electrodes. In this case the electric potential distribution
along the upper and lower walls is supposed to be known. Some analytical solutions [7] can be
used. The wall potential distribution of some real devices obtained from experiments can also
be used [10]. Thus, it is given that (p = V_ (s) along the lower wall and (o = (o, (s) along the
upper wall. Here s is coordinate along the wall.

It is necessary to note that the solution of the whole gasdynamic - electrodynamic
problem can be obtained with the aid of iterative procedure when the electrodynamic
subsystem is solved using known gasdynamic parameters and gasdynamic subsystem is solved
taking into account known characteristics of electromagnetic field.

Simplified electrodynamic models are widely used in technical applications instead of
2-D models. Exact solution of electrodynamic equations exists if to suppose that the channel
height h, magnetic field B and electric boundary conditions do not vary with x, but velocity
components u, v, electric conductivity a and value a are dependent on transverse coordinate
only. It is possible to suppose that these solutions can be used also if the dependence of all
aforementioned values upon the longitudinal coordinate is week. Then the quasi I-D approach
is described by equations [7,11]:

E A Yy+B( B(u - 6av) - ( / h)

j, = ovB - #jy, f,= jyB, fy =-j.,B, q = jyEy.

Here (p = - (p, and ($) = h -if (x,y)dy.

The system of equations is written in dimensionless form. The main values used for
reference are following: the duct height Do at the entry, the free stream velocity Vo, density po,
gas constant Al, dynamic viscosity o, characteristic magnetic field B., the reference difference
6(00 = ((0 - ý+)o of electric potential on the duct walls, electric conductivity ao and value ez
Then the following dimensionless parameters appear in the system of equations

Re = poV 0,DO / po, S = aroB Do / poVo, Ko = 1VB Do ,Pr, Pr, y, I=aoB.,

where Re is Reynolds number, S is MHD interaction parameter, K0 is the load parameter and
fl, is the Hall parameter.

The deceleration of supersonic flow of electrically conducting gas in the 2-D duct of
constant height is investigated. The duct entry cross-section is located at coordinate x=-6 and
the exit cross-section - at x=5.5. The flow deceleration is provided by crossed electric and
magnetic fields in the central part of the duct. The magnetic field smoothly abates to the entry
and exit cross-sections of the duct. The electric potential difference is supported between
upper and lower duct walls in central part of the duct. The duct is operated in the regime of
MHD generator when the upper and lower walls have correspondingly negative and positive
electric potential in the central part of the duct. The electric potential on each wall approaches
to zero in directions to the entry and exit cross-sections of the duct. The flow at the duct entry
is supposed to be supersonic and uniform. The flow Mach number M at the duct entry is equal
to 5.
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This problem was solved using

I both quasi 1-D approach for

electromagnetic field and accurate
2-D formulation of the electrodynamic

a inviscid flo\N problem The perfect gas with
adiabatic constant y-l.4 is considered
The electric conductivity a is assumed

. to be a constant isotropic value The
Nf-IHD interaction parameter S in

b. viscous laminar flow%. Rec5• 10' performed calculations is equal to 0 I
The load parameter Ko estimated by

= 17 the value &po is equal to 0.3 and Hall
-_ _ effect is ignored

'. The first series of calculations
R I0. svmpneef rcal fonDulauiong

Fig.3 Mach number fields. M,=5. S=0 1. K,,=O 3. [i,,=0 was performed for 2-D flow usinI
quasi I-D elcctrodN namics quasi 1-D electrodynamic approach

The Mach number fields for this case
are shown in fig 3 It is obvious that in the case of quasi I-D electrodynamic the flow which is
uniform at the duct entry remains uniform through all the duct for the inviscid flow (Fig 3a)

The next cases correspond to viscous laminar flow with the Reynolds number 5 x 10'
The distinctive peculiarity of obtained separation flow picture in the symmetric duct is the
asymmetric flow field structure (Fig.3b). The asymmetric flow field is realized with large
separation region on the lower wall. Only small separation region is realized on the upper wall
of the duct The results presented in Fig 3.c were calculated for the comparison with previous
case when only one half of the duct was considered In this case the symmetry condition on the
duct symmetry plane is formulated On can see the symmetric picture of flow pattern It is
possible to suppose that symmetrical flow with large separation region is unstable relative to
small asymmetrical disturbances The features of computational procedure can be the reason of
such disturbances.

Further, some calculations were performed for this problem for 2-D flow using 2-D
electrodynamic model Both the gasdynamic parameters at the duct entry and magnetic field

.... . . distribution are the same as in the
case of quasi I-D electrodynamics
Therefore it is possible to compare

• .',• •! , results obtained with quasi I-D and

a Equipoteniial lines 2-D electrodynamics solutions both
S..for inviscid and viscous flows

The following data are
, , , ,presented in 2-D case- the lines of

.. . . ... equal electric potential (a), the

b Curreni lines "streamlines" of electric current
(current lines) in (b) and Mach

, ' I number fields (c). Mach number
"fields comparison for inviscid

.. .. ......................... . calculations (Fig 4) shows that the

c. Mach numbr field influence of 2-D electrodynamic
Fig4. S 0 I. K,,=0.3. 3, ,,=0. inviscid flow. 2-D electrodynamics effects on the deceleration is
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S- negligible in comparison with quasi
1 -D electrodynamics

For the viscous laminar flow

at the Reynolds number 5x the
a. Equipotential lines electric potential, current and Mach

number fields are shown in fig.5. In
this case, the asymmetrical separated

) I- flow similar to this one in fig.3b is
2 - 1 2 b-'' realized. The comparison of obtained

b. Current lines results in 2-D case with those for
1-D electrodynamics shows that the
difference in the flow fields is not
appreciable. At the same time, the

1 -J c!, viscous and inviscid flow patterns

c. Mach number field differs significantly.
Fig.5. S=O. 1, KO=0.3, 3•o=0. viscous laminar flow. Re=5x 101 Thus, the presented examples

2-D electrodynamics testify to significant influence of the
wall boundary layer on the structure of the hypersonic flow at its deceleration by magnetic
field. This fact must be taken into account at the efficiency estimations of the MHD flow
control applied to hypersonic propulsion system.
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FORCE AND HEAT LOADS ON A POINTED BODY IN THE WAKE OF LOCAL
ENERGY SOURCE

V.N.Vetlutsky, T.A.Korotaeva, and A.P.Shashkin
Institute of Theoretical and Applied Mechanics SB RAS

630090, Novosibirsk, Russia

The study of supersonic flow around an aircraft with a local energy source in front of it
is of primary interest from the viewpoint of flow control. The flow is considered in the
framework of the Prandtl model: an inviscid flow plus a thin boundary layer on the body
surface. The external flow is calculated on the basis of three-dimensional Euler equations. The
viscous flow calculation is performed on the basis of the boundary layer equations for a fully
laminar case. The influence of energy supply on 3D effects in an inviscid flow and boundary
layer is invstigated. The study is performed by the example of a classical body (ogive). It is
shown that the presence of a local energy source affects strongly the inviscid flow structure
near the body and, hence, on the boundary layer flow. This can cause a significant
redistribution of the force and heat loads on the body. It is shown in many papers, for
example, [1-4], that the influence of local energy source on the total aerodynamic
characteristics is rather substantial. The character of energy source action on the flow outside
the boundary layer is analyzed in the present paper by the example of the flow around an
ogive body, and the distributions of skin friction coefficient and Stanton number over the
body surface are considered.

