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INTRODUCTION

There are a variety of military rockets which are launched
from tubes. The designer of a tube-launched rocket system must consider
the possibility of unbalanced forces on the rocket caused by flow in the
annular gap between the rocket and the launcher wall. To be able to pre-
dict the magnitude and the direction of the flow in the annular gap, one
must be able to describe the exhaust plume of the rocket and the viscous/
shock interaction structure which results when the plume encounters the
launcher wall. The strength of the impingement shock wave and the
characteristics of the viscous interaction at the wall depend on the
structure of the exhaust plume and on the geometry of the launch tube.

A sketch of the generalized flow pattern of an underexpanded, axisym-
metric jet exhausting into a static medium is presented in Fig. 1. As
the exhaust flow emerges from the nozzle, it expands to the pressure of
the surrounding fluid at the jet boundary. Because the pressure of the
ambient atmosphere bounding the plume is constant, the plume boundary is
curved for an axisymmetric flow. A shock wave is formed by the coales-
cence of the compression waves required to turn the flow at the boundary.
Downstream, the shock waves form a Mach disc. Thus, it is important that
one can develop techniques to calculate the structure of the exhaust

plume (both the "inviscid" core and the shear layer at the plume boun-

dary).

To develop flow models for the exhaust plumes, investigators




have used a variety of experimental simulations, varying in complexity
from the use of cold-gas jets to an almost exact duplication of the
full-scale jets. When conducting an experimental program, it is impor-
tant to establish the degree to which the model flow simulates the
actual flow.

As noted in Ref. 1, the shape and curvature of the inviscid
boundary is dependent on a number of variables. These include the ratio
of specific heats of the jet, the Mach number of the jet, the divergence
angle of the nozzle (or the nozzle geometry, in general), and the jet
pressure ratio, pne/pb' When the exhaust flow expands (or accelerates)
from the static pressure in the nozzle exit plane (pne) to the lower
ambient pressure (pb), an inviscid jet would expand so that the initial
inclination angle of the expanded jet is:

ep’o = 0, t v (1)

where Av is the change in the Prandtl-Meyer angle. Most investigators,
e.g., Refs. 1, 2, 3, and 4 believe the initial inclination angie is,
perhaps, the most important property to be duplicated. As noted in Ref.
2, the shape of the jet boundary for the first few diameters downstream
of the nozzle exit can be assumed to be only slightly affected by vis-
cous effects. Thus, the method of characteristics provides a reasonable
approximation for the jet boundary. Numerical codes based on the method
of characteristics can be used to calculate the inviscid flow field of
the expanding jet. Such codes, while neglecting the influence of vis-
cosity on the downstream flow field, can account for entropy gradients

in the plume, e.g., Ref. 5. Thus, one can represent the effect of the




boundary layer at the nozzle exit plane or of shock waves in the plume
flow field. The accuracy obtained in the actual application of the
method-of-characteristics code depends on factors such as how well is the
flow field known for the initial plane used at the start of the calcu-
lation (i.e., for the nozzle exit-plane in the present report), the
assumed model for the downstream flow, the non-ideal behavior of the
exhaust gas, and the construction of the mesh size as the solution pro-
ceeds downstream.

Love et al (Ref. 1) concluded that "a circular-arc boundary
is a satisfactory prediction, both theoretically and experimentally, of
the first portion of the jet boundary from the jet exit to the vicinity
of maximum diameter of the jet". Korst (Ref. 4) states that if plume
modeling is to be achieved, one must also match the dimensionless radius
of curvature.

If the condition of constant pressure along the jet boundary
is used to determine the changes in the jet boundary angle which are
required to compress the flow and balance the pressure decrease caused
by the one-dimensional flow area increase, then the relation between
the turning angle and the pressure change is given by the Prandtl-Meyer

relation:
Y(M )2
. M () + Olw)? (2)

It is apparent then, that two jets that have the same value of the

coefficient Y(Mne)%ene could be expected to have the same pressure-

change/deflection-angle relation within the linearization of equation (2).




The simulation of the nozzle exhaust flow is complicated by

the presence of oblique shock waves originating in the nozzle. Such
shock waves may be generated by a discontinuity of the second deriva-
tive of the nozzle contour at the throat (Ref. 6) or when the flow is
turned back toward the centerline by an inflection in the wall contour.
Leng et al (Ref. 7) caution that the impingement of these oblique shock
waves on nearby surfaces can radically affect the flow field, the heat-
transfer distribution, and the pressure distribution.

