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ABSTRACT

Results of an experimental and analytical research investigation on nozzle/afterbody
drag are presented. Experimental afterbody (and boattail) drag coefficients and pressure
distributions are discussed for an isolated, strut-mounted nozzlef/afterbody model for the
Mach number range from 0.6 to 1.5. Some data are also given for free-stream unit Reynolds
numbers from one million to approximately four million per foot. The experimental data
were obtained for the basic model with an air-cooled and a water-cooled Ethylene®/air
combustor to provide hot-jet duplication as well as cold-jet simulation. The temperature
of the nozzle exhaust gas was varied from 530°R (burner off) to approximately 2500°R
for several nozzle pressure ratios from jet off to those corresponding to a moderately
under-expanded exhaust plume. The initial series of experiments was conducted with the
air-cooled combustor, and the effect of jet temperature on afterbody drag was somewhat
masked by the effects of the secondary airflow from the cooling air. The general trend,
however, shows a decreasing afterbody drag with increasing exhaust gas temperature and
with decreasing secondary airflow at a fixed nozzle pressure ratio. The results from the
water-cooled combustor show similar trends with increasing exhaust jet temperature. The
differences between the cold-jet and hot-jet results are significant, and adjusting the cold-jet
pressure ratio to correct for the changes in the jet specific heat ratio with temperature
will account for most of the differences observed. A parallel analytical investigation is
described which attempts to predict the afterbody drag of isolated nozzle/afterbody
configurations. The effort to date has been moderately successful in accounting for the
exhaust plume displacement effects (both those which occur because of the inviscid
expansion and those which occur because of plume mixing) at free-stream conditions where
subsonic flow exists over the entire afterbody. The analytical procedures used, with their
merits and shortcomings, are discussed.

iii
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SECTION |
INTRODUCTION

A significant amount of testing is involved in developing a new aircraft and power
plant. Traditionally, airframe tests have been carried out with careful simulation of the
external flow over the airframe but with a rather approximate simulation of the flow
issuing from the engine. Similarly, engine fests have been conducted with very careful
simulation of the flows internal to the engine but with little or no consideration of the
external flow.

In order to properly evaluate afterbody drag, realistic simulation of the internal as
well as the external flow is required. The hotjet exhaust simulation is generally obtained
by using a cold fluid (e.g., unheated air) and adjusting the nozzle pressure ratio to match
the hot-jet initial inclination angle. Such a procedure then attempts to account for the
differences in the plume expansion caused by changes in the jet specific heat ratios with
exhaust gas temperature. The plume displacement effects which are simulated in the above
manner are inviscid in nature, and although in theory the inviscid plume boundaries are
simulated, the effective jet boundaries will differ because of the viscous mixing at the
interface of the exhaust flow and the external boattail flow. The nature of the viscous
region depends largely on the gradients existing between the internal nozzle flow and
the external flow over the afterbody. To investigate this viscous-inviscid interaction, which
is particularly strong at transonic speeds, it is necessary to duplicate rather than simulate
the engine exhaust gases. The research reported herein is a parallel experimental and
analytical effort to determine the effects of the hot jet on the boattail drag. The analytical
investigation is a continuing effort to predict the afterbody drag on nozzle/afterbody
models. These predictions will have to ultimately account for the effect of jet entrainment
of the boattail flow as well as the plume displacements caused by viscous mixing on the
afterbody drag. With sufficiently accurate prediction techniques available, the proper
procedure for simulating a hot-jet exhaust flow with a cold fluid may be developed.

The experimental portion of the research reported hercin was conducted in two phases,
which were differentiated by the combustor design. Phase 1 was conducted using an
airfethylenc combustor which had air cooling around the combustor liner. During the Phase
I investigation, it was observed that the secondary airflow (cooling air) affected the boattail
pressure distribution, hence producing drag. This elffect opposed the trends resulting from
the introduction of the hot jet. Because of the secondary airflow effect, the water-cooled
combustor was designed (Phase II) to eliminate secondary airflow and isolate the jet exhaust
temperature effect on boattail and afterbody drag. During Phase 1, two nozzle
configurations representing a typical turbojet nozzle installation and a typical turbofan
with low-bypass (1:1) nozzle instaliation at a military power setting were used. The Phase
II investigation utilized the turbojet nozzle installation at a military power setting. Data
were obtained for these configurations over the transonic Mach number range.
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SECTION 1
APPARATUS

2.1 WIND TUNNEL

The AEDC 16-Ft Propulsion Wind Tunnel (16T) is a continuous flow, closed-circuit
wind tunnel capable of operation within a Mach number range from 0.20 to 1.60. Tunnel
16T can be operated within a stagnation pressure range from 120 to 4000 psfa, depending
on Mach number, with a stagnation temperature variation capability from approximately
80°F to a maximum of 160°F. Tunne! air is removed and replaced with conditioned make-up
air from an atmospheric dryer to facilitate control of vitiation caused by combustion and
to control the specific humidity of the tunnel air.

22 EXPERIMENTAL HARDWARE

The experimental hardware used during the investigation reported herein was the Air
Force Flight Dynamics Laboratory (AFFDL)/Lockheed isolated nozzle model previously
used for cold-flow nozzle studies. The model, described fully in Ref. 1, was modified to
accommodate an Fthylene®/air combustor, which was used to provide hot exhaust jet
duplication of a typical turbojet operation (Section 2.2.1). The AFFDL/Lockheed isolated
nozzle model is an axisymmetric body with an overall length of approximately 153 in. The
model had a 14-deg, half-angle conical nose, which was faired into the primary model
diameter of 9.86 in. A boundary-layer trip consisting of 0.055-in.-diam steel spheres
~ Spot-welded to a tn ring at a circumferential spacing of four sphere diameters was located
on the conical nose 12 in: aft of the cone vertex. The external surfaces of the afterbody and
Boattail Used —were the AFFDL/Lockheed configuration CDE1 (Convergent-Divergent
Ejector, military power setting) described in Ref. 2. The model was mounted in Tunnel 16T
on a strut with an aft sweep angle of 31.8 deg. A sketch showing the basic external model
dimensions and the model location in the wind tunne] test section is shown in Fig. 1
(Appendix I). Installation photographs of the model are presented in Fig. 2.

The internal model configurations deviated from the AFFDL/Lockheed CDEI
configuration in order to accommodate the combustor. High-pressure air, which was used
to simulate the nozzle exhaust for the cold-flow portion of testing and which was used
as. an oxidizer in the combustion of Ethylene, was ducted through the strut to a plenum
in the forward section of the model.

2.2.1 Combustor

An Ethylene/air combustor based on a National Advisory Committee for Aeronautics
(NACA) design (Ref. 2) was used to provide hot exhaust jet duplication. (Ethylene (C2Hy)
is a gaseous hydrocarbon fuel which, when bumed in air, produces exhaust products which
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very closely duplicate the exhaust products of JP-4 burned in air.) Two combustor
configurations were used during the experimental investigation. The overall dimensions
of the two configurations were similar, and many components were interchangeable. The
first combustor used secondary airflow for cooling the combustor liner and nozzle, whereas
the second combustor and nozzle were water cooled.

The flow straighteners forward of the combustor and the flameholder were the same
for both combustors. The flameholder consisted of four doughnut rings interconnected
with fuel flow passages, and the forward doughnut ring served as the fuel injection ring.
Ignition was accomplished by injecting a small quantity of tri-ethyl borane (TEB, a
pyrophoric fuel) into a retainer mounted on the flameholder. Flow mixers were placed
at the rear of the flameholder at radial positions of 45, 135, 225, and 315 deg (O deg
represented the top of the model) to mix the hot flow from the combustion zone with
the air around the outside of the flameholders. This was done for both combustors to
provide a uniform temperature profile at the exit of the combustor. The physical differences
in these configurations because of the different cooling schemes is explained in the
following paragraphs. A schematic of the basic burner and a photograph of the flameholder
are shown in Fig. 3.

2.2.1.1 Air-Cooled Combustor

The air-cooled combustor liner was constructed from stainless steel and had an overall
length of 27.45 in., an inside d;ameter of .6 15 in.,, and a wall thickness of 0.125 in.
(Fig. 4a). The combustor liner terminated in a sonic throat with a contraction ratio of
2.36. Secondary airflow for cooling was ducted to the secondary flow annulus from the
primary stream through a variable position sleeve valve (Fig. 4a). The two air streams,
primary and secondary., were mixed at the exit plane of the combustor sonic nozzle and
were exited through the common nozzle. Flow conditioners in both the primary and the
secondary air streams were used to provide a uniform flow field to the combustor and
secondary flow annulus, respectively.

2.2.1.2 Water-Cooled Combustor

The wauter-cooled combustor was constructed from copper with an inside diameter
of 6.15 in. and a wall thickness of 0.125 m (Fig. 4b). The combustor terminated with
a convergent-divergent nozzle with a throat iameter of 3.6 in. The contraction ratio for
this combustor was 2.92. Cooling water was supplied to the combustor through the model
strut and flow passages internal to the model (Fig. 4b). A continuous water flow rate of 70
gal/min was maintained throughout the investigation.

2.2.2 Nozzle Configurations
Two nozzle configurations were used in conjunction with the air-cooled combustor.

Each configuration utilized the AFFDL/Lockheed convergent-divergent ejector afterbody
and boattail external surfaces (Configuration CDEIl) and force balances. The internal



AEDC-TR-749

military nozzle configuration was constructed from stainless steel and had a throat diameter
of 4.8 in. and an expansion ratio of 1.0, with a length-to-diameter ratio of 1.25 (Fig.
Sa). Since the burner was operated choked, the effective area ratio of the nozzle was
1.44 for this configuration. A secondary air passage sleeve was used to reduce the annulus
arca around the combustor, thereby restricting the secondary airflow to just the amount
required for cooling the combustor liner (approximately 15 percent of primary airflow).
The secondary air passage sleeve was removed for the 1:1 bypass nozzle configuration,
allowing a secondary airflow rate nearly equal to the primary stream. The 1:1 bypass
nozzle configuration was also constructed of stainless steel and had an expansion ratio
of 1.06 (Fig. 5b). The nozzle was preceded by a 7.5-in. mixing chamber to better simulate
the mixing region of the hot core and cold annulus air experienced in turbofan engines.

The internal nozzle configuration used with the water-cooled combustor was a
convergent-divergent (CD) military nozzle with a nominal design area ratio of 1.43 and a
divergence angle of 6.4 deg. Because of design requirements imposed by water cooling, the
base area (4.78 in.2) of the CD nozzle was significantly larger than the air-cooled military
turbojet nozzle (Fig. 5c).

2.3 INSTRUMENTATION

Critical flow venturi meters were used to measure the total air and Ethylene flows.
Secondary airflow rate for the air-cooled combustor was determined from pressure and
temperature measurements in the secondary flow annulus at a known cross-sectional area.
The primary airflow was then found by subtracting the secondary airflow from the total
airflow through the venturi.