The gas outside the boundary layer is considered inviscid, compressible, and non-heat-
conducting. The external flow near the ogive in the presence of an energy source is
determined by solving 3D Euler equations by the finite volume method, which was described
in detail and tested in the papers [3, 4]. The Cartesian coordinate system is used. The
calculations are performed using the shock-capturing method. The following boundary
conditions are applied:

- no-slip condition on the solid wall;
- flow symmetry condition in the symmetry plane;

- free-stream parameters at infinity;
- soft>» boundary conditions at the exit boundary.

The free-stream parameters are used as initial conditions.

The equations and boundary conditions are normalized: density by p0 , velocity by IV V,

pressure by p, VI7, entropy function by s., energy by V., where p•., p, V, are the free-

stream pressure, density, and velocity; f, is the entropy function, which in view of the

perfect gas equation of state has the form s = In(p/p ); Ic is the ratio of specific heats.

The boundary layer is calculated using a code based on the solution of 3D compressible
boundary layer equations. For this purpose, a non-orthogonal coordinate system (,q,4) is
introduced on the surface of a pointed body, where • is the distance from the body tip along
the axis, q is the distance normal to the surface, and 'is the meridianal angle in cross-section
perpendicular to the axis [5]. It is assumed that the body surface near the tip can be
approximated by a conical surface and the boundary layer in this region is laminar.

© V.N.Vetlutsky, T.A.Korotacva, and A.P.Shashkin, 1998
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Then the inviscid flow parameters are constant along generatrices in this region, and the
boundary layer equations allow for a self-similar solution depending on the variables 4;, 1/1/
[6]. It was used as initial data for solving the problem on the entire body surface. The flow
parameters obtained by solving the problem of inviscid flow around this body are set at the
boundary layer edge. Symmetry conditions are set in the plane i;=O if it is a reattachment
surface, otherwise no conditions are needed here. Another boundary 4" = ý, either coincides
with the outflow surface or chosen such that the gas flew out through it. Therefore, no
conditions are defined there. Conventional slip conditions and surface temperature are set on
the body surface r/=0.

Three-dimensional boundary layer equations are solved numerically using an absolutely
steady second-order difference scheme suggested in [7] for incompressible flow and tested in
[8, 9] for a compressible one. The developed algorithm was used to calculate the boundary
layer on ogive-cylindrical bodies in a supersonic uniform flow [8]. The resultant profiles of
velocity and Mach number, the distributions of skin friction and Stanton numbers on the body
surface are compared with multiple experimental data, and their reasonable agreement is
demonstrated.

In the present work a volume-distributed energy source is used, for which the source
power is assumed a known function of coordinates and time in particular, the energy can be
supplied on the basis of Gaussian distribution, and the supplied energy is taken into account
by an additional source term in the energy conservation equation.

The model borrowed from [1] is used as an energy source in the form

dQ 2 21 (Ar2
- = q0 - l -expi 2dt . s R.

Q, R, are the energy released in the source and the effective heat spot radius, respectively, Ar
is the distance between the current point in the flow field and the energy source center, p,
and p. are the free-stream pressure and density, respectively. The value of q0, that
characterized the source intensity, is assumed to equal 20 on the basis of estimates made in
[1].

The influence of a local energy source positioned upstream of the body on the inviscid
flow and the boundary layer parameters was studied for an ogive body with aspect ratio 2.5,
free-stream Mach number 3.0, and zero incidence. Two variants were compared: 1) uniform
flow around the body, and 2) flow around the body with an energy source present in the flow.
The source center was located at a relative distance of 0.23 along the axis and at a distance of
0.05 away from it.

Calculation examples of external flow around an ogive body are shown in Figs. 1, 2.
The pressure isolines along the considered body are presented here in the symmetry plane and
in a cross-section (Y = 0.4) for the case of uniform flow around the ogive (Fig. 1) and with
energy source (Fig. 2).
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a) b)

Fig.1 Uniform flow around an ogive. Pressure isolines a) in the symmetrN plane. h) in cross-section x=const

The calculations of external flow around the examined body showed that the inc'nation
angle of velocity vector with respect to the free-stream direction is close to zero near the
source axis. Moving away from the axis, this angle becomes rather large and decreases with
the distance from the source (as the strength and inclination angle of the bow shock from the
source decrease). This change of the local angle between the bow shock from the ogive and
the free stream leads to significant restructuring of the bow shock shape. Besides, a high-
entropy region is formed in the wake behind the source, which also has a large effect on the
flow upstream of the ogive. The calculations also showed that a low-pressure region is formed
in the wake behind the source, which transforms to a high-pressure region in its bow shock.
This difference decreases when moving downstream from the energy source center.

a) b)

Fig. 2 Flow around an ogive in thc wake of local energy source Pressure isolines a) in the symmetry plane, b) in
cross-section x-const

It is seen from Figs. 1-2 that the processed described lead to flow compression in the stream
periphery behind the source and, hence, to rarefaction directly in the wake behind it. This, in
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turn, causes a strong bulging of the bow shock ahead of the ogive in the wake behind the
energy source and the shock compression at the wake periphery (Fig. 2a). Thus, at the section
S= 0.4 from the body tip is the distance between the bow shock and the ogive surface can
differ by 40% from this distance in a uniform flow. As a result, a spatially nonuniform flow is
formed in the field above the boundary layer. At the section i = 0.4 from the ogive tip the
pressure above the top part of the flow is lower than the pressure in its bottom part by -2%,
which is seen in Fig. 2, while directly on the body surface the top pressure is higher than the
bottom pressure by -16%. This occurs due to transverse overflow and interaction of
compression and expansion waves that arise because of energy source effect on the flow.
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Fig. 3 Effect of local energy source on the boundary layer parameters.Solid lines - distribution of
boundary layer parameters with energy source I - 1 = 0.2; 2 - Y = 0.4; 3 - i = 0.9; marked lines - the same

without energy source 4 - Y = 0.2; 5 - Y = 0.4; 6- Y = 0.9
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Figure 3 shows the distributions of the boundary layer parameters in cross-sections
i. =0.2, 0.4, 0.9 versus the meridianal angle ý. The solid lines correspond to the variant with

energy source, the results obtained without the source are also shown here for comparison by
marked lines.

Heat emission upstream of the body decreases considerably the pressure in the
boundary layer (Fig. 3a). However, this difference decreases when moving along the ogive
and practically vanishes in the last cross-section. The temperature at the boundary layer edge
(Fig. 3b) in the first cross-section is higher on the side where the energy source is located and
lower on the opposite side than in a uniform flow. Then it decreases in the first region and
becomes lower than without the energy source, while it decreases considerably more slowly
on the opposite side.

The skin friction coefficient (Fig. 3c) is higher on the side of the heat source than
without it and lower on lateral and shaded sides. The region of high skin friction coefficient
extends towards the last cross-section, and almost reaches the corresponding value for
uniform flow on the shaded side. A similar picture is observed in Stanton number distribution
(Fig. 3d). The only difference is that its value in the last cross-section almost reaches the case
without the source, with small fluctuations about the latter.