To optimize the performance of a tube-launched rocket system,
the mechanism which generates the flow in the annular gap, i.e. the ex-
haust plume of the rocket nozzle and the viscous/shock interaction
structure which results when the plume encounters the launcher wall,
must be accurately modeled during the system design phase. The present
program defines, with pitot-pressure distributions and schlieren photo-
graphs, the exhaust plume which results when an underexpanded, super-
sonic stream exhausts into quiescent air. The free plumes of three
different nozzle geometrical configurations appropriate to present day
tube-launched rocket system applications are compared with theoretical
method-of-characteristic solutions. The results are a foundation upon
which the tube-launched rocket designer may base decisions regarding
the fabrication of hardware which will successfully control the flow in
the annular gap. The report also discusses the current attributes and
shortcomings of the University's numerical codes and provides a range of
empirical data with which to evaluate future developments in the codes

and to make assessments of continued rocket system advancements. By




itself, the present report does not totally satisfy the present needs

of the designer. However, used in conjunction with the results, to be
published, of the second phase of experimentation now ongoing at the
University of Texas, the flow in the annular gap should be well under-
stood, and, consequently, steps made toward controlling its adverse
effects. Following is a description of the free piumes. The second
report, "Study of the Impinging Flow Produced when a Rocket Exhaust
Encounters the Launcher Wall", will examine the same nozzle geometrical
configurations and describe the exhaust plumes when they are constrained

by a constant area launch tube.
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NOMENCLATURE

cross sectional area

Mach number

pressure

radius of curvature

radius, distance measured in radial direction
Reynolds number based on momentum thickness
flow velocity

distance downstream of the nozzle-exit plane

simulation parameter, M- -1
ratio of specific heats

flow inclination angle
viscosity

Prantl-Meyer angle

density

Subscripts

base region
nozzle exit
initial condition

exhaust plume

pitot pressure
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Subscripts (Cont.)
r rocket
t stagnation
tl stagnation conditions in the nozzle reservoir
t2 stagnation conditions immediately downstream

of a normal shock wave

Superscripts

* evaluated at the nozzle throat




EXPERIMENTAL PROGRAM

Test Facility

The tests were conducted at the Rocket Exhaust Effects Facility
located at the Experimental Aerodynamics Laboratory (EAL) of the Uni-
versity of Texas at Austin. A diagram of the blow-down type facility is
presented in Fig. 2. The simulated rocket exhaust jet plumes were ob-
tained by accelerating unheated, compressed air (the test gas) through
one of three convergent-divergent nozzles (the simulated rockets) into

ambient air. Steady state test time was limited to approximately 14

seconds for the maximum reservoir pressure of 9.046 x 106N/m2 (1312 psia).

A photograph of the facility is presented in Fig. 3. Illus-
trated are the high pressure supply line, the simulated rocket, which
is threaded to the supply line and held firmly by the yoke assembly,
and the pitot-probe assembly, which is mounted on the movable table. By
moving the table in the x (or streamwise) direction the relative loca-
tion of the pitot-pressure instrumentation in the exhaust plume could

be varied.

Simulated Rockets

The simulated rocket exhaust flows were produced by accel-
erating unheated air through one of three convergent/divergent nozzles.
The principal dimensions of these convergent/divergent nozzles, i.e.,

r*, r , and P and the contour of the convergent section were the same

ne
for all three configurations. The coordinates for the convergent sec-
8




section are given in Fig. 4a for the 20° conical nozzle. (Since the

X coordinate is measured from the nozzle exit-plane, it would vary from
nozzle to nozzle). The contour of the divergent section, which was the
configuration variable, is illustrated in the sketches of Fig. 4. The
equations defining the divergent section for each nozzle are defined

below. The dimensions are in centimeters.

Nozzle A, the 20° conical nozzle (Fig. 4a):

For -1.308 < X < -1.031: (% *+ 1.308)% + (r - 1.626)2 = (0.813)

For -1.031 < x < 0.0: r =0.759 + 0.364 (x + 1.308)

IA

Nozzle B, the 10° conical nozzle (Fig. 4b):

—_—

For -2.479 < X < -2.338: (x + 2.479)% + (r- 1.626)% = (0.813)
For -2.338 < x < 0.0: r - 1.237 = 0.176x
Nozzle C, the 10° contoured nozzle (Fig. 4c):

For -2.008 < % < -1.895: (% +2.098)% + (r - 1.626) = (0.813)
For -1.895 < X < 0.0: r2=0.434 X + 1.530

The cross-sectional area of the throat and of the nozzle
exit-plane were the same for all three nozzles with Ane = 2.316 A*. If
the acceleration of the flow through a convergent/divergent nozzle of
this area ratio were isentropic, the Mach number in the nozzle exit-

plane would be 2.36 (Ref. 8).

S —




Pitot Probes for the Supersonic Flow

A pitot-probe assembly containing a row of nine stainless

steel pitot tubes was used to sense stagnation pressure profiles in the -

exhaust plume. The rake's dimensions are shown in Fig. 5. The tubes
were mounted in a wedge and secured to the movable platform as shown in
Fig. 6. The probes could be traversed laterally and longitudinally in
the xr plane, Fig. 7. Position accuracy was maintained within

+ 0.0076 cm (+ 0.003 in.). After initial alignment the probes were not
moved vertically and remained perpendicular to the nozzle exit-plane
during all test runs. The pressures were recorded using 0-1000 psig

Bourdon-type dial pressure .gauges.