Two thin-walled cylindrical ring force balances were used on the air-cooled combustor
configuration for measurement of nozzle external drag and nacelle afterbody drag,
respectively. The balances contained metallic bellows seals that prevented air from leaking
through the balance flexures. For each of the two cylindrical ring balances, thé effective
area of the bellows, which was determined from balance calibration, was used to make
appropriate pressure-area corrections to the balance data. Static pressures along the body
external surfaces were also measured.

The combustion chamber pressure probe was located adjacent to the tri-ethyl borane
line (Fig. 3). The military nozzle air-cooled combustor configuration had six static pressure
orifices at approximately the 15- and 200-deg radial locations (two rows of three orifices
located internally, approximately 180 deg apart). The 1:1 bypass nozzle had only four
nozzle static pressure orifices, with an additional total and static pressure measurement
made in the secondary flow passage. The location of the internal pressure instrumentation
for the two air-cooled combustor nozzles is shown in Figs. 5a and b. In addition, the
water-cooled combustor configuration was instrumented with three static pressure orifices
in the combustor and two static pressure orifices in the divergent nozzle (Fig. 5c¢).

Measurement uncertainty values are presented in Table I (Appendix II) for some of
the more important parameters.
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SECTION Il
PROCEDURES

3.1 EXPERIMENTAL PROCEDURES

The experimental investigation was divided into two phases. Phase 1 utilized the
air-cooled combustor configuration and the two associated nozzles, whereas Phase 11 utilized
the water-cooled combustor configuration. The experimental procedures were slightly
different for these two phases and will be enumerated separately.

Phase | Procedure

1. Wind tunnel Mach number and Reynolds number conditions were
established, and jet-off data were obtained.

2. Cold flow was established through the model at a specified setting of the
secondary airflow rotating sleeve valve, and a series of nozzle pressure ratios
were set. Data were obtained at each ratio.

3. The total airflow through the model was fixed, and the rotating sleeve valve
was varied from its fully closed to its fully open position to obtain secondary
airflow effects. This was usually done at a nozzle pressure ratio near that
set for hot-flow operation.

4. The combustor mixture was ignited and, for a given fuel/air ratio, a nozzle
static pressure ratio was set (using pg3/p. as the controlling ratio). Data
were obtained at four basic fuel/air ratios as near to the same nozzle pressure
ratio as possible.

When setting the selected pressure ratio with the hot flow, both the fuel and the airflow
were varied at a given fuel/air ratio.

Phase |l Procedure

1. Wind tunnel Mach number and Reynolds number conditions were
established, and jet-off data were obtained.

2. Cold flow was established through the model, and a series of nozzle pressure
ratios were set. Data were obtained at each ratio.

3. The combustor mixture was ignited, and the fuel/air ratio was set to obtain
the desired temperature. A series of nozzle pressure ratios were set by
varying fuel and airflow to maintain a constant fuel/air ratio. Data were
obtained "at each nozzle pressure ratio. The nozzle pressure ratio survey
was conducted at four fuel/air ratios.
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Schlieren photographs were obtained at each of the nozzle pressure ratios for the
hot exhaust jet duplication and at selected pressure ratios for the cold exhaust jet
simulation.

3.2 DATA REDUCTION PROCEDURES

The primary performance parameters presented in this report are the afterbody and
boattail drag coefficients obtained from an integration of the experimental pressure
distributions and the computed skin friction. Both drag coefficients were calculated using
similar relationships. The relationships used in calculating the boattail drag coefficient are
presented here to demonstrate the general technique employed.

Coer = CosTp * CODBTF 1N

The pressure drag coefficient is

144 (Dp1pp)
Costp = 05— (2)

where q., is the free-stream dynamic pressure and S is the projected area based on the
maximum diameter of the model. The boattail pressure drag (Dgtpp) is calculated from
the experimental pressures by the following equation:

i=4438
DpTpp = 0.210486p,. - 2 piSi 3)
i=403
Here, i represents an individual pressure measurement location (see Tables II and III);

p; is the experimental pressure, and S; is the projected area dver which the measured
pressure acts. The friction drag coefficient is calculated from the relationship

144 (DptF)

C - — 4
DBTF oS 4)

where Dg 1y is the total friction force obtained by summation of the incremental friction
forces

i=448
DerF = (Ceg) (qQ) (Aj) (cos 8;) &)
i=403

where Cgp is the average skin-friction coefficient based on the local Reynolds number,
qg is the local dynamic pressure, A; is the area of the external surface segment, and 8;
is the local boattail surface angle. The afterbody friction drag coefficient is obtained from
the empirical correlation of local skin-friction coefficient versus Reynolds number
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developed by Sivells and Payne (Ref. 3) for incompressible turbulent flow over a flat
plate with zero pressure gradient.

0.088 (log Re; - 2.3686)
Cri = (log Re; - 1.5)3 (6)

The internal performance parameters of the exhaust jet were obtained in the following
manner for the water-cooled and air-cooled models.

In the case of the water-cooled model, three static pressure orifices located at various
axial positions in the water-cooled combustion chamber (Fig. 5¢) were used to obtain
the chamber static pressure. The pressure measured by the orifice farthest downstream
(just ahead of the start of the throat contraction) was used to calculate the exhaust jet
total pressure, pyj, in the following manner:

Pt
Ptj = Pes (T) N

where p;/p is the subsonic isentropic pressure ratio based on the chamber contraction
ratio of 2.92. The isentropic pressure ratio is a weak function of the ratio of specific
heats (p;/p decreases 2.0 percent for a change in ¥ from 1.40 to 1.30). Because of this
dependence on 7, py; was calculated with an iteration procedure wherein the initial
calculation was made using an assumed exhaust jet temperature. Exhaust jet temperature
was calculated in the iteration loop using the relationship given in Eq. (8). The physical
geometry of the chamber and the measured pressure and mass flow rate were used in

the calculation
2
ptj Kr AT K, .
Tgas = (8)
Wi

where Kr is Fleigner's constant and is a function of v, At is the physical throat area,
K; is the nozzle throat discharge coefficient determined from cold-flow test of the nozzle,
and w; is the total mass flow rate in the chamber. The total mass flow is given by

wy = Wy + Wy €))

where w, is the chamber airflow rate measured by a critical flow venturi and wy is
the ethylene flow rate calculated from the Tg o s value in the iteration loop and an assumed
combustion efficiency of 80 percent. The entire iteration procedure was made necessary
because a change in the thermodynamic quality of the gaseous ethylene (from a perfect
gas to a saturated vapor) resulted in a deviation from the perfect gas law and prevented
the venturi measuring system (originally designed to measure a gaseous ethylene flow)
from giving accurate flow measurements.
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In the case of the air-cooled model tests, the problem encountered with ethylene
quality was also suspected, which made the gas temperature an unknown since fuel flow
was not known. In this model the only pressure measured in the combustion chamber
was made with the extra, open TEB supply line shown in Fig. 3a. This orifice did not
give an accurate chamber pressure with cold flow in the chamber because of a relatively
high air velocity in that region of the chamber. However, when there was combustion
in the chamber a correlation of the py; calculated for the water-cooled model with the/
pressure measured with the TEB line showed less than a 1-percent deviation between’
the two. Based on this correlation, Eq. (8) was again used to compute the actual gas
temperature for the hot flow conditions using the pressure from the TEB line for py;.
The main uncertainty in this procedure was the discharge coefficient for the air-cooled
nozzle, which was assumed equal to unity.

The complexity of the combustor and nozzle fabrication resulted in the loss of some of
the nozzle pressure taps which were planned. Because of the loss of these pressure taps, two
additional pressures were calculated for use in presenting the data: a calculated nozzle exit
static pressure, pe, for the watercooled model and a measured average nozzle exit static
pressure, pe,,, for the air-cooled model. The water-cooled p. was calculated from Eq. (10)
as follows:

p

Pe = Py (p_:j" (10)

where p/py; is the isentropic pressure ratio based on the effective area ratio of the nozzle
(1.48) and is a function of v. This calculated nozzle exit pressure was higher than the
measured pressure (pgs) at the nozzle exit by approximately 2 percent. |[However, the
measured pgs was probably reduced slightly by the low pressure in the base region of
the nozzle. The nozzle exit static pressure for the air-cooled combustor configuration
(Pe,,) was taken to be the arithmetic average (Eq. 11) of the two measured pressures
180 deg apart located near the nozzle exit plane (Fig. 5a). Thus,

1
Pegy = 3 (pe3 + PEs) (11)

SECTION 1V
EXPERIMENTAL RESULTS

41 GENERAL

The experimental investigation was conducted in two phases. Phase I utilized the
air-cooled combustor configuration with both a military turbojet and a 1:1 bypass military
turbofan nozzle configuration. Data were obtained using the turbojet nozzle configuration
at Mach numbers of 0.6, 0.9, 1.1, 1.2, and 1.5 over the nozzle pressure ratio range shown
in Fig. 6 at a Reynolds number of 2.5 x 106/ft. Four nominal temperatures (1000°,
1500°, 2000°, and 2500°R) were investigated at each Mach number. Data were also
obtained with the turbojet nozzle using cold exhaust jet simulation for comparisen with
the hot exhaust jet duplication.
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The 1:1 bypass turbofan nozzle configuation was also investigated at Mach numbers
of 0.6, 09, 1.1, 1.2, and 1.5 at a Reynolds number of 2.5 x 106 /ft. Two primary stream
temperatures of approximately 1000° and 1500°R were investigated. Cold exhaust jet
simulation data for comparison with the hot-et duplication conditions were also obtained,
Cold- and hot-plume data (at the specified fuel/air ratios) were also obtained at a Reynolds
number of 4.75 x 10%/ft and Mach numbers of 0.6, 0.9, and 1.1.

Phase II of the experimental investigation was conducted using the water-cooled
combustor configuration. The investigation was conducted at a Reynolds number of 2.5
x 108/ft over the same Mach number range as Phase I, at four nominal exhaust gas
temperatures. The cold exhaust jet simulation conditions were repeated during Phase II
for data comparison with the hot exhaust jet duplication. During Phase II, an extensive
Reynolds number survey (from 1.0 x 108/ft to 3.0 x 106 /ft) was also conducted at Mach
nambers of 0.6 and 0.9 over the nominal-fuel/air ratio range. Schlieren photographs were
taken at selective nozzle pressure ratios to supplement the pressure data obtained: during
Phase II.