Thus, a local energy source affects significantly the boundary layer processes, which
leads to an increase in skin friction and heat flux coefficients on the body surface.
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FLOW GASDYNAMIC STRUCTURE SPACE-TIME SCALES IN AEROPIJYSICAL
EXPERIMENT WITH PULSATING LASER THERMAL SOURCE

V.I. Yakovlev
Institute of Theoretical and Applied Mechanics SB RAS,

Novosibirsk, Russia

The stabilization of an optical pulsating discharge in supersonic flow for the first time
realized in work [1] created unique posmbilities (contactiess, low laser radiation power) to study
experimentally gas flows at external energy supply. In order to solve the problems effectively
and to make an adequate choice of the means and methods of aerophysical experiment it is
necessary to know the characteristic space and time scales of studied phenomenon. It was
shown in the experments [2] with laser thermal source (optical discharge) ahead streamlining
body that ther interaction effect depends on pulse rpetition f-equency and results in the body's
aerodynamic drag reduction because of the thermal wake formation behind energy supply
region. The characteristic frequency (about 50 kHz) of transition from unstationary flow to
quasystationary one, and also the wake's dimension (diameter no more 6 mm), feebly varied
with growing distance from optical discharge, were deternined. However, the correlation of
thse parameters with both gas flow and pulse-periodic laser radiation characteristics was not
studied. It is necessary to analyze in detail the experimental data about gasdynamic structure
forning near laser thermal source. The puipose of this work is to find out the correlation of
space - time scales (configuration of the thermal wake and other wave structures, the
characteristic frequency of transition to quasystationary flow) with both initial gas flow and laser
radiation parameters. The gasdynamic aspect of the interaction (pulsating laser thermal
source/supersonic flow) problem is taking into account only, therefore the experimental data has
been analyzed in comparison with calculated ones, based on known models about gasdynamic
processes while optical breakdown and local energy release.

The experiments were carried out using aerodynamic set-up [3] at working parameters: test
gas (argon) stagnation pressure and temperature 0.45 MPa and 293 K, ensuring Mach number
M=2. Laser beam passed plenum chamber and nozzle unit (exit diameter 20 mm) along flow
axis and was focused inside working chamber behind unit's exit. The pulse-periodic laser
radiation mean power ranged 1.4-1.8 kW, that was absorbed by optical discharge. Using these
data and known laser impulse dynamic [41 it was estimated the impulse power mean values of
about 110-20 kW at frequencies 12.5-100 kHz, accordingly. Nevertheless the real peak values
were several times higher during 0.3 mcs while the full impulse duration was about 1.2 mcs.

Supersonic flow gasdynamic structure was visualized by schlieren - method, using pulsed
light sources (laser at wavelength 308 nim, spark discharge) and stationary one (incandescence
lamp). It allowed to get <n<omentary,> (exposition time about 0.01 and I mcs) and oaverage»
(0.01 s) flow pictures at different sensitivity and space resolution. Light filters transparent in
spectral region 305-313 unm were used to suppress the own plasma radiation. But it was not so
while the low power stationary light source was used and, consequently, another luminous
regions were showed also in addition to the localized optical discharge zone. Such complex
application of the traditional method allowed to reveal characteristic, but slightly marked wave
structure peculiarities in addition to data obtained earlier 12,3].

OV.1. Yakovtev, 1998
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The flow unstationary structure is charactenizcd by generation of shock waves having
configuration almost elliptical (especially so at early stage), later transforming into nearly
spherical one. Showing small-scaled irregular fluctuation's background there are in flow large-
scaled (diameter no more 5-6 mm)regions of density disturbance, following one after another
down stream the optical discharge. Making frequency transition from 45 kllz to 100 klIz these
regions merge and form characteristic structure - the thermal wake [2,31. It's peculiarity is the
existence of following one after another (at interval 0.8-1.8 mm) narrow zones of density
perturbation with its planes perpendicular to the flow axis When the distance increasing these
zones and the wake's boundary becomes less distinguished. The oaverage)> flow pictures show
but homogeneous and slightly luminous the wake also, it's light emission decreasing down
stream. Experimental data for the thermal wake's configuration (R-radius, Z-distance) are
presented by dots I in fig.l and corresponds to laser pulse repetition frequency 100 kIW_

_0 IlThe flow visualization by
10 long eqxpostion time shows in

U5 0- addition slightly marked
stationmy uicture - density
shock (dots 2) near thermal
source's head part as if it was

__ streamlined body. Direct
0 10 20 z sU 3o comparison of various shihem -

Figure 1. Wave's configuration (I - thermal wake, 2- density shock) pictures shows, that such
caused by laser energy supply atf 100 kllz 1,2- experimentl data, configuration is the result of
3-6 - calculated ones at r=1.2 (4, 6) and 1.67 (3, 5) where 3 - superposition of unstationary
automodel solution shock waves while moving

away optical discharge region. It is confirmed by calculation of the density shock's
configuration using known solution by point explosion model. line 3 in fig. I represents the
automodel solution (cylindrical symmetry) by formula 151: R(7) (E/acp)'14 (-Z/u,)" 2 , where R-the
shock's radius, Z- distance from the thermal source's head part, E- mean value of energy per
unit of length, that is E-- 14'v , W, r- power and duration of the laser impulses, t- its time
interval, p- initial gas density, a- some value, depending on specific heat capacities ratio y, u-
flow velocity. Parameter Wz't is the laser radiation power mean value, measured in the
experiments. It is worth to note that much the same result (up to R_!6 mm) and it slightly
lowered at longer distance one can get using the spherical sK)-fmetry solution with the energetic
parameter being equal to the laser impulse energy E- Wr. Consequently, the question about
what solution to be used hadn't special meaning (argon jet radius 10 mm). Increasing the
distance the experimental and calculated data diverge, indicating the first increased. It is caused
by relatively low energetic parameters, which don't meet the condition of hard explosion.
Therefore in order to take into ac-count opposite pressure's influence it was used approximate
solution [61 of cylindrical symmetry. These results are represented in fig. I and corrcslonds to
various y by lines 4 ("-- 1.2) and 5 (1.67), that is practically all the rangc of it, variation The
comparison of measured and calculated data shows their good agreement, especially taking into
account possible systematic error of measured distance because of hard luminosity near Z 0.

"The most characteristic peculiarity of gasdynamic structure - thermal wake behind the optical
discharge in supersonic flow is caused by the light supported detonation wave [7], mo-'ing at
high velocity with the laser radiation being absorbing locally behind it's front In accordance
with the results of numerical simulation [8] of stationary laser energy supply, there is forming
jet stream in an immovable gas in a similar manner like sonic no077c gas outflow into a co-
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current hypersonic flow at the same wave's velocity. The heated gas under expansion forms
high velocity jet upon long distance up to some hundreds nozzle's diameters (focal points). As
verified in [81 the jet radius may be calculated using energetic parameter E= W/V, where wave
velocity V is [7]: V=[2(1-1)Wisp]1'3 and s - focal point area. The automodel solution is:
R*=F(OZ*"2 , where dimensionless (divided by focal point diameter) radius R* and distance Z*
are used. Also F(y) =[(y+- 1)/2(3y1)]"4 using data [7].

Analyzing the pulse-periodic mode of energy supply it is necessary to take into account
certain specification of processes in the gas flow. Practically (dnstantaneously> (r<< t) formed
extended plasma column (thermal source) moves down stream upon distance ut, before the next
one appears. Measured extents of the thermal source are about 5-7 mm, which correspond to
calculated ones by relations L=fVdt or L= Vi-. The recorded laser impulse's dynamics W(t) or
corresponding mean values W and r were used in calculations of L. Characteristic scale of a
medium's removal by the flow have almost the same value (4.2 mm and more, depending on
pulse repetition frequency). Because of this removal effect the wave structure is supposed to be
formed (under certain condition Lmut ) in a similar manner like at stationary energy supply.
Naturally, some peculiarities may be caused by transitional (for example, jet starting) processes.
Possibly, the above-mentioned narrow ,ones of a density perturbation inside the thermal wake
were the result of each optical breakdown's start process. Nevertheless the relation L=u/f1=ut1
can be useful to determine the threshold frequencyf, of transition to quasistationary flow mode.
So determined data, corresponding to laser radiation at the pulse repetition frequencies f= 12.5,
25, 45 and 100 kHz are presented in
fig62 as relative valuesffjtj/t. There C/C, f
were used 1=1.2 (line 2), also 1.25 5,,