Test Program

The apparatus and data-recording equipment currently used at
the EAL Rocket Exhaust Effects Facility required the following procedure
to be followed to conduct the experiment.

First, the desired rocket nozzle configuration was threaded
into the supply line and anchored to the rail yoke. The pitot-probe
assembly was secured to the movable table and the centerline of the
middle probe aligned so as to be collinear with that of the simulated
rocket. The traversible carriage was moved to place the plane of the
probes in the exit plane of the nozzle. The assembly was then secured
prior to starting the flow. During the test, the stagnation pressure

in the nozzle (and, therefore, the mass flow rate of the unheated air)
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was controlled to maintain a constant stagnation (chamber) pressure.
Pitot-pressure measurements made in the supply line, serving as the
nozzle reservoir, determined the local stagnation pressure during sys-
tem calibration. The velocity of the air in this line was not negligi-
ble but was determined, by area ratio, to have a Mach number equal to
0.4. Data were obtained for Pty from 1.462 x 106 N/m2 (212 psia) to
8.715 x 106 N/m2 (1264 psia). Once steady-state conditions were
achieved, the dial pressure gauges were recorded photographically and a
schlieren picture was taken of the exhaust flow. This procedure pro-
duced nine data points. The pitot-probe assembly was moved laterally
0.064 cm (0.025 in) and another test performed. This procedure was re-
peated five more times to provide 54 original data points and nine re-
peat points which could be used to define the flow field in the nozzle
exit-plane. The detailed investigation of the exit plane was

necessary to provide sufficient input to the method-of-characteristics

programs.
Once the ;5—-= 0.0 station was thoroughly probed, the
ne
movable table was traversed longitudinally to provide similar data at
Fi- stations of 0.5, 1.0, 2.0, and 3.0. Since these data were used
ne

for comparison with the theoretical solutions, fewer data points were
needed. Thus, the measureménts were made at intervals of every
0.127 cm (0.050 in).

Schlieren photographs were also taken of the plume without the

pitot rake present. The facility permitted photographs taken only

e A i AT il et i s sl
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perpendicular to the nozzle exit-plane as indicated in Fig. 3.
é A similar run schedule was completed for all three nozzles

under investigation.
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DISCUSSION OF RESULTS

Introductory Remarks

An experimental program has been conducted to define the ex-
haust plume which results when an underexpanded, supersonic stream ex-
hausts into quiescent air. Pitot-pressure distributions and schlieren
photographs were used to define the exhaust plumes for three different
nozzle configurations. These experimentally-determined flow fields have
been compared with the theoretical solutions generated using numerical
codes based on the method of characteristics. Two numerical codes were
used. For the more simple code, designated the MOC code, entropy
gradients were neglected. Furthermore, no attempt was made to control
the location of the downstream mesh points in the MOC code. The effect
of entropy gradients in the initial (input) plane of the flow field is
included in the second code, which is therefore designated the Rota-
tional Method-of-Characteristics (RMOC) code. Although the entropy
(or, equivalently, the stagnation pressure) can be varied across the
initial plane, the entropy remains constant along a streamline as the
flow proceeds downstream. The Hartree, or reference plane, method
(Ref. 9) is used to insure that the downstream mesh points remain in
a plane, thus facilitating correlation with the experimental data.
These two codes are described in more detail in Reference 10.

Starting from the nozzle exit-plane as the initial plane in

which the flow is known, method-of-characteristics solutions were gene-

13
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rated using both the MOC code and the RMOC code. The local Mach num-
ber (M), the inclination of the local velocity vector relative to the
nozzle axis (), and the local, dimensionless stagnation pressure
(pt/pt]) are the parameters used to define the flow at the mesh points.
Values for any other flow field parameters were derived from these.
Since the MOC code does not accomodate entropy variations, the stag-
nation pressure ratio (pt/pt]) was equal to one throughout the flow
field. Even though the RMOC code can handle entropy gradients, the
stagnation pressure ratio was assumed to be equal to one at all points
outside the boundary layer. Hence, it is assumed that, with the ex-
ception of the boundary layer, the flow in the nozzle was isentropic
for both codes. The flow inclination was assumed to vary uniformly
across the nozzle from zero at the axis to e (at the nozzle wall
for the MOC code and at the boundary-layer edge for the RMOC code).
The local Mach numbers were calculated from the curve fits of the pitot-
pressure data presented in Figs. 8 and 14. The theoretical solutions of
the plume flow fields were essentially the same whether the third-order
fit was used or the fourth-order fit used. Thus, the plume solutions
presented in this section use the particular fit which appears to pro-
vide the best correlation of the exit-plane measurements.