The afterbody and boattail drag coefficients were chosen as the primary parameters
to compare nozzlef/afterbody performance with hot exhaust’ jet duplication to the
performance obtained using cold exhaust plume simulation. Two methods of determining
these drag coefficients were used during Phase I. The first method utilized the force
balances and measured drag force, whereas the second method obtained drag by an
integration of measured pressure distribution over the afterbody and boattail with a
computed skin friction added. A comparison of the boattail drag coefficients obtained
using each method is shown in Fig. 7. The agreement between the two methods is good.
Because of the close agreement with balance data and the ever-present possibility of balance
shifts caused by the internal complexity of the model, the drag coefficients obtained
by pressure integration plus a computed skin friction are presented in this report.

42 WATER-COOLED COMBUSTOR CONFIGURATION (PHASE II)

Typical pressure distributions over the boattail obtained from the water-cooled
combustor are shown in Figs. 8a through d. The effect that changing the exhaust jet
nozzle pressure ratio has on the boattail pressure distribution is shown in Figs. 8a and
b for Mach numbers 0.9 and 1.1, respectively. For both Mach numbers, increasing the
nozzle pressure ratio caused an increase in the pressure on the boattail. The effect was
felt upstream of the boattail on the afterbody at Mach number 0.9 as shown by the
pressure difference at the forwardmost station of the boattail. At Mach 1.1, an imbedded
shock occurred on the boattail and restricted the effect of the exhaust plume to the
portion of the boattail downstream of the shock. However, the shock tended to move
upstream with increasing nozzle pressure ratio. The effect of exhaust plume temperature
on pressure distribution at Mach numbers 0.9 and 1.1 is shown in Figs. 8c and d. Increasing
exhaust temperature generally causes an increase in pressure on the boattail at Mach
number 0.9, with the effect being felt on the afterbody as well. At Mach 1.1, the imbedded
shock limited the etfect of temperature to the segment of the boattail downstream of
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the shock location. To illustrate the extent of the influence of the exhaust plume, the
pressure distribution along essentially the entire model length is shown in Fig. 8e for
the conditions given in Fig. 8a. Schlieren photographs at the three exhaust plume
temperatures shown in Fig. 8d at Mach number 1.1 are presented in Figs. 9a through
C.

The component drag coefficients (boattail drag coefficient, CppT, afterbody drag
coefficient, Cp o g, and total drag coefficient, Cp T —which is the sum of CppT and Cp A )
as a function of nozzle pressure ratio for each of the five Mach numbers and a Reynolds
number of 2.5 x 106/ft are shown in Figs. 10a through e. In each case, the cold-plume
simulation data are presented with the varying hot-plume duplication for comparison.
Above a nozzle pressure ratio of 5.66 (nozzle completely filled), Cp gt decreased with
increasing pressure ratio. The level of drag coefficient obtained with the hot-exhaust
duplication at a given nozzle pressure ratio generally decreased with increasing exhaust
temperature. At the subsonic Mach numbers 0.6 and 0.9, the afterbody drag coefficient,
Cp A B, decreased slightly with both pressure ratio and exhaust plume temperature increases
(Figs. 10a and b). At the supersonic Mach numbers of 1.1, 1.2, and 1.5, however, Cpa
was completely insensitive to changes in either of the variables. This insensitivity to pressure
ratio and exhaust plume temperature changes is caused by the inability of the pressure
ratio and temperature effects to move upstream of the imbedded shock on the boattail
(Figs. 8b and d).

The mechanism which governed the behavior of boattail drag was investigated by
Bergman in Ref. 4. The qualitative results of his investigation are presented in Fig. 11.
Bergman proposed that the boattail drag coefficient’ (cold flow) was dominated by two
physical effects. The first was a displacement outward of the external flow streamlines
caused by the exhaust plume emitting from the model nozzle. The outward displacement
of the streamlines resulted in stronger flow recompression on the boattail and thereby
had a beneficial effect on drag. The shape of the exhaust plume is a function of nozzle
pressure ratio for fixed tunnel conditions. The second effect, entrainment, began when
the exhaust plume velocity was approximately equal to free-stream velocity. It increased
boattail drag by increasing boattail velocity and effectively lowering the boattail pressure.
The net effect on boattail drag is a superposition of the two effects.

The cold-flow Cppgrt obtained during this investigation had the general shape and
characteristics obtained by Bergman (Fig. 10a). No data were obtained at the low nozzle
pressure ratios (less than 4.0) with a hot exhaust; however, it is hypothesized that the
general behavior will be retained at the higher temperatures. For a fixed pressure ratio,
the hot exhaust plume will spread more than the cold plume, causing a lower drag on
the boattail, The effect of exhaust plume temperature on entrainment is unknown,
however, and the entire problem is the subject of a continuing analytical investigation
guided by the experimental data obtained during this investigation.

10
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4.2.1 Matching of the Plume Inclination Angle

If the changes in boattail drag caused by changes in nozzle pressure ratio are primarily
inviscid in nature (i.e., caused by changes in the inviscid plume shape), then corrections
to the cold flow nozzle pressure ratio can be made to simulate the change in plume
shape produced by changes in the exhaust gas temperature. The effect of increasing the
exhaust gas temperature is to decrease the specific heat ratio (¢y) of the exhaust gas with
a resulting increase in the exhaust plume initial inclination angle and maximum diameter.
Thus, in order to simulate a hot-jet plume (y < 1.4) operating at a given pressure ratio
using cold air (y = 1.4), the nozzle pressure ratio must be increased to offset the effect
of . The correction for vy effects is to adjust the nozzle pressure ratio at a constant
value of drag coefficient to match initial jet inclination angles. The measured performance
with the theoretical change in the nozzle pressure ratio predicted from changes in y at
the five free-stream Mach numbers investigated are compared in Figs. 12a through e. The
correction for 4 compensates for a large percentage of the exhaust gas temperature-induced
effects. The effect is corrected more accurately at the higher nozzle pressure ratios than
at the lower pressure ratios. The effectiveness of the v correction also appears to be
dependent on the free-stream Mach number. The 4 correction agrees more closely at
M. = 1.2. At free-stream Mach numbers less than 1.2 the effect of plume temperature
is slightly larger than the vy effects predict, while at M, = 1.5, the ¥ correction is larger
than the measured effects of plume temperature. :

422 Method of Presenting Data

Historically, nozzle/afterbody drag has been presented as a function of total nozzle
pressure ratio (NPR), defined as p:j/p.. For a fixed area ratio nozzle this introduces into
consideration a varying nozzle exit static to total pressure ratio (pe/pt;) with y which
must be properly accounted for when the hot-jet effects on afterbody and boattail
performance are evaluated. This variation of p./py; with ¥ can be eliminated from the
observed effects if the nozzle/afterbody performance is presented as a function of nozzle
static pressure ratio (p./p.). A comparison of the two methods of data presentation is
shown in Figs. 13a and b for total drag coefficient, Cp, at Mach 1.1. At a constant
value of NPR the effect of jet temperature on drag appears to be more pronounced than
it is for constant values of p/p... This is caused by the variation in p/pyj with v discussed
above. The manner of variation of p./pt; is shown by superimposing on Fig. 13a lines
of constant p./p.. A presentation of the exhaust jet temperature effects on
nozzle/afterbody performance as a function of p./p. (Fig. 13b) tends to collapse the
data spread observed in Fig. 13a.

The method of data presentation in this report is dictated by the measured parameters
available. In the Phase Il investigation the total nozzle pressure ratio, NPR, was chosen
because the measured chamber pressure, p,;, was more reliable than was the nozzle exit
static pressure measurement. For the Phase I investigation, the nozzle exit static pressure
measurement was more reliable, and therefore the data were presented as a function of
nozzle exit static pressure ratio. Both methods are valid and present the same information
as long as the variation of pe/p. with vy is considered.

11
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4.2.3 Reynolds Number Effect

To determine the effect of Reynolds number on boattail drag coefficient, a Reynolds
number survey from 1.0 x 106 to 3.0 x 106/ft was conducted at Mach numbers of 0.6
and 0.9. Drag data were obtained with cold and hot exhaust plumes. The effect of Reynolds
number on boattail pressure distribution is presented in Fig. 14 at Mach 0.6 for the
cold-flow data. The effect of varying Reynolds number from 1.5 x 106 to 3.0 x 106/ft
is imperceptible. The variation of the boattail pressure drag with Reynolds number at
a constant nozzle pressure ratio and various gas temperatures is shown in Fig. 15. At
both Mach 0.6 and 0.9, the effect of Reynolds number on Cprt is very small over the
range investigated. Figures 16a through f present the drag coefficients obtained at Mach
0.6 and 0.9 at each of the Reynolds numbers as a function of nozzle pressure ratio.

4.3 AIR-COOLED COMBUSTOR CONFIGURATION (PHASE 1)

Phases I and II of the experimental investigation were conducted using the same
external afterbody and boattail configuration (Section 2.2.2). The size of the base region
was enlarged for the Phase II model because of requirements imposed by water cooling
the combustor and nozzle (Fig. 5). This larger base area affected the level of the boattail
drag, resulting in greater drag at a given rozzle static pressure ratio than was measured
on the Phase I model (Fig. 17). A correction for base area effect for the cold exhaust
plume at Mach 0.9 was made using the results obtained in Ref. 5 and shown in Fig.
17 to illustrate that the base area was responsible for the Phase II increased drag. The
corrected Phase II drag coefficient was comparable to the level measured in Phase I.
Sufficient base pressure data to allow correction of Cppgt for the remainder of the data
were not available; therefore, in reviewing the results of Phase I and comparing them
to Phase II, one should remember that the effect of base area was present and the absolute
levels will not be comparable. The trends remain the same, however, for both phases.

4.3.1 Effect of Secondary Airflow on Nozzle Performance {Phase )

Secondary airflow to provide combustor cooling during hot eperation for the
air-cooled combustor was introducted into the nozzle as described in Section 2.2. During
cold-flow operation, the secondary airflow was maintained, and it affected the internal
nozzle performance as shown in Figs. 18 and 19. The nozzle pressure ratio as a function
of axial station increased with increasing secondary airflow ratio (W, /W;), indicating that
a larger annular portion of the available nozzle area was used by the lower-energy,
secondary airflow. During an analysis of the experimental data, a disagreement between
the two nozzle static pressures (pg3 and pgg) was observed. These pressures are located
in a common axial plane 1 in. upstream of the nozzle exit and approximately 180 deg
apart. Throughout the cold-exhaust plume investigation, the agreement between these
pressures was affected by W, /W; (Fig. 19). Agreement was good for airflow ratios between
four and ten percent; however, for airflow ratios less than four or greater than ten percent,
pe3 and pgg differed significantly, This disagreement has not been satisfactorily explained,
but it was probably a combination of secondary airflow effects and combustor

12
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misalignment. This internal nozzle effect was transmitted to the boattail external forces
through the change in plume shape and size. Figures 20a through e are a presentation
of the boattail drag coefficient (cold flow) as a function of measured nozzle static pressure
ratio. Lines of constant W, /W are identified. As W, /W; increased, boattail drag coefficient
increased at a constant nozzle static pressure ratio of all Mach numbers, with the exception
of Mach 0.6. This effect of secondary airflow on the boattail performance partially obscured
the effects of exhaust-jet temperature.