(3) and 1.15 (4) in these
calculatiom, because by estimation
its correspond to argon plasma 1,0
parameters at most. Furthermore this
diapason of y is near but don't
exceed the bounds, which determine 0,_5
the stability of shock waves [9].
Presented data shows that f/f) A in
frequency range 45-65 kHz. It
corresponds to the generalized (line
1) experimental data [21, showing 0 50 kt; 100

the achievement of steady effect (the Fig.2. Characteristic frequency (tirne) relative scales (/7f/-=tt)
relative aerodynamic drag C/Co and the experimental data ( C/C0 -I ) showing the transition to

reduction to practically constant quasystationary flow (J7fll ) in dependence on laser's pulse

value) at the same frequencies (more repetition frequencyf

then 50 kliz).
Unlike the stationary energy supply, controlled by energetic parameter E- W/V, the pulse-

periodic conditions stipulate it's dependence on thermal source extent and removal scale
relation also. It may be supposed that approximately EO(W/V/(1./ut), coinciding with early used
mean value of energetic parameter WAut . It results in solution, witch in contrast to stationary
one has multiplier ý=(L/u)'4 . Howcver, it's application when deviates from unity considerabh
has no sense. If ý<<1 it is necessary to use unstationary solutions for each originally isolated
energy supply regions. In the case of I these region's removal bN flow is negligible and,
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consequently, the thermal conductivity as the principal mechanism of optical discharge
stabilization becomes considerable. Having ,•1 it takes to crrect parameter L, because each
optical breakdown is realizing in heated gas already , which parameters considerably differ from
initial ones. If 4•l and it is increasing the energy supply region's space intervals decrease,
resulting in formation of the quasystationary structure - thermal wake behind energy supply
region. Consequently, in the case of 4•ý1 it's radius have to correspond to stationary solution at
most. It is confirmed by correlation of the experimental (dots I in fig. ) and calculated (line 6)
data, corresponding to energetic parameters of the impulse at 100 kHz, (Q1.3). The
experimental data excess at longer distance may be explained by rincreasing (as for example 4,
5 in fig. 1) because of temperature decreasing. Infringement of the automodel (strong wave)
conditions at radius less then 3 mm (for example 3, 5) has no significant importancc.

Th1 work was supported by the Russian Foundation of Basic Research (grant JX_ 96-01-
01947).
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NUMERICAL SIMULATION OF SUBSONIC FLOWS*

A.V. Zabrodin, A.E. Lutsky,I.S. Men'shov, I.L. Petrushchenkov, V.A.Cherkashin

The Keldysh Institute of Applied Mathematics
Russian Academy of Sciences, Moscow, 125047, RUSSIA

During the last two decades, a large amount of work has been performed in KIAM
RAS on the development of algorithms and numerical methods for the aerodynamics
problems. Various flows about different flying vehicles have been calculated with the
purpose to improve the aerodynamical characteristics of the latter. Because of
restrictions on the hardware performance and RAM size, the research was usually
restricted to the super sonic steady-state flows (see [1]).

Creation of the Russian high-performance MBC-100 systems makes it possible to
simulate subsonic flows, solving not only Euler, but Navier - Stokes equations as well.
This paper considers the first results obtained in this field. Some results of the 3D
subsonic flow around an aircraft model are presented, along with the related results for
2D flows around the airfoils. Implementation of the parallel algorithms on the
distributed-memory multy-computer MBC-100 is discussed as well.

1. Numerical for time-dependent 3D Euler equations

The algorithm for numerical simulation of subsonic flows over complex shaped
bodies (extending up to a complete aircraft) is based on time dependent inviscid Euler
equations. Some of viscous effects can be taken into account afterwards by means of
boundary-layer equations.

The time-stepping procedure is used to find steady-state solution (if it exists).
The 3D Euler equation can be written as follows:

Qt + E +Fy +G = 0

Q = (p, pu,pv,pw,e)
T

E = (pU,pU 2 + p,puv,puw,(e + p)u)T (1.1)

F = (pv,puv,pv 2 + p,pvw,(e + p)v)T

G = (pW,puw, pvw,pw 2 + p,(e + p)w)T

where e = p / (y-) + p(u 2 + + W2 ) / 2 - total energy; u, v, w - Cartesian
velocity components, p- pressure, p- density.

The system (1.1) can be also written in the integral form (conservation low form):
fJR(Ui,n)ds =0 i = 1,2...5

Ui = (Qi, Ei, Fi, Gi), (1.2)

Q c R 4  nER
4

where Q is any bounded region in (t, x, y, z) space with the 3d boundary aQ.

* The work was supported by Russian Foundation for Basic Research (grants
No. 96-01-00493, 97-01010
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The boundary conditions associated with the equations (I. I ) arc:

(V, fi) = 0 on the body surface and

(P,u,v,w,p) '- (p,u,v,w,p) (1.3)

r= x' +-iy +zI

Shock waves and contact discontinuities are automatically captured by the
difference scheme, based on the conservation laws approximation.

Complex geometries may be difficult (or indeed impossible) to cover with single
structured mesh. So a block structured mesh is employed. The total flowfield is divided
into subdomanes (blocks) consisting of a structured mesh. The mesh blocks are required
to match at the interfaces. The body-fitted grid surfaces are used. Algebraic
transformations (interpolative techniques to distribute inner grid points from prescribed
grid boundary points) are used to generate grids in each separate block independently, as
long as interface grid points are the same.

The equation (1.2) are discretized using the finite volume method. The grid
pointsikjm = (XIY'zOkim k = 0,1,...kt; I = 0,1...It; m = 0,1,..rMt in each block
constitute three set of surfaces: {k = const}, {l = const}, {m = const}. The k, I, m
orientation of the bloc:ks is arbitrary. The values of flow variables (p,u,v,w,p) are

stored in the cell centers. Each cell is bounded by 6 faces with 8 vertexes
f, (i = 0,1,..7). The coordinates of inner points on the face are given by 3-linear
functions:

r = (1 - ct)(1 - p)(1 - y)r 0 + cu(1 - P)(1 - y)r, + (1 - ct)P3(I - y)r3 +

ot3(l - 7)r 2 + (I - c)(1 - P)yr 4 + ct(I - f3)yr, + (1 - ca)-yr, + ocpyr6

The finfite-difference approximation of system (1.2) is given

5T n i c(Vo Nk 0, i = 1 ...25 (1.4)

k=O

The flowfield values for k=0 ( t=tO) are given. To evaluate data on the next time
level tl=tO+dt ( k=5) the numerical fluxes on faces k=1,2,3,4 are to be prescribed.

In the original Godunov [2] scheme the numerical flux function is taken to be the
flux value arising at the tangent plane in the exact solution of the Riemann problem with
the piecewise constant data taken from the cells adjoint to the interface.

To achieve higher accuracy the piecewise linear distributions are used [3]:

U(t,x,y,z) = U(t 0 ,x 0 ,y,z 0 )+ AxU. + AyU, + AzU, + AtU, (1.5)

To prevent formation of spurious oscillations on shocks some flux limiter is usually

introduced. First of all one sided differences are calculated:

Uý, = Ukl - Uk, U, = Uk - UkiI

In the present work the approximate value of derivative is evaluated by minmod
limiter:

Uý = sign(U )min(U+ , U- ) if U+U- >0.; U = 0. else.
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For subsonic flows without shocks the simple formulae: U, = 0.5(U' + U-) can be
valid also.

The U values are calculated according to equation systems (1.1). With equations
(1.5) Ur,Ulare calculated on the right and on the left of the corresponding face center.
Then the Riemann problem with these initial data is solved.

2. The parallel implementation of the Euler solver on the multiprocessor system

The numerical simulation of complex 3D subsonic flows requires large
computational resources both in processing speed and memory.