In the discussion that follows, the characteristics of the

plume for a given nozzle are discussed separately.




a

R e AN i i3

15
The Plume for the 20° Conical Nozzle
Nozzle exit-plane. - The pitot pressures measured with the probe
assembly located at the nozzle exit-plane, i.e., x = 0.0 Fpe® are pre-

sented in Fig. 8. The experimental values of the pitot pressure have
been divided by the stagnation pressure in the nozzle reservoir, which
was 8.715 x 106 N/m2 (1264 psia). If one assumes that the flow in the
nozzle is isentropic, these dimensionless pitot pressures can be used
to determine the radial Mach number distribution in the nozzle exit-
plane. The isentropic assumption is a reasonable one, since (1) the
only waves evident in the schlieren photographs are near the wall of
the nozzle and they do not appear to significantly affect the exit
plane pitot pressures, and (2) calculations made using the University's
version of the BLIMP code (Ref. 11) indicate that the boundary layer

is thin (less than 0.025 rne): Referring to the tabulated values of
Ref. 8, these experimental pitot pressures indicate that the Mach num-
ber varies from 2.23 near the axis to 2.48 near the wall of the nozzle.
Recall that if one assumes that the flow undergoes a one-dimensional,
isentropic acceleration from the sonic throat to the streamtube area

of the exit plane, the Mach number would be 2.36. Since the measured
pitot pressures indicate that the flow in the nozzle was not one dimen-
sional, these data were used to help define the flow in the initial
plane, which is required as input for the method-of-characteristics
solutions. Third-order and fourth-order least-squares fits of the

data, which are included in Fig. 8, were used to generate the correla-

tions.
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Plume flow field. - The flow field computed using the MOC code is illus-

trated in Fig. 9. Arrows are used to represent the computed values of
the Mach number (indicated by the arrow lengths) and of the local flow
inclination (indicated by the arrow direction) at selected points. The
inner boundary of that portion of the plume affected by the expansion of
the exit-plane flow to atmospheric pressure is indicated by a broken
line. That portion of the plume between this broken 1ine and the axis
is designated’as the "internal core”. Since the flow in this internal
core is not influenced by the relatively low pressure of the ambient
atmosphere, the streamwise increase in the Mach number reflects the
continuation of the acceleration process which takes place within the
nozzle.

The "expansion fan" indicated near the 1ip of the nozzle is
the result of the large difference between the static pressure in the
nozzle exit-plane and that of the surrounding atmosphere. As the plume
expands and the streamtube area increases, the Mach number at points
within the plume increases. However, since the pressure is constant
along the plume boundary and since the free shear-layer is not modeled,
the Mach number is constant along the plume boundary. Therefore, the
Mach number varies in the radial direction, increasing with r from
the value at the axis to a maximum in the expansion fan and then de-
creasing to the boundary value. Because of this radial variation in

the Mach number, pitot-pressure distributions should have a relative

minimum when the Mach number is a maximum.
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Because the flow is axisymmetric and because the local static
pressure in that region of the plume where the Mach number is the lar-
gest is below the atmospheric value, the plume boundary is curved. Com-
pression waves are generated to turn the flow at the plume boundary and
to increase the static pressure at the edge of the jet to the value of
the surrounding atmosphere. The coalescence of the compression waves
is indicated by the "intersecting" arrows near the plume boundary.
Although the compression waves would coalesce into a shock wave, the
flow models represented by the University codes in their present form
do not include the formation of internal shock waves.

Presented in Fig. 10 are the radial distributions of the
pitot pressure which result when unheated air is accelerated from a
reservoir where P is 8.715 x 106 N/m2 (1264 psia) through the 20°
conical nozzle and exhausts into quiescent air. The data, which are
presented for values of x from 0.5 Poe to 3.0 Fhe® are com-
pared with the theoretical values computed using the two method-of-
characteristics codes. The theoretical values of the pitot pressures
were calculated using the computed Mach number to define the stagnation
pressure ratio across a normal shock wave (ptz/pt) and the stagnation
pressure ratio (pt/ptl) for the point of interest. The effect of the
local flow inclination was not included in the calculation procedure.
This "assumption" could have a significant effect on the correlation

in the expanded flow near the plume boundary where the flow inclina-

tions are relatively large.
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For x = 0.5 r.e» the pitot pressures measured in the inter-
nal core region (i.e., r < 0.965 rne) are in reasonable agreement with
the theoretical values, except for those near r = 0.5 e Since
these relatively low values were obtained with the same probe and
appear to be peculiar to these few runs, the discrepancy is believed
to be the result of experimental error. For r > 0.965 P the
pitot pressures decrease rapidly with increasing r until near the
plume boundary. The pitot pressures calculated using the MOC flow
field pass through a minimum (where the local Mach number is a maxi-
mum) and then increase to the plume boundary. The pitot pressures
calculated using the RMOC flow field decrease continuously with r
to the plume boundary. The calculations for r > 1.20 o exhibit
the effects of the nozzle boundary layer. The reader should note
that the model currently used to describe the expansions of the boun-
dary layer needs improvement and will be changed (since the RMOC code
is still being developed). Nevertheless, the correlation between the
measured values and the theoretical values indicates that the viscous
effects significantly influence the pitot pressures in this region.
The detailed data required to define the pitot pressures in the shear
layer at the plume boundary could not be obtained with the present
equipmenit. Referring to the schlieren photographs, it is evident that
the actual plume boundary lies outside the location predicted using
either theoretical code. At present neither code accounts for the