4.3.2 Effect of Hot Exhaust on Nozzle Performance {Phase I)

A presentation of the component drag coefficients as a function of nozzle static
pressure ratio for each of five Mach numbers is shown in Figs. 21a through e. The drag
coefficients were obtained over a wide range of exhaust gas temperatures, using the
cold-exhaust plume to establish the relationship between boattail drag coefficient and
pressure ratio. Because of the disagreement between the measured values of pg3 and pgs,
an average of the two pressures was used to represent the nozzle static pressure ratio.
The boattail drag coefficient for the hot-exhaust plume was then determined at specific
values of nozzle static pressure ratio and was compared to the cold-plume drag coefficient
on the assumption that the relationship between drag coefficient and pressure ratio remains
generally the same even though the exhaust gas temperature is increased. The experimental
results of Phase II verified this assumption. The effects of exhaust gas temperature and
increasing secondary airflow have opposing trends and tend to cloud the effect of exhaust
plume temperature.

43.3 One-To-One (1:1) Bypass Nozzle

Component drag coefficients measured on the 1:1 bypass nozzle configuration at
each of the Mach numbers (0.6, 0.9, 1.1, 1.2, and 1.5) are presented in Figs. 22a through
e as a function of nozzle pressure ratio. The component drag coefficients were determined
at a unit Reynolds number of 4.75 x 106 for the 1:1 bypass nozzle configuration at
Mach numbers of 0.6, 0.9, and 1.1 and are compared in Figs. 22a through ¢ with the
coefficients obtained at 2.5 x 106/ft. Both Cppr and Cpap at Mach numbers 0.6 and
0.9 were higher at a Reynolds number of 4.75 x 106/ft than at 2.5 x 106/ft. The effect
of Reynolds number was more pronounced on Cp g than on Cpgt. At a free-stream
Mach number of 1.1, the Reynolds number change had no effect on Cpgt and only
a slight effect on Cpasg.

SECTION V
THEORETICAL ANALYSIS

5.1 PHYSICAL STATEMENT OF PROBLEM

The initial attempts to provide analytical prediction of the pressure distribution and
drag of an isolated nozzle/afterbody configuration were carried out under the usual

13
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assumption that the viscous-inviscid interaction could be accounted for by an iteration
scheme. Such a scheme involves an iteration between the five distinct but dependent regions
of the total flow field which are identified in Fig. 23. Region A represents the inviscid
core of the internal nozzle and is normally supersonic. Region B, also assumed to be
inviscid in nature, is the external flow around the model and can be subsonic, supersonic,
or mixed flow. Regions C and D are viscous boundary layers internal to the nozzle and
external to the body, respectively. At the lip of the nozzle, the viscous boundary layers
merge to form a viscous mixing region, E. In general, the boundary conditions for each
region are provided by the solution of the adjacent region. The inviscid regions, A and
B, can be defined by specifying either a solid boundary or a pressure boundary. Region
A will be defined by a solid boundary consisting of the nozzle plus the displacement
thickness from Region C and by the external displacement boundary from Region E.
Region B will be defined by a solid boundary consisting of the boattail plus the
displacement thickness from Region D and by the internal displacement boundary from
Region E. The solutions of Regions A and B will provide the pressures at the boundaries.
These pressures, plus the physical nozzle and afterbody coordinates, allow a solution of
the boundary layers, Regions C and D. Conditions from Regions C and D are used as
starting conditions for the viscous mixing region, E. The axial pressure gradient and the
location of a reference line are also required for Region E. The internal and external
displacement thicknesses are computed with respect to this reference line. The boundary
conditions for each region listed are summarized in Table IV.

5.2 NUMERICAL METHODS

The computational technique used to solve the descriptive equations for the entire
flow field involves an iteration between the inviscid flow fields, A and B, and the viscous
flow fields, C, D, and E. The procedure currently used for carrying out the iteration
is given below:

1. The nozzle flow properties in Region A are computed using the nozzle
physical coordinates and a quiescent atmosphere at the free-stream static
pressure in Region B.

2. The physical coordinates of the afterbody and the inviscid boundary of
Region A are used to compute the flow-field properties in Region B.

3. The inviscid flow field properties in Regions A and B are matched by
recomputing the plume expansion (Region A) with the computed pressure
gradient from Region B. A single iteration is usually sufficient for this
matching.

4. The turbulent, viscous boundary-layer characteristics in Regions C and D

are computed using the pressure distributions from Regions A and B,
respectively, along with the physical coordinates of the model.

14



AEDC-TR-74-9

S. The flow properties in the free-shear turbulent mixing layer in Region E
are computed using the inputs from the viscous boundary layers C and
D and the inviscid reference line from Region A.

6. The displacements and boundary-layer characteristics from the viscous layers
(Regions C, D, and E) are used to correct the model plus the plume
boundary to recompute the flow fields A and B to begin the second
iteration. Region A may or may not need to be recomputed since small
corrections are usually produced on this flow from the viscous effects.

Computer programs have been developed for the numerical solution of the flow
properties in the regions discussed (Table V). Region A can be solved using the
axisymmetric Method of Characteristics Program developed by Lockheed (Ref. 6). This
program is used for supersonic flow and is also employed to solve Region B when the
external flow field is supersonic. If Region B is subsonic, a program developed by Pratt
& Whitney (Ref. 7) is used for its solution. This solution is carried out using a numerical
solution of the nonlinear, transonic flow equation. The equation is written in the form
of a Poisson equation with the nonlinear terms on the left-hand side. The solution is
then performed by the method of successive substitutions starting with the solution of
the Laplace equation. The treatment of imbedded shocks limits the practical utility of
this program to afterbody flows which are subsonic everywhere. The turbulent
boundary-layer calcuations, over either the external afterbody/boattail or the internal
nozzle (Regions C and D), are made with the implicit finite-difference scheme of Patankar
(Ref. 8). The viscous mixing region E can also be solved with the Patankar program,
employing a second option using boundary-layer assumptions.

The scope of -this report does not allow a detailed description of the calculation
techniques used in these various computer programs. However, the reader is directed to
the cited references for a more complete description.

The computational technique outlined above does not include the effect of
entrainment on the boattail pressure distribution. This effect is necessary for a complete
analytical solution to the problem, and efforts to incorporate the entrainment effect on
the boattail pressures in the computational technique are being carried out at AEDC. The
computational technique is also inadequate when nearly normal shockwaves are located
on the boattail of the afterbody.

53 COMPARISON OF THEORY AND EXPERIMENTAL RESULTS

The methods described were used to compute the pressure fields over the aft portion
of the isolated nozzle model and, finally, the drag over the afterbody and boattail. These
efforts are reasonably successful at the subsonic Mach numbers for the air-cooled model,
which has a small base area. During the course of making the drag calculations, it was
found that certain approximations could be made to shorten the iteration process when
the external stream was subsonic. First, because of the low nozzle pressure ratios used
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during subsonic flight (see Fig. 6), matching the nozzle exit static pressure to free-stream
static pressure ratio is the primary parameter required to match the inviscid plume shapes.
Hence, changing the plume total temperature from 520 to 2700°R had only a negligible
effect on the inviscid plume boundaries, which are shown in Figs. 24 and 25 for M,
= 0.6 and 0.9, respectively. Secondly, mixing was primarily from the high-energy plume
into the low-energy external flow, and the internal displacement boundary did not vary
significantly with respect to temperature. These two effects combine to allow the external
flow and boundary-layer-mixing iteration to be carried out without affecting the basic
plume boundary calculation.

Although the inviscid pressure distribution could be calculated initially without any
boundary-layer displacement corrections to the afterbody/boattail contour, an attempt was
made to shorten the iteration cycle by making the displacement corrections from
boundary-layer calculations carried out using the experimental pressure distribution. The
resulting displacement thickness for M, = 0.6 is shown as the dashed line in Fig. 24.
The external displacement boundaries for four plume temperatures are also shown. Initial
conditions for the viscous mixing region were matched to the internal and external
boundary-layer characteristics at the nozzle exit plane. Using these results as an input
boundary for the inviscid external flow solution, a much steeper pressure gradient was
computed on the boattail than was measured. When this predicted pressure was imposed
on the external boundary layer, separation was predicted at the point noted in Fig. 24.

As can be seen from this result, the attempt to shorten the viscous-inviscid iteration
cycle by using the boundary-layer characteristics from the experimental pressure was not
successful since the second iteration indicated boundary-layer separation not predicted from
the experimental pressure distribution. The calculation procedure outlined in Section 5.2
does not have any method available to predict displacement thicknesses in the separated
region. This requires a detailed prediction of the reverse flow profiles and the extent of
the separation (or abnormally thick boundary layer) region. Recently there has come to
the attention of the authors a calculation procedure developed for the separated turbulent
boundary layer imbedded in the transonic flow over a bump on a wind tunnel wall (Ref.
9). It is possible that such a procedure can be incorporated into the method outlined
previously, and an attempt will be made to do so. Since such a calculation procedure
was not available at the time of writing, it was necessary to smoothly fair in an effective
displacement boundary from the point of separation to the effective plume displacement
boundary in order to predict the experimental pressure distribution from the corrected
body shape. The fairing was arbitrary and was carried out in a manner so that the
experimental data agreed with the analytical results, Efforts are still under way to develop
reasonable criteria to use in making the correction to the body and plume displacement.
Two points appear evident when the displacement corrections are made: (1) the
downstream variation of the initial plume displacement effects remain very small and can
be predicted during the first cycle of the viscous-inviscid iteration, and (2) the changes
in the pressure distribution between iterations cause very little change in the boundary-layer
characteristics ahead of the point where separation was initially predicted. This small change
was probably caused by (1) the weak viscous-inviscid iteration present on the particular
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afterbody used and (2) the fact that the analysis was done at subsonic Mach numbers
where shock/boundary-layer iterations are not present. ]The strong iteraction region from
the apparent separation point to the apparent point of attachment to the exhaust plume
does have to be iterated on to predict the correct experimental afterbody pressure
distribution. The final fairings for the displacement boundaries used in the external flow
calculations are shown in Fig. 24 for M, = 0.6. Similar results are shown in Fig. 25 for
M., = 0.9. Preliminary calculations indicated that a region of locally supersonic flow existed
over the shoulder of the afterbody at M, = 0.9. The afterbody shape was modified
somewhat to eliminate this locally supersonic region so that the external flow could be
treated as wholly subsonic. It was realized that the pressures would not be well predicted
in the modified region; however, it was felt that these effects of modification would be
sufficiently localized so that the pressure near the end of the boattail would be adequately
predicted.

