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PREFACE

The work reported herein was conducted by the Arnold Engineering
Development Center (AEDC}, Air Force Systems Command (AFSC), under
Program Element 65807F. The results presented were obtained by
ARC, Inc. (2 subsidiary of Sverdrup & Farcel and Assoclates, Inc.),
contract operator of AEDC, AFSC, Arnold Air Force Station, Tennessee,
undér ARO Project Number P32P-A0A. The Air Force project engineer
for this program was E. R. Thompscn, AEDC/DYR, The author of this
report was William Lee Peters, ARC, Inc. The manuscript (ARO Control
No, ARD-PWT-TR-76-67) was submitted for publication on June 29, 1976.
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1.0 INTRODUCTION

A medern turbojet or turbofan engine, operating over a wide range
of power settings, experlences vast changes in jet exhaust gas temperature.
Matching the aerodynamic effects of these hot engine exhaust gases on a
full-scale aircraft by wind tunnel testing a model incorporated with a
burner has proved unreliable, time consuming, and uneconomical in the
past. This has led to jet effects testing of models utilizing a cold
high-pressure air jet to simulate the hot engine exhaust jet. Because of
the large temperature differences between these two flows, no adequate
means has yet been determined to aceurately duplicate the jet interference
cf one by the other. This, in turn, has focused much effort in finding a
jet simulation parameter whereby the aerodynamic effects produced by a
hot engine exhaust-gas could be matched by those of a cold high-pressure

air jet.

The purpose of this investigation was to evaluate jet simulation
parameters for correlating jet gas temperature effects on aircrafp
performance using integrated afterbody pressure drag as the measuring
parameter for equal jet effects. Experimental data used to cobtain the
results reported herein were obtained from experiments (Refs. 1 and 2) of
three strut-mounted, isclated nozzle/afterbody model configurations. Gas
temperature effects on pressure drag were acquired for these tests by
using high-pressure air or the products of ethylene/air combustion as
the jet exhaust such that gas tota} temperature was varied from approxi-
mately 540 to 3,300°R. Jet simulation parameters were also evaluated
in this investigation for changes in nozzle geometry since this is a
variable which can alter the character of nozzle exhaust flow and thus
influence jet interference. By utilizing high-pressure air as the jet
exhaust gas, rhe jet effects of nozzle divergence half-angle were deter-
mined for half-angles from 0 to 10 deg, and the effects of nozzle exit
area-to-throat area ratio were obtained for area ratios from 1.0 to
approximately 1.5. The results presented in this report were obtained
at Mach numbers from 0.6 to 1.5 and Reynolds numbers from 1.0 x 106 to
2.9 x 106 per foot.
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One nozzle flow parameter investigated which is commonly used in
wind tunnel testing for hot and cold jet simulation was nozzle total
pressure ratic, Use of this parameter has usually been justified on
the basis thar the measured drag of a wind tunnel model with a cold
high-pressure air jet will be higher, hence conservative, as compared
to the drag procduced by a similar model with a hot exhaust jet. Another
parameter investigated was the exit static pressure ratio, which has
been for many years a parameter to approximate when matching the effects
of a hiphly underexpanded jet on the base region of a rocket. Other
nozzle flow parameters considered in this study were mass flow flux,
momentum flux, and kinetic energy flux, all of which were evaluated at
the nozzle exirt plane and which are used frequently in analyzing flow
problems. Similarly, the parameter M1, the jet boundary Mach number, was
evaluated since it is closely related to nozzle total pressure ratio.

Jet beundary or jet plume shape parameters investigated include Av, or

the incremental change in Prandtl-Meyer angle and the related parameter

Gj or initial jet inclination angle which inecludes the nozzle divergence
half-angle (Gj = Av + GN). Love in Ref. 3 concluded that, for slightly
underexpanded jets (PJ_/Pcn from 1 to 10), good boundary simulation was
obtained if the jet inclination angle was matched. Other investigators
{Ref. 4) have determined that if either M1/Y or YH1ZIS1 are matched
simultaneously with jet inclination angle, good jet boundary simulation

is achieved over a wide range of underexpanded jet exhaust flows. However,
it should be noted that to match M1/Y or YM12/B1 with Gj for differing jet
flows, requires that each flow have a different jet boundary Mach number,
Ml (a function of nozzle total pressure ratiec), and a different jet

exit Mach number, Mj {a function of nozzle internal geometry)}. Since

for nozzle/afterbody performance testing, it is impractical to vary

nozzle internal geometry and nozzle total pressure ratio simultaneously,
this investigation evaluated M1/Y and yM12fB1 as jet simulation parameters
independent of Gj. One final jet plume simulation parameter investi-

gated was YM1/B1 which was developed in the course of this study,
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2.0 APPARATUS