growth of the shear layer along the plume boundary.
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For x > 1.0 Prg? the pitot pressures measured near the axis

appear to be relatively low. A weak wave, indicating a large density

gradient, originating near the 1ip of the nozzle can be seen in the

schlieren photograph. The trace of this wave follows closely (being

just inside) the broken line which represents the boundary of the

internal core as calculated using the MOC code (see Fig. 9). The

radial location of this wave at a particular station corresponds to the

outer edge of the "pressure valley" observed in the experimental distri-

butions. Since no shock waves appear in the schlieren photograph of g{

the inner core, it is assumed that these relatively low pitot pressures
result because the Mach number in this region is relatively high.
Numerical solutions generated at the Redstone Arsenal (Ref. 12), using

a rotational method-of-characteristics code similar to that described

in Reference 5, correspond reasonably well with the results pre-

sented for the University's RMOC code.

The pitot-pressure measurements from the expansion fan are in

reasonable agreement with the MOC solution. At most stations, the

experimental distribution exhibits the relative minimum corresponding

to the peak Mach number. Although the pitot pressure measured at

r=1.8r at x =10 r,e indicates that this point was in the shear
layer, the data do not provide significant information about the flow

in the shear layer.

A schlieren photograph of the plume generated for the 20°
conical nozzle with Pe1 of 8.715 x 106 N/m2 (1264 psia) is presented in

Fig. 11. Included for comparison are the plume boundaries computed
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using the two numerical codes. Note that despite the shortcomings of

the RMOC code, the plume boundary computed using this code lies slightly
nearer to the actual boundary, as evident in the photograph.
As noted in the Introduction, various investigators have con-

cluded that a circular arc of constant radius provides a satisfactory

approximation of the jet boundary near the nozzle exit. Equation (1)
has been used to calculate the value of ep 0 which is 41.33°. The
method prescribed by Pindzola (Ref. 2) has been used to calculate the

radius of the circular arc. Using the relation:

15.7 rne

B, = —Hes /8 M (3)

where Mne= 2.475 for the 20° conical nozzle was taken from the MOC

code as the last Mach number in the radial distribution before the

Prandt1-Meyer expansion was constructed at the 1ip of the nozzle.
Thus, the radius of curvature, Rp, is 26.173 cm (10.304 in.). As

shown in Fig. 11, the “circular-arc boundary" did not correlate well

with the experimental plume. Variations in the value of M, for the |4

range of Mach numbers considered in the present study had negligible

effect on changing the radius of curvature. However, the value of

ep 0 and the resultant construction of the perpendicular to the tan-

gent of the plume boundary in order to locate the center of curvature
was most significant in locating the circular arc with respect to the
nozzle exit-plane. Since the arc exceeds the bounds of the experi-

mental plume, the value of 6 would have to be significantly

p,0
decreased to improve the correlation.




21

y(M_ )2

3 (Ref. ) for
ne

The value of the simulation parameter

the gas (air) exhausted through the 20° conical nozzle is calculated

to be 3.788.

Shear layer. - Definition of the growth rate of the shear layer at the
plume boundary should be included in the code, if one is to accurately
model the plume flow field. It becomes even more important in develop-
ing analytical tools to describe the flow field which results when the
plume impinges on a launch-tube wall. Data (as yet unreported) from
tests currently being conducted at the University of Texas indicate
that the pressures immediately downstream of the impingement shock
wave in a launch tube are as much as twenty percent lower than the
value predicted by the MOC code which, as previously mentioned, does
not account for the free-shear layer at the plume boundary or the
development of shock-wave/shear-layer interactions. Correlations re-
lated to the growth rate of the shear layer are presented in Figs. 12
and 13. The distance between the actual plume boundary (as determined
from the schlieren photographs) and the plume boundary computed using
the MOC code, Arp, (non-dimensionalized by dividing by rne) is used
as a measure of the growth rate of the shear layer.

Data are presented for stagnation pressures from 1.462 x
105 N/m? (212 psia) to 8.715 x 10° N/m® (1264 psia). The correspond-
ing values of the jet-pressure ratio (pne/pb) are presented in the

table at the top of the following page.
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pt](N/mz) 1.462x10%  2.779x10%  4.102x10%  6.074x10®  8.715x10°

Pre

D 1.111 2.111 3.116 4.614 6.621
b

The values of Phe Were calculated assuming that the flow accelerated
isentropically in the nozzle to Mne = 2.36.

In Fig. 12, Ar_/r at X = 1.0 o is presented as a func-

o’ "'ne e
tion both of the reservoir stagnation pressure (pt]) and of the exit-

plane Reynolds numbers (pne Une rne/“ne)' Since the stagnation tempera-

ture and the nozzle geometry were fixed, the Reynolds number depends
directly on the stagnation pressure. Although the nozzle-exit radius
O is used as the characteristic length, the choice of the proper
length for nozzle flows is uncertain, as has been stated previously by
Herron (Ref. 3). Note that there is ¢ marked change in the growth
rate parameter for’ Pey > 4.102 x 106 N/m2 (595 psia). This change is
attributed to the onset of turbulence.