When approaching the subsonic flow case from the physical viewpoint, the body
influence domain should be considered infinite in all directions. The computational
region, nevertheless, has to be finite in size, but large enough, for the influence of the
artificial external boundaries be sufficiently small (in fig.3 the shape of typical
computational domain is shown).

The Russian multiprocessor system MBC-100 [4] to a considerable extentsatisfies
specified requirements on the speed and total size of memory.

The natural parallelism of computational fluid dynamics and explicit numerical
scheme are exploited. Block structured meshes exhibit a coarse-grain parallelism at the
block level and fine-grain parallelism at the mesh point level. Only first level of
parallelism is used for presented calculations. The features that make the explicit finite
difference scheme highly amenable for parallel processing are:

1) data communication is only between nearest neighbors;
2) the amount of data transmitted is proportional to the block bound area; the

amount of commutation is proportional to the block volume; thus the ratio of
computations to communications is very favorable.

The spatial decomposition of computational domain is a natural method to devide
the computational work among several concurrent processors. One or more blocks are
mapped on a single processor. This partitioning should balance the load between
processors and minimize the amount of required across block boundaries. The same
program runs on each node. Each node program identifies its block numbers with an
instance number. Interconnections to other blocks are given with grid data. Each
processor analyses the interconnections and built up the communication requirements.

Interblock communications is performed in the following way. There exist one
global coordinate system in physical space (x, y, z). To provide the needed geometrical
flexibility, each block has its own coordinate system (k, 1, m) in computational space.
Any of the 8 orientations which are theoretically possible between local coordinate
systems can be chosen. The exchanged messages are the (p, u, v, w, p) values on the faces
of neighboring blocks. Some functions handle the communication. The first one scans
the boundaries and create receive table. This table contains the information needed for
communication, such as expected data from neighboring blocks and their correlation
with the local block data. Accordingly the send table is created.

Under correct balancing of the processor loading it is possible to get practically
linear speedup of system with increasing a number of used processors. However it may
be difficult in some cases to obtain such balancing. It take place, for instance, if blocks
are greatly distinguished on the amount of nodes. As an example consider the calculation
of subsonic flow around aircraft models on the multiprocessor system MBC- 100.

Total number of cells is 416768, number of blocks -136, the most number of cells in
the block is 9600, the least- 576. Table I presents the calculation time T(p) of the same
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number of steps for the different number of processors p tuscd. "I hc efficiency of the
parallelization is usually estimated by comparing such values with the calculation time
for I processor. In the present case this can not be done directly, as on I processor the
task does not fit in memory. Instead, the values of the pT(p) are presented. In the "ideal"
case, this dependency should appear to be a constant: pT(p)=T(l). The asterisk marks
the 2 cases with strong disbalance of load between the processors. It is seen that for those
cases the parallelization is much less effective. For the rest cases, the range between the
upper and the lower values fall into the 26 % range.

Table I
*p = 17 T(p) = 60 36  pTtp)= 102612

p = 19 T(p)= 4735 pT(p)= 89965
p = 27 T(p) = 3580 pT(p)= 96660
p = 30 T(p)= 3109 pT(p)= 93270

*p = 34 T(p)= 4266 pT(p) 145044
p = 40 T(p)= 2917 pT(p) 116680
p = 44 T(p)= 2580 pT(p)= 113520

3. Grid generation for 3D flow calculations

Grid generation is the first step in numerical simulation process and the most labor
intensive one. There are different types of continuous space disscretizations, i.e. grid
generation, but among all the variety structured multiblock grids seem to be most
suitable for parallel computing.

Grid generation process consists of three main steps:
1. Manipulations with initial geometry.
2. Continuous space subdivision into hexahedrons with curves and surfaces.
3. Grid generation inside blocks with optional global smoothing procedure.
There arc some approaches for generating grid in a single global iterative process,

but even in that case we nevertheless have to point out so called "topological map" or
"connectivity" of the multiblock grid, i.e. describe block boundaries without assigning
them physical coordinates. The problem of structured multiblock grid generation is that
this process requlires a lot of human resources. For instance typical grid around
commercial airplane consists of few hundred blocks. It means that it takes to create
about the same order of spatial curves and surfaces manually. Unfortunately we can't
avoid this procedure, but there are some tricks to do it in a smart way. One trick is to use
what is called "many-to-many connectivity" or "partial face interface", i.e. allow blocks
to coincide with each other in arbitrary way, not only "one-to-one". If it's necessary,
further splitting into one-to-one can be done automatically. Another trick is very
important ard is always referenced as "journaling" or "replay" capability. It means that
if you once generated a grid for soinc tý pical geometry, you can use the same procedure
for generating grid on the similar geometry automatically. As an examnple there is a
problem of draft airdynamical aircraft design, when different parts of construction are
moving along each other. "Replay" capability implies the language for working with
"journals" or "scenario" with corresponding interpretator. We accept initial data as a set
of points with subsequent interpolation and surface-surface intersection. Experiments
reveal that interpolation we use is pretty close to original and anyway sufficient for
numerical simulation. While generating grids on initial geometry we are working in
parametrical space for each element of geometry. Obviously unic non-singular
parametrization Of some Surfaces may not exist, so the parametrizati,11 of surfaces with
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multiple maps was implemented in code. Further steps are: cut initial geometry with
curves on surfaces, then create curves in space - edges of future blocks. All faces based
on four adjacent curves and blocks based on six adjacent faces could be generated
automatically. Any time user can change the shape of some curves with subsequent
modification of depended objects, change number of grid nodes and node distribution on
edges. The presented code garanties proper propagation of all alternations through the
data structure.

The main steps of grid generation around aircraft model are shown in Figs. 1, 2.
In Fig. 1 the total surface of the model is shown. The details of grid generation by

interpolation method are available in Fig. 2a. Several block near model surface are
shown in Fig. 2b.

4. Numerical results

The results of numerical simulation of subsonic flow about aircraft model 906 are
presented. The calculations were executed for Mach number M= 0.15 within the range of
attack angle from 0 to 20 degrees under zero slide.

The flow under consideration possesses a plane of symmetry (z = 0), so it is
sufficient to conduct a calculation in halfspace. The computational domain was divided
into 136 blocks.

On the model surfaces and on the symmetry plane the conditions V. = 0 were
imposed. The number and type of conditions on external boundaries is defined from
characteristic relations. In presented variant of algorithm this was realized by the
calculation of Riemann problem with initial data from cells, adjoining to the external
boundary and incident flow. The calculations of subsonic two-dimensional flows,
executed earlier, have shown adequacy of such way of numerical realization of boundary
condition (1.3).

Pressure distributions (p = const lines) on the model surface for cc = 0., 8., 16 are
hown in Figs. 4a, 4b, 4c. For the variant ax = 0. the pressure on the wing surfaces is
practically constant. When increasing attack angle the rarefaction region on upper
surfaces of wing near the front edge is formed.

The details of the pressure distribution mentioned above correlate with the location of
the stream lines location. In the Figs. 5a, 5b, 5c for these values of attack angle the
fragments of stream lines on upper surfaces of wing and fuselage are presented. For CC=0.
the stream line are almost parallel to the incident flow vector. For a = 8., 16. there exist
some singular lines on the wing surface. These curves separate the stream lines from
fuselage and front edge.

The pressure distributions on z=const plane crossing the wing and tail for a = 4-16 are
presented in Fig. 6.