Using the boundaries shown in Figs. 24 and 25, external flow solutions were carried
out for M, = 0.6 and 0.9. Pressure distributions over the body are shown in Fig. 26
at M_ = 0.6 for different nozzle plume temperatures. The numerical method predicts the
general data trend over the body. It is noted that the method predicts boattail pressures
that increase at an increasing rate with temperature. The data generally support this trend,
although the agreement is not perfect.

Pressure distributions over the body are shown in Fig. 27 for M, = 0.9. Similar
theoretical trends with temperature and agreement with the data over the boattail were
noted for M, = 0.6. The pressure over the shoulder of the afterbody is not well predicted
in the region from 10 to 16 in. upstream of the nozzle exit, since the body was modified
in this area for the analytical model.

The pressure and skin friction over the boattail shown in Figs. 26 and 27 were
integrated to obtain drag. The results of these integrations are presented in Fig. 28 as
boattail drag coefficient versus exhaust gas temperature and are compared with the
experimental data obtained with both the air-cooled and the water-cooled combustors.
The slope of the curve of drag coefficient as a function of exhaust gas temperature for
the two experimental configurations agrees closely, while the slope obtained from theory
|is steeper. The absolute levels of drag coefficient predicted by theory and obtained
experimentally with the air-cooled combustor configuration are in fair agreement at an
exhaust gas temperature of 530°R. The absolute level of the drag coefficient obtained
with the water-cooled combustor at 530°R exhaust gas temperature was higher than those
obtained from the air-cooled combustor and theoretical predictions. This difference is
attributed to the large base area of the watercooled combustor discussed previously.

A plot of the pressure data shown in Fig. 29 at M. = 1.2 is typical of the data
when the external stream is supersonic. A Method of Characteristics calculation is shown
for comparison in Fig. 29. The data and the theoretical prediction agree quite well over
the shoulder of the afterbody, but not over the boattail. First, there was apparently a
disturbance at the metric break between the afterbody and the boattail (6 in. upstream
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of the nozzle exit) that was not predicted by the MOC. Second, a shock was located
approximately 4 in. upstream of the nozzle exit. There is no method currently available
to predict either the location or the strength of this shock. To assume that the flow
separates immediately behind the shock and reattaches near the maximum diameter of
the plume would require a turning angle which yields a pressure rise across the shock
of the same order as was measured. However, this type of analysis is not sufficiently
accurate to evaluate the drag over the afterbody.

SECTION VI
CONCLUSIONS

The effect of exhaust plume temperature on afterbody and boattail drag was
investigated for two combustor and three internal nozzle configurations installed in an
isolated pod. The investigation provided both experimental and analytical data for the
internal and external flow fields. The significant results and conclusions are summarized
below. (It should be emphasized that the following results and conclusions were obtained
for a particular isolated external boattail configuration and may not necessarily be the
same for other configurations.)

1. For the water-cooled combustor configuration with a turbojet military
nozzle, the maximum change in total drag coefficient at a Reynolds
number of 2.5 x 106/ft was 160 boattail drag counts at Mach 1.1 and
90 counts at Mach 0.6 over an exhaust gas temperature range from 530°
to approximately 2700°R. For each of the Mach numbers investigated, drag
coefficient decreased monotonically with increasing exhaust gas temperature
at a constant nozzle pressure ratio. '

2. From the hot-flow data obtained, it appears that correcting the cold-flow
exhaust pressure ratio for changes in specific heat ratio will compensate for a
large precentage of the effect of a hot exhaust on afterbody performance.
The apparent displacement and entrainment effects produced by differences
in viscous mixing between hot and cold exhausts also have to be considered.

3. Exhaust plume temperature affected the afterbody drag coefficient at Mach
0.6 and 0.9. The effect was negligible at Mach 1.1, 1.2, and 1.5.

4. A Reynolds number survey from 1.0 x 106 to 3.0 x 10%/ft was conducted
at Mach 0.6 and 0.9 for the water-cooled combustor configuration. The
effect of Reynolds number variation on total boattail drag coefficient was

less than 30 drag counts over the range of the investigation for both Mach
numbers 0.6 and 0.9.
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5. The boattail drag coefficient obtained with the air-cooled combustor,
military nozzle configuration during the cold-exhaust plume investigation
showed a strong influence of secondary airflow. When presented as a
function of average nozzle static pressure ratio, the boattail drag increased
with an increase in percentage of secondary airflow.

6. The boattail drag coefficient obtained with the air-cooled combustor/
military nozzle configuration behaved in the same manner as that
obtained with the water-cooled configuration. The maximum change in
boattail drag coefficient at a Reynolds number of 2.5 x 108/ft was
182 drag counts at Mach 0.9 and 50 drag counts at Mach 1.5 over
an exhaust gas temperature range from 530° to approximately 2900°R.

7. The boattail drag coefficient decreased with increasing exhaust jet
temperature at all of the freestream Mach numbers of the investigation
for the 1:1 bypass turbofan nozzle configuration. The temperature effect
agreed in general with the results obtained with the water-cooled/military
nozzle configuration.

8. Analytical techniques to calculate the effect of temperature on boattail drag
coefficient were begun with emphasis placed on subsonic Mach numbers
0.6 and 0.9. The developed method agrees well with the experimental results
obtained from the air-cooled combustor. This method does not account,
however, for the effect of entrainment and base area on boattail pressure
distribution.

REFERENCES

"Experimental and Analytical Determination of Integrated Airframe-Nozzle
Performance." AFFDL-TR-72-101, Vol. 1, October 1972.

Faget, M. A. and Dettwyler, H. R. "Initial Flight Investigation of a Twin-Engine
Supersonic Ram Jet." NACA RM L50H10, September 1950.

Sivells, J. C. and Payne, R. G. "A Method of Calculating Turbulent Boundary-Layer
Growth at Hypersonic Mach Numbers." AEDC-TR-59-3 (AD208774), February
1959.

Bergman, D. "Effects of Engine Exhaust Flow on Boattail Drag." Journal of Aircraft,
Vol. 8, No. 6, June 1971, pp. 434-439.

19



AEDC-TR-74-9

S.

Aulehla, F. and Latter, K. "Nozzle/Airframe Interference and Integration."
AGARD-LS-53, May 1972.

Prozan, R. J. "Development of a Method of Characteristics Solution for Supersonic
Flow of an Ideal, Frozen, or Equilibrium Reacting Gas Mixture." Technical
Report LMSC/HREC A782535, April 1966.

"Users Manual for the External Drag and Internal Nozzle Performance Deck (Deck
X1) Transonic/External Flow Analysis (Applicable to Deck V)." Pratt and
Whitney Aircraft, PWA-3465, Supplement F, Part II, September 1968.

Patankar, S. V. "Heat and Mass Transfer in Turbulent Boundary Layers." Ph.D. Thesis,
Imperial College of Science and Technology, London, England, May 1967.

Kuhn, G. D. and Nielsen, J. N. "Prediction of Turbulent Separated Boundary Layers."

AIAA Paper No. 73-663, presented at the AIAA 6th Fluid and Plasma Dynamics
Conference, Palm Springs, California, July 1973.

20



AEDC-TR-74-9

APPENDIXES
‘). ILLUSTRATIONS
Il. TABLES

21



(5%

TUNNEL

= o - ¢ A
> 153.219 T
fe———— 29.58
13.00
—= 12.00}— }
—— /
IRER \ \K L ios b
35.30
t=2.75
BOUNDARY
LAYER TRIP
3].8°
83.00
EIO' Lf
50.90 — =
TUNNEL FLOOR t=s5.25
.\‘ ’
STA STA
124.50 276.72

DIMENSIONS IN INCHES

Fig. 1 Basic Model Dimensions and Location in Test Section

6-vL-H1-203V



>
m
o
2
—
]
~
o
w

AEDC
2662-72

a. View Looking Downstream
Fig. 2 Model Installation Photographs




b. View Looking Upstream
Fig. 2 Concluded

6-vL-41-203Vv



9T

ETHYLENE INJECTION RING

FLOW MIXERS (ONE EACH AT RADIAL POSITIONS
/ 459 135°, 225°, 315°)

27.45

ra.
=< TN
5

-

6.4

=
=1

) : %ﬂ )
\TEB LINE \ DOUGHNUT RING

FLAMEHOLDER — 0.125
TEB HOLDER

CHAMBER PRESSURE TAP
DIMENSIONS IN INCHES

a. Sketch of Combustor
Fig. 3 Combustor Details

6-¥4-41-203V



- Fuel m
Holes

- Doughnut _
Flameholder:

b. Flameholder
Fig. 3 Concluded

6-¥£-81-0Q3V




8¢

AFFDL/LOCKHEED CONVERGENT - DIVERGENT EJECTOR NOZZLE
AFTERBODY and BOATTAIL EXTERNAL SURFACES

NOTE - T
NON-METRIC —}—~METRIC
ETHYLENE SUPPLY LINE —=|-—0.040 GAP
TEB SUPPLY LINE
FLOW CONDITIONER
ASSEMBLY FLAME COMBUSTOR —={~—0.049 GAP
/ HOLDER 7
L4 = =y | T\ = l ](. -y /
SLEEVE VALVE FLOW MIXERS
\ ASSEMBLY ki
P A A i T ST STA‘
%
STA. STA j
10.27 SECENPARY 135.47 142 47
PASSAGE AFT NOZZLE BOATTAIL
5800y BALANCE

a. Air-Cooled Combustor
Fig. 4 Model Internal Details

6-vL-d1-003V



6C

AFFDL/Lockheed Convergent-Divergent Ejector
Nozzle Afterbody and Boattall External Surfaces

NOTE: Model Stations and Dimenslons In | nches

Non-Metric-=+—= Metric
Ethylene Supply Line Flow Conditioner Assembly Combustor
/ /— TEB Supply LTne /\ /- Flameholder \ o

g )
7 Flow Mixers EEm

A e N e il s T = e
] 1 sta. 153, 219
Aft Balance St,
Cooling-Water / o 1355&‘7 we.q e
Supply Passage Coollng-Water Nazzle Boattail Balance
Retur n Passage

b. Water-Cooled Combustor
Fig. 4 Concluded

6-vL-41-003V



AEDC-TR-74-9

COMBUSTOR
/‘ SO LAY SASBMOE o o

AFTERB AFFOL ’LOCKNEEO CONVERGENT-OIVERGENT)
BOATTA". (AFFOL/LOCKHEEO CONVERGENT-DIVERGENT)
""""'_"‘7""_;7;'7:‘:7"
R //////.f/ﬂ”- "‘: =

STATIC PRESSURE ORIFICES

_‘___r

MILITARY | 2404 248
- _ NozzLE ; {
sta. € sta.
135.471 153.219

a. Air-Cooled Combustor, Turbojet Military Nozzle

ToR /~SECONGARY AIRFLOW PASSAGE
oM /— Val enooovurro L{LOCKNEEO CONVERGENT-DIVERGENT)
i

1:1 BYPASS
BOAT AlL (AFFDLAOCKH
RGENT DIVERGENT )EED

£
= 1

T
STA. STA,
135471 180.72

b. Air-Cooled Combustor, Turbofan Military Nozzle (1:1 Bypass Ratio)

INLET WATER PASSAGE
RETURN WATER PASSAGE

it A A A A b e B e M e — .