As discussed earlier, the nozzie boundary layer was calcu-

lated using the University's version of the BLIMP code. It was

necessary to input certain boundary conditions in order to generate

these boundary-layer solutions. The flow parameters at the edge of

the boundary layer were calculated using the geometric area ratio of

the nozzle and the assumption that the flow was one-dimensional and

isentropic to define the pressure distribution. Although the velo-

city of the air in the stilling chamber is not negligible (the Mach

number is approximately 0.4), the effect of the boundary layer up-
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stream of the throat was neglected. This assumption was based (in
part) on the fact that the boundary layer for a continuously accelera-
ting flow is relatively thin. When computing boundary layers for the
Reynolds number range of these tests, a suitable transition criterion
must be incorporated into the analysis to define the character of the
boundary layer. Since the flow is supersonic, the transition criterion

should include the effect of Mach number. One such transition para-

T e

= b e

meter is used for the Space Shuttle Orbiter, i.e., (Ree/M) (Ref. 12).
For the nozzle flow under consideration, (Ree/M)ne = 342, which is
slightly above the baseline value of 270 used as a Shuttle transition
criterion. However, because of the favorable pressure gradient, a

higher critical Reynolds number would be expected for the nozzle flow.

Indeed, values of (Ree/M)tr approaching 400 were observed for the
Shuttle (Ref. 12). Although the unit Reynolds number in the nozzle

exit-plane (p

3 8 3 6 2
- Une/une) is 2.733 x 10%/m for Pep = 2.654 x 10° N/m

(385 psia), solutions in the nozzle indicate that the boundary layer

is entirely laminar at this condition. The relatively sudden increase

in the values of ar /r at % = 1.0 v, for pyy > 4.102 x 10° Wn’

(595 psia), illustrated in Fig. 12, is attributed to the onset of tur-
bulence in the nozzle boundary—layer. The reader is cautioned against
concluding that the shear layer at the plume boundary is also turbu-
lent for Pey > 4.102 x 106 N/m2 (595 psia), since the very large expan-
sion at the nozzle 1ip would promote relaminarization of the viscous
flow.

The streamwise variation of Arp/r“e is presented for several
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values of the stagnation pressure in Fig. 13. Note that Arp/rne is
essentially a linear function of i/rne, with the slope of the line
through the experimental values obtained for P > 6.074 x 106 N/m2

(881 psia) greater than that for the values obtained for

Pt <4.102 x 106 N/m2 (595 psia). As noted already, the change in

the growth-rate parameter is attributed to the onset of turbulence.

Note that for the data obtained at 1.462 x 10° N/m® (212 psia), for
which the static pressure in the nozzle exit-plane is approximately
equal to the atmospheric value, Arp/rne increases more slowly with

X than the other low Reynolds number data. For this reservoir pressure,

the exhaust flow does not expand rapidly as it leaves the nozzle.

The Plume for the 10° Conical Nozzle

Nozzle exit-plane. - The nondimensionalized pitot-pressure distri-

bution for the exit-plane of the 10° conical nozzle is presented in
Fig. 14. Except for the pitot pressures measured very near the

axis, i.e., for -0.2 Yo ST 0.2 Fua® and those measured very near

e
the wall, the experimental pitot pressures are relatively constant.
Referring to the schlieren photographs of the exhaust plume, which
are presented in Fig. 15, it is clear that the relatively high
pressures near the axis are due to the presence of an internal shock
wave. The existence of this weak, oblique shock wave is attributed
to discontinuities of the second derivative of the nozzle contour at

the throat which occur during the fabrication of these small scale

nozzles. The Mach number and the stagnation pressure of the flow

downstream of the shock wave is less than it would be if the shock
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were not present. However, because the local Mach number of the shocked

flow is relatively low, the change in the stagnation pressure across
the normal shock wave, which results when the flow encounters the
pitot probe, is less than that for an unshocked flow. For this flow,
the change in the stagnation pressure ratio across the pitot-probe
shock compensates for decrease in stagnation pressure across the
oblique shock wave.

The pitot-pressure measurements for 0.2 r = < [r] <0.95 s

indicate that the Mach number in this portion of the exit plane was

between 2.32 and 2.39.

Curve fits of all the data were used to generate the infor- f

mation required as input into the method-of-characteristics codes.
J: The fourth-order least-squares curve fit of the data was used as the }
input correlation for the MOC code. Recall that, for the applications
of the present codes, the flow in the core region of the nozzle was
assumed to be isentropic. This assumption neglects the effects of the
entropy gradients and of the shock-perturbed flow field parameters on

the flow field.

Plume flow-field. - The radial pitot-pressure distributions for x of

0.5 e’ 1.0 Pag® 2.0 i and 3.0 ne 3re presented in Fig. 15 for

the 10° conical nozzle. The theoretical distributions computed using
the MOC code with the input described above are included for compari-
son. Despite the presence of shock waves, which are strong enough to

- be visible in the schlieren photographs, the correlation between the
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computed pitot-pressure distributions and the experimental ones is rea-
sonably good.