The dependencies of drag, lift and pitching moment on attack angle were obtained
from the flow calculations performed. The dependecies Cy(a), mz(at) are presented at
Fig. 7. The black curve presents the experimental data, and the squared line - the calculated
ones. It can be seen that they correspond rather well. The non-linear behavior of the
experimental dependencies (most easily seen for mz(a) for large a) must be due to the flow
separation. The numerical simulation of 2D problems carried out previously shows that a
very fine grid is necessary to discover such an effect. Obviously, doing the same in 3D case
would result in excessive time of calculation.
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The dependence Cy(Cx) is presented at Fig. 8. As well as in the previous figure, the
solid line presents the experimental data. The numerically simulated data, again, generally
corresponds with it.

5. Numerical results of calculation subsonic flow around a Jukovskii airfoil with the model
of Navier - Stokes equations

In this chapter, numerical results of calculation subsonic flow around a 2D
Jukovskii-type airfoil obtained with the model of viscous heat conducting compressible
fluid are discussed. The system of governing differential equations are written in the
conservation law form in the following way:

t9,q + akfk = akgk (5.1)

where q is the solution vector of conservative parameters, fk (k = 1,2) are the vectors of
inviscid fluxes, and gk (k = 1,2) are viscous or dissipative fluxes, which have the form:

q = (p,pu1 ,pu2 e)T

fi =(Pu ,I u1
2 + p,pu u2,(e + p)uI )T

f 2 = (pv'puIu 2 ,PU 2
2 + p,(e + p)u 2 )

T  (5.2)

g1 = (0,t1Ir 21,qI +CtIuI +'t 21u 2 )T

g 2 = (OT 1 2 T 2 2 ,q 2 +T 1 2 U1 +T 22 U 2 )T

Here T j are components of the viscous stress tensor,

Ti.j = 2jaciuj +aju,)-32-8,.i(acul +a2 U 2 ), ij=1,2

q, are components of the heat flux:

qi =XaT, i=1,2

The notations u, ,u 2 relate to Cartesian components of the velocity vector u, l. is the

viscosity coefficient, ? is the heat conductivity coefficient.
It is supposed that thermodynamic properties of the gas are described by the

equation of state of a perfect ideal gas with parameters of air: the molecular weight is
28.97, the adiabatic factor is 1.4. The viscosity coefficient and the Prandtl number
([cp /IX, cp is specific heat capacity of the gas under constant pressure) arc considered as

constants and equal 1.713.10-4 g/cm/sec and 0.7201, respectively.
The differential equations (5.1) are integrated in a domain out of the airfoil with

boundary conditions u = 0, T = T, (T, - a fixed temperature) at the surface of the
airfoil, q = q0 at the outer boundary of the computational domain. The subscript 0 is

used to denote inflow parameters, which have the following values in the present

calculations: the density - 1.293E-3 g/cm 3; the pressure - 1.013E+6 dine/cm 2; the
temperature--273 K; the Mach number--0.25. The temperature at the airfoil surfaces
taken equal to that in the inflow, T. =To.

Taking into account viscosity and heat conductivity of the gas, the flow around the
airflow becomes no longer self-similar, that is inherent for the ideal model, and flow
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parameters depend on a linear distance of the airfoil. As this distance, the airfoil span
can be chosen, which is taken equal 200 cm in the calculations presented below. Along
with this choice, the inflow Reynolds number is of 1.25E!0 7.

Numerical solution to the problem stated above is carried out in a C-type domain.
the outer boundary of which is setting at the distance of 15 span halves from the sharp
back edge of the airfoil in the afterbody zone.

Two non-uniform grids are used in this domain to do spatial discretization of the
governing equations that are highly clustered in the boundary layer so that the ratio
between the wall cell Reynolds number and the inflow Reynolds number is equal 10-5.
One grid is of 272 by 100 computational cells, where 100 cells are placed between the
body surface and the outer boundary, and 128 cells on the surface. The other consists of
452x 160 cells with 160 cells in the radial direction and 256 cells on the surface.

Heaving given spatial discretization of the computational domain, the system of
differential equations (5.1) is approximated by finite-difference equations derived with
the finite volume method and two-step implicit time integration scheme:

CoAqi = -At-s.(TI'F+- -G"+') (5.3)

where coi is a cell area, s. is an interface length, T. is the transforming matrix the

components of which are defined by the coordinates of the outer orthonormal basis at
the interface, Fo and G. are inviscid and viscous numerical fluxes at the interface
defined by the following formulas:

F=f 1 (Q), Q=T~q, G=gkn,. (5.4)

Here nk are coordinates of the unit normal vector outer to the interface.

The numerical fluxes at the upper (new) time level are approximately computed in
the form: IF"n+' = Fý" + A+AQi + A- )AQaM,(55

A+ +A- =A=aQF, A+ >0, A-<0

where the Jacobian matrix splitting onto positive and negative parts (regarding the sign

of eigenvalues) A+ and A- is taken in the form of Jameson -Turkel [5]:

A: = 0.5(A ± r(A)), where r(A) is the spectral radius of the Jacobian matrix. The
Jacobian matrix of the dissipative numerical flux is majored by the diagonal matrix D"
of the form as follows:

D = diag(Ov,v,v,ic)/ho, (5.6)

where h. = in. (x,() - x ) , and the indexes i and a(i) are referred to adjoin cells with the

common interface a; v and K are dynamic coefficients of viscosity and heat conductivity.
With account of (5.5), the system of equations (5.3) can be modified in the following
system of linear algebraic equations with respect to the time increment of the solution
vector Aq:

(I + Z M+ )Aqi + • M_()Aq.(i) = AtR (5.7)
o a

M± = Ats(To A To ±DoI)

which is then solved with the method of Jameson - Yoon [6]. This method makes
approximate factorization of the implicit left-hand side operator into two operators with
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triangular matrices, which can be easily solved then with forward and backward sweeps
over computational cells. To obtain the second order of accuracy for spatial operators, a
piece-wise linear cell reconstruction of the solution vector q with the minmod limiter for
derivatives is implemented to extrapolate edge values required for the inviscid numerical
fluxes calculation.

The algorithm for solving the Navier - Stokes equations described above can be
also used for solution inviscid (Euler) equations, if viscosity and heat conductivity are
vanished.

Calculations are presented in this paper for two flows with attack angles of 50 and

150, respectively. These calculations have been carried out for both the Navier- Stokes
and Euler equations in the uniform manner. Results are given by fields of isolines for
pressure and entropy spatial distributions, and time distributions of dimensionless
integral force characteristics Cpx, Cp.), Ft•, Ft5 , , which are defined in the following way:

_ Jpn,ds Jpnds
Cpý f , Cp) =-J 2

(5.8)

f(t,,In, +tQ2n2 )ds (Tr21nj +T 22 n2 )dsFtý,, Ft =
Ft X poJ 2L POUi2L

The entropy isolines and the pressure isolines for the viscous flow model are given
in Fig. 9 for the case of the flow attack angle of 5", and the grid of 272 by 100 cells. This
figure clearly exhibits the main feature of the flow - formation of a vorticity wake coming
from the upper part of the airfoil. This wake is created as a result of two instabilities in
the flow. One of them is initiated at the back sharp edge of the airfoil where the flow goes
away from the airfoil surface. The other is due to disattachment of the boundary layer
from the body surface on its upper part. This disattachment leads to a developed vortex
band, which propagates for a long distance from the airfoil (Fig. 9). This result is in line
with results ef [7], where the phenomenon of boundary layer disattachment is also
numerically investigated. In [7] is noted that the disattachment is preceded by arising of a
microvortex in the boundary layer, which moving forward with the fluid and developing
leads to a macrovortex in the exterior flow beyond the boundary flow. Being repeated,
this process forms a sequence of vortices going off and moving away from the airfoil,
which is clearly seen in Fig. 9).