=] STATIC PAESNRE MRS
. o - oo 2’I5 aig  DIMENSIONS IN INCHES
——tg— -y - L
~ _ 1 < i1
;
. 18 LI-OO 135:219

c. Water-Cooled Combustor, Turbojet Military Nozzle
Fig. 5 Schematic of Nozzle Configurations and Nozzle Pressure Instrumentation

30



NOZZLE TOTAL PRESSURE RATI0, D'ilpm

2.0

10.0

8.0

6.0

4.0

2.0

AEDC-TR-74-9

= e == TYPICAL JET ENGINE NOZZLE TOTAL PRESSURE RATIO
MONN - NOZZLE TOTAL PRESSURE RATIO RANGE INVESTIGATED

{MILITARY NOZZLE)

TypPicaL TEMP - 1Topp?R  ~ |CRUISE A
- 2g00°R -|mMi> AYR

- 4oop R -~|Max AJB

0.2 0.4 0.6 o8 1.0 1.2 ) 1.6
FREE-STREAM MACH NUMBER

Fig. 6 Range of Nozzle Total Pressure Ratio

@) FORCE DATA
o PRESSURE INTEGRATION DATA

0.04
0.6 i.0 1.4 1.8

Pe3/ Po

Fig. 7 Comparison of Pressure Integration Boattail Drag
Coefficient with Force Balance Boattail Drag
Coefficient at M_ = 1.2 and Re = 2.5 x 108 /ft

31



[43

0.30 T |
Cp TGAS NPR
O 530 T.10
o.20 0O 830 9.50
A 530 12.66

Re/f =2.5x 1051

=0.10

)

N

o \\g/
je AFTERBODY >l BOATTAIL——
-0.30 1 I (] PR 1 - 1 1 1 (]
128 130 132 134 136 138 140 142 194 146 148 150 152

AXIAL DISTANCE FROM NOSE, in.

a. Effect of Static Pressure Ratio at M_ =09
Fig. 8 Typical Boattail Static Pressure Distributions

154

a3v

0

6-¥L-Hl-



tE

- .
Cp
0 — ]
N :
Tcas NPR
-0.20} O 830 662 A"
O s  s17 1 ‘
A 530 12.12 'l
Re/f = 2.8 x 105/ \Q/ ,' ]
-0.30 i
[}
Y
e AFTERBODY ot BOATTAIL————=]
-0.40 1 | [ 1 1 1 1 i 1
128 130 132 134 136 138 140 142 144 146 148 150 152 154

AXIAL DISTANCE FROM NOSE, in.

b. Effect of Static Pressure Ratio at M_ = 1.1
Fig. 8 Continued

6-i-H1-0Q3aV



14

Cp

0.2
TGAS . °R NPR
o) 530 .78
ou| O 1350 7.90
A 1850 7.98
Re/L = 2.5 X10/11 .
o
5
[ —
\
=0.1 \\\0\ ’
-0,2 — \\ L
e Q'/
5 l AFTERBODY e BOATTAIL ——=]
128 130 132 134 136 138 140 142 144 146 148 150 152

AXIAL DISTANCE FROM NOSE, In.

c. Effect of Exhaust Plume Temperature at M_, = 0.9
Fig. 8 Continued

154

6¥L-H1-003V



SE

Cp

o
-0.1 *Q\\
e i \ /1

ok o} 830 9.17 | ]

0O 182 9.07 /_.

A 2464 9.10

\.0/ []
-03 D\i
|
- e AFTERBODY ; BOATTAIL —f
128 130 132 134 136 138 140 142 144 146 148 150 152 -

AXIAL DISTANCE FROM NOSE, in.

d. Effect of Exhaust Plume Temperature at M_ = 1.1
Fig. 8 Continued

154

6-vL-H1-0Q3v



6-¥L-41-003v

9¢

/ BOATTAIL 7

[ &0 72 (13 % = o ﬁ'o 1} J 4%

AXIAL DISTANCE FROM NOSE, in.

@. Pressure Distribution over Model at M_= 0.9
Fig. 8 Concluded



AEDC-TR-74-9

~4——— Shock Wave

|-

Boattail M, = 1.1

Afterbody—b-l

a. Tgas =530°R, NPR =9.17
Fig. 9 Typical Schlieren Photographs at M., = 1.1 and Re = 2.5 x 106 /ft

37



AEDC-TR-74-9

Shock Wave

b. Tgas = 1182°R, NPR = 9.07
Fig. 9 Continued

38



AEDC-TR-74-9

/_Sh(_)t'k Wave

Boattail il M. = 1.1

Plume

Af terbody —.{

C. TGAS = 2464°R, NPR =9.10
Fig. 9 Concluded

39



AEDC-TR-74-9

002
Cosv o
0
-0.02
0 2 4 s s 10 12 i 14
NPR
0.06
Coas
0.04 ; :a = ?‘C
0.02
o 2 @ 6 e 10 12 ™ 14
0.08
Corv
0.08 om O]
0.04 AN
Tgas + °R \c
@) 530
0 s
0.02 (AN 1960
0 2580
o
o 2 4 3 Y 10 12 e
NPR

a. M_=0.6
Fig. 10 Effect of Nozzle Pressure Ratio on Turbojet Nozzle Component
Drag Coefficients at Various Exhaust Jet Temperatures Using a
Water-Cooled Combustor at Re = 2.6 x 106 /ft

40



. AEDC-TR-749

0
Coer Tgas: °R O
(o) 530
-002 TAN 1880 S~ S~y
¢ 2390 U\'QO
-004
) 2 4 6 s 10 12 14
NPR
0.06
Cpas &—o@
%& %00
0.04
0.02
0 2 4 '3 8 1) 12 14
NPR
0.06
Copr
FaN @
oo % ~o
0.02 NQ\O 'Ch
0
0 2 4 6 s 10 12 4
NPR
b. M_=09

Fig. 10 Continued



AEDC-TR-74-9

0.06
Cosr Tgas°R A
o] 530 (\%O\
coa| O 1175 e
A 1778 N
0 2375 \A
D 2678 %\)
0.02
o 2 4 6 8 10 12 14
- NPR
0.10
Copap
0.08
OO0 -0
0.06
o 2 4 6 8 10 12 (4
NPR
0.14
Cort ] a&\%
0.12 h;
&%}A X
0.10
0 2 4 3 8 10 12 1
NPR
c. M_=1.1

Fig. 10 Continued

42



AEDC-TR-74-9

0.10
Coer Teas . °R
0 530
0.08 O ns
A 1800
0 2250

o X

0.04
0.02
2 4 s s 10 2 14 16
NPR
0.08
Cpas o——0Q0-
0.06
2 4 6 s 10 12 e 16
NPR
0.16
Cot
81 ™~
0.12
0.10
2 4 6 8 10 12 14 18
NPR

d. M =12
Fig. 10 Continued

43



AEDC-TR-74-9

0.06
Cper
O"O\
0.04 b
Teas . °R @%@
O 830
oozl O 1eo \0\\9
A 1878
O 1940
0
8 10 12 14 16 18 20 22
NPR
0.06
Cpas
0.04 OO O=0=000=00C=D=25
0.02
e 10 12 14 1e I8 20 22
NPR
0.10
Cor
O“‘o\
008 -
0.06 ?ﬂ
0.04
.8 10 12 14 16 T 20 22
NPR
e. M_=15

Fig. 10 Concluded

44



AEDC-TR-74-9

M_ = 0.85
8Cp = Cpypr-on - Cpyer-orF’
Convergent Nozzle

0.02 T ] )
”————
-
,/
AC
D »r4——— Jet Entrainment
/7 Effect
/
0 I
-0.02 -
Net Jet Effect
-0.04 =
~
'-‘k“
-0.06 |-
-
Plume Shape Effect \
\
-0.08 1 |

1 2 3 4
Nozzle Pressure Ratio, NPR

Fig. 11 Qualitative Effect of Entrainment and Plume Shape on Boattail Drag

45



AEDC-TR-74-9

4
— 140
—_——— .37
------ .32
—_——— )29
—_———— .28
0.08 -
AVERAGE ¥ Tgag "R
(EXR)
O 1400 530
0.06 |- [u] 1373 1175
A L34 1960
Cor 1287 2580
004 |-
04 \\\
\\
0.02 | 1 | 1 J
0 2 6 0 2 7}
NPR
a. M_=0.6
006
AVERAGE y
004 |- ([EXR)
O L400
Cor A 1318
QO 288
002 |
00 L
0 2
0l4
o2 AVERAGE y
{EXP)
Cor O 1400
a 1.370
.10 A 1.326
¢ L288
D 1274
0.08 1 1 1 1 |
0 2 6 10 12 “
NPR
c. M.=1.1

Fig. 12 Comparison of the Cold-Flow Data Corrected for Specific Heat Ratios to
the Experimental Hot-Flow Data at Re = 2,6 x 106 /ft

46



AEDC-TR-74-9

— 140
— —— .37
—————— 132
—_—— 129

olsr AVERAGEy Toper°R
(ExP) | GAS
o 1400 530
o 1388 TS
oml 5 1326 1800
1302 22%0
Cor
0.2 r &. ‘-.Q\\
AN
°.|° "l 1 L 1 N ) g
. s ) 10 12 M 16 18
NPR
d M_=12
AVERAGEY Tapa:r'R
o010 i (Exp) ] GAS'
O 1400 530
o L370 160
A 134 ISTS
0.08 - 0 1313 1940
Cor
006} — Q-.
1 i 1 1 - ] - )
0045 12 14 ] 18 20 22 24
NPR

e. M =15
Fig. 12 Concluded

47



AEDC-TR-74-9

0.14
c O”"O\
DT A\
0.12
Teas» °R
O 530
0.10 O 1175
A 1775
O 2375
D 2675
0.08
4 6 8 o} t2 14
NPR
a. Boattail Drag Coefficient as a Function of
Nozzle Total Pressure Ratio at M_ = 1.1
0.14 F
Cort
0.12
)
c.10
0.08
0.4 0.8 1.2 1.6 2.0 2.4
Py /P

b. Boattail Drag Coefficient as a Function of
Nozzle Static Pressure Ratio at M_= 1.1
Fig. 13 Comparison of Two Methods of Presenting Drag Coefficient Data

a8



6V

PRESSURE COEFFICIENT, Cp

0.20

TGAs Re/2x10"6 NPR

O 530 K.) 742
o0} O 530 2.0 746
A 530 2.5 797 r—aonmu.—— —*-l
0 530 3.0 769
[ AFTERBODY
o—0 I
-0.10}—
-0.20 | l I ! 1 K | ) ] 1 1
128 130 132 134 136 138 140 142 144 146 148 150 152