The locations of the shock waves, as determined from the
schlieren photographs, are indicated by the arrows with the subsymhol
"S". By x = 3.0 Fog® the shock waves have intersected the plume boun-
dary and there are no traces of the throat-generated shock waves visi-
ble in the plume at this station. Betweer the axis and the shock-wave
location, i.e., where the flow has passed through the shock wave, the
experimental pitot-pressures are measurably greater than the theore-
tical values. At radial locations outside the shock waves, the corre-
lations between theory and experiment are very good except near the
plume boundary. At the extremes of the plume the MOC again does not
predict the minimum pitot pressure found experimentally. As noted
before, this inaccuracy is attributed to deficiencies in the flow
field model used in the code and to the increased effect that the
local flow direction angularities near the plume boundary have bn the

pitot-probe data.

Shear layer - The plume boundary for the 10° conical nozzle with

Pyy = 8.715 x 10% W/m® (1264 psia) is i1lustrated by the schlieren pho-
tograph presented in Fig. 16. Included for comparison is the plume
boundary computed using the MOC code. Note that the solution computed
using this relatively simple, inviscid flow model provides a reasonably
good estimate of the plume boundary for this nozzle exhaust flow.

Correlations related to the growth rate of the shear layer are

PN
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presented in Figs. 17 and 18. Again, the nondimensionalized distance
between the actual plume boundary and that computed using the MOC code,
Arp/rne, is used as the drowth-rate parameter. Values of Arp/rne at

x = 1.0 e 3re presented as a function both of the reservoir stagnation

pressure and of the exit-plane Reynolds number. As noted earlier, since
the stagnation temperature and the nozzle geometry were fixed, the
Reynolds number depends directly on the stagnation pressure. Also
included for comparison are the data for the 20° conical nozzle, which

were presented in Fig. 12. Note that, at a given Reynolds number,

the value of Arp/rne for the 10° conical nozzle is much less than that

for the 20° conical nozzle. This is true even though the nozzles are

exhausting into a quiescent atmosphere. Apparently, the fact that the
exhaust flow is already "spreading" more in the 20° conical nozzle

4 promotes the "spreading" along the plume boundary. Recall (Fig. 13)

'i that the values of Arp/rne were relatively small for the properly ex-

| panded exhaust from the 20° conical nozzle, i.e., 1.462 x 106 ﬁ/m2

(z12 psia).

Note also that the marked change in the growth-rate para-
meter due to the onset of turbulence occurs for Py > 4.102 x 106 N/m2
(595 psia) for both nozzles. Since the lengths of the divergent sec-
tions are significantly different for these two nozzles, that length
is apparently not the characteristic dimension for the nozzle exit-
plane Reynolds number.

The streamwise variation of Arp/rne is presented for several

values of the stagnation pressure in Fig. 18. Again, Arp/rne is
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essentially a linear function of i/rne and distinctly different corre-

6

lations are obtained for the measurements for Pe > 6.074 x 10 N/m2

(881 psia) and those for Pyy < 4.102 x 106 N/m2 (595 psia).

The Plume for the 10° Contoured Nozzle

Nozzle exit-plane. - The pitot pressures measured with the probe assem-

bly located at the nozzle exit-plane, i.e., x = 0.0 ne® 2re presented

e
in Fig. 19. The experimental values of the pitot pressure have been
divided by the stagnation pressure in the nozzle reservoir (pt]), which
was 8.715 x 106 N/m2 (1264 psia). Significant variations in the
pressure occur across the nozzle exit-plane. These variations are the
result of oblique shock waves which are evident in the schlieren pho-
tographs of the exhaust plume (see Figs. 20 and 21). As was the case
for the 10° conical nozzle, shock waves are apparently generated by
discontinuities of the second derivative of the nozzle contour at the
throat. Traces of a second shock surface are evident in the schlieren
photographs. This shock wave is formed by the coalescence of the com-
pression waves generated at the inflection of the contoured nozzle's
divergent section.

Numerical solutions generated usina a method-of-characteristics
code like that described in Reference 5 (termed the "Theoretical-
MIRADCOM") indicate the formation of this shock surface (Ref. 13).
Although the numerical solution generated at MIRADCOM handles only one

internal shock wave, the solution depicts waves coalescing along a
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curve which corresponds closely to the photographic trace of the shock
wave. This recompression shock develops even though the radius of
curvature of the divergent section is very large, i.e., the nozzle
wall is nearly linear, as evident in Fig. 5(c) in which the nozzle is
shown five times larger than full scale.