This vortex process is evidently nonstationary phenomenon, which has to lead to
nonstationarity in time distributions of the force integral characteristics. These
characteristics are given in Fig. 10 as functions of the dimensionless time, where ao is the
inflow sound velocity, Lp,,r is the length of the airfoil span. It is seen that there is no any
constant-wise limit in these distributions. Conversely, a quasiperiodic behavior is
exhibited characterized by repeated maximal and minimal values in these distributions,
which seemed to be caused by arising and coming away of a vortex in the boundary layer
on the upper part of the airfoil.

Quite different flow pattern is exhibited when the same problem is solved with the
model of inviscid Euler equations. The entropy and the pressure isolines for this case are
shown in Figs. i1. The algorithm with zerouth viscosity and heat conductivity and the
same grid of 272 by 100 cells are used to obtain this solution. As it is seen from these
figures, no vortex wake is arisen while the ideal inviscid model is used, and the solution
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comes to a completely steady limit when any parameters do not change with time during
further calculations.

Numerical results for the angle of attack 15 are illustrated in Figs. 12-14 where the
isolines are presented for both inviscid and viscous models for the grid 272 by 100 cells.
To check the dependency of the numerical solution on grid, calculations have been also
done with the grid twice finer, i.e. of 452 by 160 cells.

These figures clearly exhibit that no steady solution is obtained in these two cases.
As viscous model as inviscid that gives separation of the flow on the upper part of the
airfoil which causes a developed vortex sheet in the afterbody flow. These calculations
show that stable steady flow seems to be not existed at the angle of attack of 150 even for
the ideal (Euler) model. Non-stationary regime of the flow is also confirmed by time
distributions of integral force characteristics which are given for the two grids and
models in Fig. 14. These distributions have clear oscillating character; the period of these
oscillations has approximately the same value as for viscous as for ideal models. So, the
flow at the angle of 150 (and, probably, for greater angles) is mostly defined by
separation of the flow and developing of vortex instabilities at the upper part of the
body.
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Fig. 4. Pressure isolines.
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Fig. 5. Stream lines.
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a) entropy isolines

b) pressure isolines

Fig. 11. Inviscid flow: the angle of attack 50.
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a) entropy isolines

b) pressure isolines

Fig. 12. Inviscid flow: the angle of attack 15'.
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a) entropy isolines

b) pressure isolines

Fig. 13. Viscous flow: the angle of attack 15'.

-N -S (272x100). 15L

ELi (2720100), 15L.
N NS (452x160) 30L

1.5 p

10P qi ii

1,0

90 100 110 120 130 140
tao/Lprof

Fig. 14. Time distribution of the lifting force: the angle of attack 150.
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THE COMPLEX INVESTIGATION METHOD OF 3-D DISTURBANCES AT
A CURVED SHEAR LAYER OF THE NONISOBARIC SUPERSONIC JET

V.I.Zapryagaev

Institute of Theoretical and Applied Mechanics SB RAS,
630090, Novosibirsk, Russia

The initial part of the mixing layer of a supersonic underexpanded jet
exhausting from an axisymmetric nozzle was experimentally found to have a
spatial structure. The three-dimensional flow character in the mixing layer of a
supersonic jet at high Reynolds numbers is associated with the emergence and
evolution of stationary streamwise vortex structures [1-6]. The curvature of
streamlines at the initial part of the mixing layer of a supersonic nonisobaric jet
involves the appearance of additional centrifugal forces which have a substantial
effect on the evolution of small disturbances. The influence of streamlines
curvature in the mixing layer both on the development of inviscid Kelvin-
Helmholtz instability and on the formation and development of stationary
disturbances of the Taylor-Goertler type is shown [7, 8]. The presence of
streamwise vortex structures at the jet boundary affects the turbulent mixing
processes, which determines to a large extent the importance of studying their
physical nature and identification of methods of mixing control.

It is reasonable to represent the Taylor-Goertler disturbances in accordance
with the form used in calculational works when the hydrodynamic flow stability is
studied under the condition of curved streamlines [6, 7].

p = A(r).exp[i.(cxx-cot)].cos(n.9); a = ar+i ai.

Here ai is the spatial amplification rate in the streamwise direction, ar is the
streamwise wavenumber, n is the azimuthal wavenumber, x, r, Vo are the
streamwise and radial; coordinates and the azimuthal angle in a cylindrical
coordinate system, t is the time, A is the amplitude of disturbances. It is shown
that the streamwise vortex structures are stationary (at least at the initial part of
the supersonic jet), therefore, we can assume co = 0 in studying this type of
disturbances.

Experimental researches of the streamwise vortex structures in the mixing
layer of a supersonic jet at high Reynolds numbers are conducted using the
methods of optical visualization of the flow (Schlieren technique, laser sheet
method) [1,3,5,6], direct measurements in the flow by small-size pressure probes
[1-6], and spectral analysis techniques for stationary azimuthal inhomogeneities
[3,4], whose appearance is caused by stationary streamwise vortices in the mixing
layer.

It seems important to study the influence of a local microroughness on the
nozzle surface on the generation of streamwise vortices in the mixing layer, which
is closely connected with the flow receptivity to the value and spectral composition
of surface microroughnesses. The local character of the action of a single
roughness is demonstrated in [3]. More detailed data on the structure of stationary
disturbances in the mixing layer, which are generated by a local microroughness
located on the inner surface of the nozzle, are presented below. The experiments

© V.I.Zapryagaev, 1998
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were performed in a jet facility using a system of automated data acquisition,
which is described in [3]. The gas dynamic parameters of the three examined
regimes for a convergent nozzle with diameter D, = 20 mm and exit Mach
number Ma-.0 are presented in the Table.

N Ps(kPa) x lRa M np=PalPh Re/10(1
1 392.0 3.25 1.56 2.12 1.30
2 490.0 3.75 1.71 2.65 1.71
3 588.0 4.0 1.83 3.18 1.95

Here N is the regime number, P, corresponds to the stagnation pressure in
the plenum chamber of the jet facility, xI/Ra is the length of the first cell of the jet
normalized to the nozzle exit radius Ra; Mj is the Mach number corresponding to
isentropic expansion of the flow in an underexpanded jet from the nozzle exit
pressure Pa to the ambient pressure Ph (np=PIPh is the jet pressure ratio); Re is
the Reynolds number based on the nozzle exit diameter (Da= 2 Ra) and flow
parameters in the nozzle exit cross-section. The dependence of the measured
relative thickness of the mixing layer at the jet boundary '5 '=S,/Ra on the relative
distance x '=x/R for three examined regimes within the range of azimuthal angles
corresponding to an undisturbed flow can be represented by a single approximating
formula (x'< 8) [3]:

,5=0. 157x '+0.048.

The dependence of the measured pressure Po(P) on the azimuthal angle for
three examined regimes (see the Table) for five various cross-sections of the jet is
shown in Fig. 1. The presented plots Po(qp) are obtained for a radius
corresponding to the middle of the mixing layer, r = ro 5, where
Po(ro.s)-0.5*Po(rm), rm is the radius corresponding to the internal boundary of the
mixing layer of the jet. The position of a spherical particle 0. 150 mm in diameter
corresponds to po=1220. The microroughness diameter k is comparable with the
measured displacement thickness P* of the boundary layer at the nozzle exit, i.e.,
k18* :: 1.

The form of the total pressure versus the azimuthal angle plot changes as the
distance from the nozzle exit increases, which manifests itself in the flattening of
the Po((p) curves and decreasing the amplitude of the total pressure variation. The
increased amplitude of variation of the total pressure Po corresponds to the range
of azimuthal angles A0=90-1900 , which is in agreement with disturbances in the
mixing layer that resulted from the action of a localized microroughness located at
po=1220. The center of the wave packet developing in the mixing layer from the
microroughness is located approximately at o,.=140 and differs from the
microroughness position by the value of (ow-q 0 , which is significantly higher than
the measurement accuracy of the azimuthal angle (-10).