AXIAL DISTANCE FROM NOSE, In

Fig. 14 Effect of Reynolds Number on Boattail Pressure Distribution at M_ = 0.6

154

6-vL-41-003Vv



AEDC-TR-74-9

0.04

P
Cotp e— Ay
T °R
0.02 GAS*
@) 530
a 1500
1950
2400
o
1.0 1.5 2.0 2.5 3.0 3.5
Re X 10-8/11
a. M_=0.6
0.02 ,
Cotp __J; J\l’Lﬁ
° o=
(
-0.02
1.0 1.5 2.0 2.5 3.0 3.5
Re X 10-6/#1

b. M. =09
Fig. 15 Effect of Reynolds Number on Boattail Pressure Drag Coefficient at Various
Exhaust Jet Temperatures Using a Water-Cooled Combustor at a Nozzle
Pressure Ratio of 1.5

50



AEDC-TR-74-9

0.02
Cost l
TGAS, *R
] [0} 530
a 1540 0
A 1900
-0.02 [ - —1 . —J
0.08 — e T T
Coap
0.04
0.02 1
0.08
Cpr 441
0.04 RO
0.02 - 1
[} 2 4 6 [ 10 12 1.
NPR
a. M, =0.6, Re = 1.5 x 106 /ft
0.02 . - - ’
conr S s
e
[} N
Wﬁ_“m
-0,02
0.06
Coas
© 00RO
0.04 )
0.02 AAJ
0.06 =
Cor Aa \\\\\(L l
Tgas . R
oosa| O 830 :glkik ]
D 1100
A 1960
[NTTY ) i
002
0 2 . [ ] [ T} .
NPR

b. M, =0.6, Re = 2.0 x 105/ft
Fig. 16 Effect of Nozzle Pressure Ratio on Component Drag Coefficients at
Various Reynolds Numbers Using a Water-Cooled Combustor

51



AEDC-TR-749

002
Conr
°
-0.08
o.08
Spas
O ¢
0.06
001
0.00
Cor
0.08 U T 00
0.04
Teae « R
0 830 \
D 1nrs
ool & 1980
0 2800
°
° '] 4 s . 10 " "
neR
c. M_=0.6, Re =25 x 108/ft
0.02 v =
Tgas: "R
Coar d Q $30
O 1290
° — A 1§80 -
9 aseo
-0.02
2.08
Coae
o—-O—GfO—ﬂ-Q—n-o-a—cn
004 L
o.0n
Cor
0.08 e
004
ooz s 2 . . ] 10 12
NPR

d. M_= 0.6, Re = 3.0 x 108/ft

Fig. 16 Continued

52



AEDC-TR-74-9

Coar CR Teas. 'R
-0.02} \““'-4- g 1:::

| ~o §
oo T

%‘%

e ' o
e, ]

- @“‘-_-—_'"‘"0—'0——0 j

006 T

ooa—

\
o.oz* ~5
o \\
0\ ' I
os2 \Qg\\& |
)
0.04 1 \Q\

NPR

e. M_=0.9, Re = 1.0 x 108 /ft
Fig. 16 Continued

53



AEDC-TR-74-9

° U
Cosr ’\§
ST
A
-0.04
008
Coad Oo— : | E . |
0.0 : i
0.08 I
Cor O—
\
0.04 \
Teas . °R 3
0.02 8 I::: \ N
A 1850
¢ 2390
D 2720
= |
0 2 4 € 8 10 12 14
NPR
f. M_=0.9, Re= 2.0 x 108 /ft
0 T
Coet Taas - °R :
o 330
ol G S
-0.04
008
Coas A“@N 0
0.08
0.02
0.08
Cor
0.04 A\O\\
Sy
002 g\o %
° [
[ 2 - ) [} 0 T "
NPR

g. M_=0.9, Re=25 x 106/ft
Fig. 16 Continued

54



AEDC-TR-74-9

Teas. R
o] 530
0O 1360
O 1930
D 2430
o Y
Coer <
-0.02 > R
Po
-004 ] |

0.06 :
Coan ”%ﬂ):%@ﬁ\o
00e l L
006 7
Cor I L

0.04

002 v
|

—

o I
[} 2 4 [} 8 10 12 4

h. M, = 0.9, Re = 3.0 x 105 /ft
Fig. 16 Concluded

55



9¢

0.02
CoBT O AIR COOLED COMBUSTOR
WATER COOLED COMBUSTOR
(o}
O~ \ L CORRECTION FOR BASE DRAG
<O~ USING DATA FROM REF. 5
-0.02 = ey
\@ e -
\ -
o
-0.04
0.4 0.8 1.2 1.6 2.0 2.4
pe / pm

Fig. 17 Comparison of Boattail Drag Coefficient Levels Using Water-Cooled
and Air-Cooled Combustors at M, = 0.9

6-vL-41-DQ3Vv



NOZZLE STATIC PRESSURE RATIO, p/p'l

AEDC-TR-74-9

0.4
0.3
WZ/W| %
-y 17.5
13.3
11.1,10.2
6.4
4.7

o
n
L

\#o

JET UNDEREXPANDED
(COLD FLOW)

3 2 |
DISTANCE FROM NOZZLE EXIT, in.

Fig. 18 Military Nozzle Internal Pressure Distribution Cold Flow Using an
Air-Cooled Combustor

57



AEDC-TR-74-9

0.24

AIRFLOW RAT10, Wy /W,, %

O
O COLD FLOW
@ HOT FLOW
0.20
D
w
|°' >
ma.?o.ls
Q
n O
J
<
= 0.12
= o)
@
o O (o)
= 1
a 008
" ® /
H ®
0 ' ' / ® lo
€ 004 O
\ V
o
E \__ o) o
0 O 0 O ®
= o]
X
(A o
4 $
-
N
g -0.04
o
-0.08
0 4 8 12 16

20

Fig. 19 Effect of Secondary Airflow Ratio on Transverse Nozzle Static

Pressure Using an Air-Cooled Combustor

58



AEDC-TR-74-9

0.02 ]
CpeT [*2/W| RANGé 0 TOI7%
4] ———CM_ e
o U*ﬁ@@—_o___
-0.02
0.6 0.7 0.8 0.9 1.0 1.1 1.2
Pegy/Po
a. M_=0.6
4]
Copar
~0 /—nomum. Worw, 14%
-D.02
wﬁ
0Y. \‘"
-0.04
0.4 0.8 1.2 1.6 2.0 2.4
Pe gy’ o0
b. M_=09
0.06 . |—'— ]
Cosr \t\//—nommu. o/ W) 18%
0.04
N
12.5% —t=n,
\\
W
0.02 4.7% =\
S AN
0% —a 3
28
(o]
0.4 0.e 1.2 1.6 2.0 2.4
peuv/poo
c. M_=1.1

Fig. 20 Effect of Secondary Airflow Ratio on Turbojet Nozzle Component Drag
Coefficients, Cold Flow, Using an Air-Cooled Combustor at Re = 2.5 x 106 /ft

59



AEDC-TR-74-9

0.08
e o—_ﬂ\
0.06
"N NOMINAL Wa/W, 16%
0.04 \“D\
s4%— | >~ .

0.02

0.4 0.8 1.2 1.6 20 2.4 2.8

Pogy/ Poo
d. M_=12
0.08
Cper o
N /—NOHINAL Wa/W) 16%
0.04 D'\Uif
I3%
“9‘ ___""Ct.
o‘—’ ..;‘-. "f'\.-- K

0.02 = —_ H\O\

o]

1.6 2.0 2.4 2.8 3.2 3.6 4.0

Pegy/ Poo
e. M_=15

Fig. 20 Concluded

60



AEDC-TR-74-9

Teas °R
O 530
a 1425
A 2314
¢ 270
D 3200

0.02 '
CoeT /—TGAs » 330 °R
o —
! ] -
l B
-0.02
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
I NOZZLE STATIC PRESSURE RATIO, p, /py,
0.06
Cpas
0.04 er O Qﬁ:%&—
0.02
0.4 0.3 0.6 0.7 0.8 0.9 1.0 I 1.2
NOZZLE STATIC PRESSURE RATIO, p, /p
av 00
0.06 I T
Cor |
=)0, —
0.04
1 v Foul
002 I
0.4 0.5 0.6 0.7 o.e 0.9 1.0 L1 1.2

NOZZLE STATIC PRESSURE RATIO, Pe oy /pm

a. M_=06

Fig. 21 Effect of Nozzle Pressure Ratio on Turbojet Nozzle Component Drag

Coefficients at Various Exhaust Jet Temperatures Using an Air-Cooled
Combustor at Re = 2.5 x 106/ft

61



AEDC-TR-74-9

Tgas:'R
o 530
QO 1495
A 1900

© 2880
g 3256

Cosr

-0.02

~..-\~\(::TGA5 530°R

I

-0.04

co06

Cpas

004

004

0.02

0.4

o8

1.2 L6 2.0
p‘uv,p‘”

b. M_=09

Fig. 21 Continued

62

24



AEDC-TR-74-9

Teas °R ’
O 530
a 1456
FAN 1837
O 2160
q 2800
0.06
Coer l Tgas = 530 °R
0.04
002 | N
. |
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
NOZZLE STATIC PRESSURE RATIO,p, /B,
av
0.08
Cpap
— L
0.06 |
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
NOZZLE STATIC PRESSURE RATIO, by /fy
o.14
Cpr J
0.12 \t)\
0.10 k
0.08
,\Ok
0.06 .
() 0.4 0.8 1.2 1.6 2.0 2.4 28

NOZZLE STATIC PRESSURE RATIO, pewlpw

c. M_=1.1
Fig. 21 Continued

63



AEDC-TR-74-9

Teas 'R
530
1600
1275
2050
2390
2740

pooop o

0.08

Coer

-~ "“‘-~\\4<::Tcns 530°R

006

N

0.04

0.02

008

Cpas

0.06

0.10

04

d M, =12
Fig. 21 Continued

64

2.8



T6As, R
530
1375
1990
2207
2640
2930

raoapboo

0.06
Coer
\\
0.04 [
N TGAS 530°R
0.02 \\\
o
0.06
Coas
0.04 C—O—O~————3t—0
0.02
0.10
Cor gq
0 08 L‘fk\\\\
0.06 a\\‘Nf‘.
]
0.04
1.6 2.0 2.4 2.8 3.2 3.6 4.0
peqv ’pm

e. M =15
Fig. 21 Concluded

65

AEDC-TR-74-9



AEDC-TR-74-9

Teas.'R
o seo
O 1354
A 1823
OPEN SYMBOLS Re 2.5x 105/t
CLOSED SYMBOLS Ra 4.75 x 105/1¢
0.02