Because of the multiple shocks present in the plume, the
flow is obviously nonisentropic. Therefore, method-of-characteristics
solutions were not generated for the exhaust plume from this nozzle.
The experimental distributions are compared in Fig. 20 with those ob-
tained for the 10° conical nozzle. For X < 2.0 r,_, the pitot-
pressure distributions are essentially the same at the radial locations
outside the shock waves. The differences in the number, locations,
and strengths of the shock waves through which the flow passes pro-
duces marked differences in the pitot-pressure distributions near the
axis of symmetry. The pitot-pressure distributions measured at
x = 3.0 e 7€ the same for both nozzles across the entire plume.
Thus, the effects of the internal shock waves are washed out by the

streamwise acceleration of the flow in the expanding plume.

A Comparison of the Plume Boundaries

The theoretical and the experimental plume boundaries for
the 20° conical nczzle with p,; = 8.715 x 10° N/n” (1264 psia) are
compared in Fig. 22. Since these data are for the highest Reynolds
number flow, turbulence affects the shear layer thickness, as indi-

cated in Fig. 12. Furthermore, of the three nozzles tested, the

o
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correlation between theory and experiment is poorest for this nozzle
(which has the largest nozzle exit-angle). As noted earlier, the plume
boundary computed using the RMOC code lies slightly nearer to the actual
boundary than that computed using the MOC code. This is true even
through the RMOC code in its present form does not suitably describe
the expansion process.

The theoretical and the experimental plume boundaries for the
two nozzle configurations for which ene = 10° are presented in Fig. 23.
In addition to the solution for the 10° conical nozzle which was gene-
rated using the University's MOC code, solutions were obtained for both
nozzles using a MIRADCOM code (Ref. 13). The equations used in the
MIRADCOM code are similar to those used in the University's RMOC code.
Starting from a plane of information just downstream of the throat, the
MIRADCOM solutions represent the flow in the divergent section of the
nozzle and in the free plume. A nozzle-wall boundary layer is included
in the flow model. Note that the MIRADCOM solutions presented in Fig.
23 for the 10° contoured nozzle did not model the internal shock wave.
The internal shock wave was not represented since the MIRADCOM code can
handle only one shock wave in the flow field and the boundary shock
wave was "encountered" first in the solution procedure. The flow field
solution did have closely spaced characteristics where the compression
waves coalesce to form a shock wave. Despite the failure to include
all of the internal shock waves, the correlation between the MIRADCOM
solutions and the data is considered excellent. Note that the plume

boundary for the contoured nozzle lies beyond that for the conical
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nozzle, both experimentally and theoretically.
A summary of the comparisons between the experimental and the

theoretical plume boundaries is presented in Fig. 24. The data indicate

that the nozzle contour and the nozzle half-angle have a significant
effect on the plume boundary. Since the experimental results presented
in Fig. 24 represent only one stagnation pressure and only three nozzle
configurations, the reader is cautioned against drawing too general
conclusions from these data. However, the data themselves and their

correlation (or lack thereof) with the various method-of-characteristics

codes provide valuable information for the development of an exhaust

flow code.

-
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CONCLUDING REMARKS

An experimental program has been conducted to define the

exhaust plume which results when an underexpanded, supersonic stream

exhausts into quiescent air. Pitot-pressure distributions and

schlieren photographs were used to define the exhaust plumes for three

different nozzle configurations. These experimentally-determined

flow fields have been compared with the theoretical solutions gene-

rated using numerical codes based on the method of characteristics.

Based on the data and their correlations with theory, the following

conclusions are made.

1)

2)

3)

Although the radius of curvature of the throat wall was equal to
the cross-section radius of the throat, weak throat shock-waves
were generated for two of the three nozzles. In addition, the
compression waves generated at the inflection of the one con-
toured nozzle produced an additional shock wave.

These shock waves had a significant effect on the experimental
pitot-pressure distributions for x < 2.0 re: BY x = 3.5 P
the streamwise acceleration of the flow in the expanding plume
washed out the effects of the nozzie shock waves.

The plume boundaries did not appear to be significantly affected
by the internal shock waves. As expected, the plume boundary
depended on the stagnation pressure and the nozzle angle at the
exit plane. It also depended on the geometry of the divergent

section. With ene = 10°, the plume boundary for the contoured
32
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nozzle was outside that for the conical nozzle, both theoretically
and experimentally.

The nondimensionalized distance between the actual plume boundary
and the plume boundary computed using the MOC code changed "dis-
tinuously" as the stagnation pressure (or the Reynolds number)
increased above a critical value. The change was attributed to

the onset of transition.
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Figure 8. Pitot-pressure distribution for the nozzle exit-plane of
20° conical nozzle, Ptl = 8.715 x 10° N/m2 (1264 psia)
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Figuire 10. - The radial pitot-pressure distribution at downstream stations;

20° conical nozzle, Py, = 8.715 x 106 N/m2 (1264 psia)
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Figure 14, - Pitot-pressure distribution for the nozz]e exit plane of 10°
conical nozzle, Pﬂ = 8.715 x 10 N/m (1264 psia)
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Figure 19. - Pitot-pressure distribution for the nozzle exit plane of

10° contoured nozzle, P,y = 8.715 x 108 N/m? (1264 psia)
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