For x'=2.0 and 2.5, the form of the dependence Po('q) for various values of
the jet pressure ratio differs insignificantly. The difference in the form of the curves
Po((p) for different regimes in cross-section close to the end of the first cell can be
explained by the different curvature of streamlines. The thickness of the mixing
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layer for various regimes of jet exhaustion differs insignificantly [3]. This
circumstance makes us consider more accurately the curvature of streamlines near
the external boundary of the jet.

a) b)

np=3"18

.• z-../• •.,r• "Fig. 1. Total pressure P0(tp) measured by
_• , .. , a Pitot tube versus the azimuthal angle for a
•%•1 j• (•convergent nozzle with a localized roughness
•1••• • (k = 0.15mm) for five jet cross-sections at

S[, x/Ra = 1.06-5.0 and three jet pressure ratios4~9 np = Pa/Ph = 2.12, 2.65, 3.18; (a,b,c

respectively). The local microroughness is÷• .•• • •located at 9o = 1220.

c)

The curvature of the jet boundary is not constant. The curvature changes its
sign at the end of the first cell. According to available numerical data, the sign and
the value of the curvature of streamlines are determining parameters for thedevelopment of Goertler-type disturbances [9]. An increase of curvature (a

decrease of curvature radius) favors the amplification of this type of disturbances.The change of the curvature sign leads to the decay of disturbances (the case of a
convex surface in a flow with a velocity gradient corresponding to a boundary

layer flow) [9]. This is confirmed by the comparison of the form of the functionsPo('() for the cross-section x/Ra 4.0 for two jet pressure ratios np = 2.12 and
3.18 (Fig. 1,a and 1,c). For a smaller jet pressure ratio, the smaller length of the
first cell of the jet is realized (see the Table).

A substantial increase of the amplitude of streamwise vortex structures has
been registered as the jet pressure ratio increases, and hence, the initial curvature
of streamlines, whose value is given in [2], also increases. Thus, the form of the
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total pressure plotted versus the azimuthal angle and streamwise distance (see
Fig. 1) are consistent with the fact that the observed inhomogeneity of the
distribution of gas dynamic quantities in the shear layer of a supersonic jet is
generated by streamwise vortices of the Taylor-Goertler type.

The influence of the radius, where the Pitot tube is located, on the shape of
the curves Po((p)/Ps is shown in Fig. 2 which presents isobars for regime 2 (see the
Table). Similar changes of the form of the plots Po(ýp) with radius are observed
both for natural disturbances 0 < (p < 900 and for the influence region of a single
local roughness. When the pressure probe is located near the internal boundary of
the mixing layer, which in our case corresponds to r= 0.8.R 0, almost complete
vanishing of the total pressure variations for natural disturbances is observed, but
a rather intense "valley" ((p, = 1400) is retained in the influence region of the
single roughness element. As already stated, the position of this valley does not
coincide with the position of the azimuthal inhomogeneity. To explain the latter,
additional studies are necessary.

150
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0.00 50.00 10000 15000 20000 25000

Fig. 2. Isobars of the measured relative total pressure P. in the plane (r, &) for a supersonic
nonisobaric jet exhausting from a nozzle at M,=l.0, np = 2.65, r/R, = 0.74-1.50, x/R, = 2.5.

When the sign of the derivative with respect to radius dPo/dr changes, which
is registered in this cross-section at r/R0 =1.0, the character of the dependence
Po((o) also changes. The maximum of Po((p) in the external part of the mixing
layer where dPo/dr < 0 corresponds to the minimum in the compressed layer of
the jet (dPo/dr > 0). In this case, small disturbances are hardly ever registered in
the compressed layer. Higher-amplitude disturbances caused by the
microroughness penetrate into the compressed layer of the jet (see Fig. 2).

The spectral analysis of azimuthal inhomogeneities observed is conducted
under the assumption that disturbances from different portions of the surface with
different roughness form different spectra in the mixing layer. An example of the
spectrum of wavenumbers of inhomogeneities Pos(n) for various jet cross-sections
x/Ra and isolines of equal amplitude of the spectral components of disturbances
are presented in Fig. 3. Fig. 3,a shows the data for the range of azimuthal angles
Aq0 = 0-900 , for which the spectral analysis was performed, which corresponds to
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disturbances in the mixing layer, originating from the natural roughness of the
nozzle surface.

06.

,,.•-- 4a -- -

a) b)

Fig. 3. Wavenumber spectra Pos (n, x/Ra) obtained in the range of angles Alýo= (0 90)0 (a)
and Aq),= (90+-190)0 (b), and the corresponding isolines of equal amplitude of the spectral
components versus the streamnwise coordinate x/Ra, =1.06 - 8.0, Ma =1.0; np = 2.65; Re=l.71• 106.

The spectral composition of disturbances is limited by wavenumber values
n < 50. Individual spectral components are clearly seen, which take the values
n=8, 20, and 32 for natural disturbances in the range of azimuthal angles Aq,=0O -
900. For the range of azimuthal angles A10=90-190° corresponding to disturbances
caused by a local inhomogeneity, the spectrum has a different form, the
wavenumbers, corresponding to the maxima, are different from the influence
region of natural disturbances and equal to n =14; 28 a4d 39 (Fig. 3,b).

The common feature in the character of variation of the wavenumber
spectrum versus the streamnwise distance is a dramatic decrease in the amplitude of
some spectral components down to the noise level at distances x/Ra, > 4.0, which
corresponds to the end of the first cell of a supersonic jet. However, for distances
x/Ra, < 4.0, the behavior of individual modes at the initial part of the jet is
different for the ranges of azimuthal angles with natural (Fig. 3,a) A9 = 0-900 and

artificial (Fig. 3,b) Alqp = 90-1900 disturbances on the surface.
Natural disturbances have a maximum in the dependence Pos(x') whose

position shifts from the nozzle exit as the size of streamnwise vortices increases (the
wavenumber n decreases). The amplitudes of the spectral components for the
range Aop = 90-1900, as well as for the range corresponding to the natural
disturbances, have a maximum (n =20). An important factor is a drastic decrease
of the amplitude of some spectral components (nim28 and 39) for wan = 90-190v,
which is explained by the fact that these spectral components are generated by a
local microroughness.

Thus, it seems reasonable to use the approach employed to study the
disturbance evolution in the boundary layer within the framework of the theory of
hydrodynamic stability, which includes the consideration of the problems of
stability, receptivity, level and type of initial disturbances [10i. The data of an
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experimental study of the influence of a local rnicroroughness positioned on the
internal surface of a convergent nozzle near its exit support tile previously made
assumption about the important role of the level and character of initial
disturbances of the nozzle surface roughness on the formation and development of
streamwise vortices at the initial part of a supersonic jet. A strong influence of the
boundary conditions at the nozzle exit supports the fact of existence of a
transitional process at the initial part of a supersonic jet exhausting into the
ambient space at Reynolds numbers (2-5)-106 . The transitional process implies the
transition from a laminar flow in the boundary layer of the nozzle to a turbulent
flow in the mixing layer of a supersonic jet. Tile latter is in agreement with the
experimental data on the transitional Reynolds number obtained in I ll], and also
with the numerical data of [121, which indicate a significant increase of flow
stability in the mixing layer when passing to supersonic flow speeds. The transition
in the initial part of a supersonic jet is apparently due to the initial development of
stationary streamwise vortices of the Taylor-Goertler type with subsequent
turbulization of the flow in the mixing layer or by means of development of the
Kelvin-Helmholtz instability.
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