Cper

-0.02

0 06

Cpas

0.04

0.02

0.06

Cor

0.04

0.02
0.4

0.8 1.2 1.6

Poav’Po

20
a' Ma = 0.6

Fig. 22 Effect of Nozzle Pressure Ratio on Turbofan Nozzle Component Drag
Coefficients at Various Exhaust Jet Temperatures Using an Air-Cooled
Combustor

66



Teas R
O 531-54)
O 1618
"A 2199
OPEN SYMBOLS Rs 2.3x 106/
CLOSED SYMBOLS Ra 4.75 x 105/11

CoeT

-0.02

j

-0.04

006

Cpas ——

004
0.04
-‘—4
Cpr B

0.02

. L

os |2 16 20

Dew/pw

b. M_=09

Fig. 22 Continued

67

AEDC-TR-74-9



AEDC-TR-74-9

Teas,"R
O 531-538
O 1508
A 2243
OPEN SYMBOLS Re 2.51x 108/t
CLOSED SYMBOLS Re 4.75 x 105/11

0.06 l

Cper

0.04 \

0.02 E

-0.02

0.06
1.2 1.6 2.0 2.4 2.8 3.2 3.6

Poov/Peo
c. M_ =11
Fig. 22 Continued

68

4.0



Teas.*R
O 534-538

O 11186
& 2224

0 08
CoeT
~
0.06 \,o\o
0.04 Y’x\
0 02 o,
0.08
Cpap O O -0
0.06
0.14
~Q|
o \Q\]
0.12 \\o\
0.10 \o\
™o
0.08
1.2 .6 2.0 24 28 3.2
Poay /R0

d. M_= 12, Re =25 x 106/t
Fig. 22 Continued

69

3.6

AEDC-TR-74-9



AEDC-TR-74-8

Teas'R
O 538-339
0o 1242
A 1791
006
CosT “b-\
0.04 [
' ; To~ar—|
0.02
0.06
Cpas
~Ot—0- —0—10—{r—t—O0————O—
0.04
0.10
~O
Cpr \\O\
0.08 'O\ﬁ';a\
| \)\T\D
0.08 |
2.0 2.4 2.8 3.2 3.6 4.0 44

Pe av /pw

e. M_=15, Re =25 x 1086 /ft
Fig. 22 Concluded

70



IL

FLOW
IR

Fig. 23 Schematic of the Various Flow Regions Involved in the Afterbody Drag Caiculation Problem

6-¥24-41-203V



tL

RADIUS, in.

Me = 0.60 .
Re = 2.5x |0/t

- SEPARATION INDICATED
TGAS.'R
2700

1800
1200
% 520
DASHED LINES ARE ASSUMING ATTACHED FLOW R

2.8 B
\“%‘
7 :
2.4 \— INVISCID PLUME BOUNDARY 1
VARIATION WITH TEMPERATURE,
Teas ® 520 - 2700°R
2.0 1 1 1 I 1 ] 1 ] L 1 | ] 1
-18 -16 -14 -2 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

AXIAL DISTANCE FROM NOZZLE EXIT, in. (POSITIVE DISTANCE DOWNSTREAM)

Effective Displacement Boundaries for the External Flow at M,, = 0.6 and Re = 2.5 x 106 /ft

6-¥L-41-003V



€L

RADIUS, in.

5.2 T T T T | )| T T T I T T | T
ACTUAL B8
‘*--f 3” MODIFIED TO ELIMINATE LOCAL SUPERSONIC FLOW
4.8 -
M. = 0.90
Re = 2.5 x10%/11
4.4 —
40 -
—SEPARATION INDICATED Teas R
2700
i 1800 -
3.6 1200
% 520
3.2 £/ =
-
==
2.8 DASHED LINES ARE ASSUMING ATTACHED FLOW
/ﬁo— PLUME BOUNDARY
2.4} Z Z VARIATION WITH TEMPERATURE, _|
Tgas® 520 - 2700°R
2.0 1 1 1 | 1 ] 1 | 1 1 ] 1 |
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 (] 2 4 6 8

AXIAL DISTANCE FROM NOZZLE EXIT, in. (POSITIVE DISTANCE DOWNSTREAM)

Fig. 25 Effective Displacement Boundaries for the External Flow at M,, = 0.9 and Re = 2.5 x 106/ft

6¥L-H1-003VY



vL

PRESSURE RATIO, p/pe

1.08

.06

1.04

1.02

1.00

o.98%

0.96

0.94

] 1 | ] ] ] 1 ] ] I |

-24 -22 -20 -18 -16 -14 -2 -10 -8 -6 -4 -2
AXIAL DISTANCE FROM NOZZLE EXIT, in. (POSITIVE DISTANCE DOWNSTREAM)

Fig. 26 Afterbody Pressure Distribution: Comparison Between Experiment and Theory for Various
Plume Temperatures at M_ = 0.6 and Re = 2.5 x 106 /ft

6-vi-41-0Q3vV



SL

PRESSURE RATIO, p/pq,

.20 T T T T ]
Teas: R
1.16}F (o] 1438
o 1885
A 2935
112+ QO 3256
a 530
1.08 |-
1.04
1.00
0.96 -
8
o
0.92+
0.88 -
8
. O
0.84 | 1 | ] | ! | | 1 | |
-24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2

AXIAL DISTANCE FROM NOZZLE EXIT, in. (POSITIVE DISTANCE DOWNSTREAM)

Fig. 27 Afterbody Pressure Distribution: Comparison Between Experiment and Theory for Various
Plume Temperatures at M_ = 0.9 and Re = 2.5 x 106 /ft

6-v£L-41-0Q3V



AEDC-TR-74-9

O AIR COOLED COMBUSTOR
A WATER COOLED COMBUSTOR

a THEORY
Cna:'oz X Pe / Py= 1-05
A Y
o —o—] | —OT—0—
-0.02 ﬁhhh‘hhﬁh“ij

500 1000 1500 2000 2500 3000 3500
EXHAUST GAS TEMPERATURE, Tgas, °R

a. M_=0.6
0
ComT
x
= 3
-0.02 —
(O p
_H}_ O
-0.04 ) \D\F‘
- - - \
© g /Py *1.50 O
-0.06 _
500 | 1000 1500 2000 2500 3000 3500

EXHAUST GAS TEMPERATURE, Tgas, °R
b. M_=09

Fig. 28. Comparison of Theoretical and Experimental Boattail Drag
Coefficients at Re = 2.5 x 108 /ft

76



LL

PRESSURE RATIO, p/Pes

1.02 | T T I T I I I | I I -
8 3 %g
0.98 <
8
094} THEORY (MOC) ]
0.90 =
0.86 o
0.82| i
TGas,°R
0.78~ © 1400 .
A |B37
0D 2416
0.74 | 0 2776 =
D 530 .
0.70 | 1 | | | L L1 | 1
-24 -22 -20 -I8 -16 -14 -12 -10 -8 -6 -4 -2

AXIAL DISTANCE FROM NOZZLE EXIT, in. (POSITIVE DISTANCE DOWNSTREAM)

Fig. 29 Afterbody Pressure Distribution: Comparison Between Experiment and Theory for
M. = 1.2 and Re = 2.5 x 108 /ft

6vL-941-00a3v



AEDC-TR-74-8

TABLE |

MEASUREMENT UNCERTAINTY

Parameter Uncertainty

Boattail Balance

FN +0. 95 1bf

Fy +0. 36 1bf

Fp 10, 39 1bf

M +1, 05 in.-1bf
Afterbody Balance

Fy +7. 41 1bf

Fy 12, 79 1bf

Fa +0. 24 1bf

M., +1,09 in.-1bf
Boattail Static Pressures 1,08 psf
Nozzle Exit Static Pressures | *12. 96 psf
Air Venturi Plenum Pressure | 1.5 psi
Ethylene Venturi Plenum
Pressure +1.5 psi
Air Venturi Plenum Temper-
ature . +1. 5°R
Ethylene Venturi Plenum
Temperature +1. 5°R
Air Venturi Flow Rate +0. 93 percent

Ethylene Venturi Flow Rate

| 10, 93 percent
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TABLE 1l
NOZZLE BOATTAIL SURFACE PRESSURE INSTRUMENTATION

AEDC-TR-74-9

Model Angle Orientation, deg
Station, in. 0 45 90 | 135 | 180 | 270
148, 101 403 412 4117 426 431 440
148. 811 404 418 432 441
149, 591 405 413 419 4217 433 442
150. 281 406 420 434 443
150. 941 407 414 421 428 435 444
151.531 408 422 436 445
152,071 409 415 423 429 4317 446
152, 531 410 424 438 447
152. 951 411 416 425 430 439 448
0 deg
90 deg 270 deg
180 deg

View Looking Upstream

79



AEDC-TR-74-9

FOREBODY AND AFTERBODY SL‘}RBI:I\EganEssunE INSTRUMENTATION
Model ‘ Angle Orientation, deg
Station, in. I N
0 ~20 | 90 180 |~200 | 270
15.00 503 504 ‘ 505 506
29.58 507 |
41. 50 508 :
54. 00 509 ' |
66. 00 510
2 78. 00 511 512
3 92. 00 513 514
E 103. 00 515 516
110. 51 601 606
114. 89 602 607
119.26 603 608
123. 64 604 609
128. 01 605 610
129, 20 520 521
136. 97 522 528 | 531 537
> 140. 22 523 532
9| 142.72 524 529 | 533 538
g 144, 72 525 534
< | 146.22 526 535
147. 22 5217 530 | 336 539 |
0 deg
90 deg 270 deg
180 deg

View Looking Upstream

80



AEDC-TR-74-9

TABLE IV
BOUNDARY CONDITIONS
s Boundary-Condition Region from Wk-u.c h
Region Tvpe Boundary Condition
yP Is Imposed |
A Solid Boundary C
Solid Boundary E
B Solid Boundary D
Solid Boundary E
C Pressure Gradient A
D Pressure Gradient B
E Axial Pressure Gradient Aand B
Reference Line Match Pressure (Transverse)
between A and B
TABLE V
COMPUTATIONAL METHODS
Region Description Characteristics Method
A Internal Nozzle Flow | Inviscid - Supersonic Lockheed MOC
and Plume
B External Flow Inviscid a. Pratt & Whitney
(Isolated Nozzle) a. Subsonic Transonic Flow
b. Supersonic Program
b. Lockheed MOC
C Nozzle Boundary Viscous Pata_nkar
Layer Option I
External Boundary . Patankar
D Viscous .
Layer Option 1
- : Patankar
E Mixing Layer Viscous Option II
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