2.1 TEST FACILITY

Tunnel 16T is a closed-circuit, continuous-flow wind tunnel capable
of cperating at Mach numbers from 0.2 to 1.6 within a stagnation pressure
range from approximately 120 to 4,000 psfa, depending on the Mach number,
and over a stagnation temperature range from about 80°F to a maximum of
160°F. The specific humidity of the air is controlled by removing

tunnel air and supplying conditioned makeup air from an atmospheric drier.

2.2 TEST ARTICLE AND SUPPORT SYSTEM

Data for this investigation were obtained from experiments of three
different model configurations. These configurations were all modifi-
cations of the same basic model design. The basic design was an existing
isolated axisymmetric nozzle/afterbody model with a 14-depg half-angle
conical nose and a maximum body diameter of 9.86 in., A boundary-layer
trip consisting of 0.55-in.-diam steel spheres spot-welded to a trip ring
at a circumferential spacing of four sphere diameters was located 12 in.
aft of the cone vertex. For all three configurations, the moedel was
mounted on a tapered strut with an average aft sweep of 35 deg. The
strut thickness—-to-chord ratio varied from 0.53 at the model to 0.88 at
the tunnel floor. The maximum cross-sectional area of the model/strut
arrangement was equivalent to 0,88 percent of the wind tunnel test section

cross-sectional area.

The model configurations consisted of two hot-flow configurations,
each with an ethylene/air combustor, and one cold-flow configuration
utilizing high-pressure air as the jet exhaust gas. One hot-flow config-

uration had a convergent-divergent nozzle, and a more complete description
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of this configuration may be found in Ref, 1. A description of the
other two configurations, a hot-flow configuration with a convergent
nozzle and a cold-flow configuration with variable internal mozzle
geometry may be found in Ref. 2, Minor differences existed in the
overall model lengths among the three configurations tecause of differ-
ences Iin individual external afterbody and internal nozzle geometry.

The basic dimensions of each of the configurations are presented in
Table t. A skatch and installation photograph representative of all
three configurations except for individual differences in model length

is shown, respectively, in Figs. 1 and 2. A sketch of the internal
nozzle assembly for each of the model configurations is shown in Fig,

3, and a sketch of the various internal nozzle inserts for the cold-flow
configuration is presented in Fig. 4. Although exit-to-throat area ratio
and the divergence half-angle were varied for the cold—flow configuration,
nozzle exit area was fixed. Both the hot-flow convergent nozzle and

the coid-flow configurations shared a common exrernal afterbody geometry
with a 15-deg boattail angle. A 25-deg boattail was also tested with

the hot-flow convergent nozzle configuration. A dimensional sketch of

these two boattail geometries is shown in Fig. 5.
2.3 INSTRUMENTATION

Rows of static pressure orifices were located along the nozzle
afterbody and boattail surfaces at top, bottom, and side circumferential
stations for all three model configurations. Pressure measurements were
made utilizing a single differential pressure transducer per pressure ‘
orifice with a transducer range of *5 psid. The external instrumentation
was common for the hot-flow convergent nozzle configuration and the
cold-flow configuration with the 15-deg boattail installed. The 15-deg
boattail had approximately 29 pressures on éhe top row and 24 pressures
on the bottom row. Air and/or ethylene flow rates were determined
from pressure, temperature, and area measurements in critical-flow

venturi metering sections external to each modal configuration., A more

10
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complete description of the instrumentation for the hot-flow
convergent-divergent nozzle configuration may be found in Ref. 1 and
for the hot-flow convergent nozzle, and cold-flow configurations may

be found in Ref., 2.
3.0 PROCEDURE

3.1 TEST CONDITIONS AND TECHNIQUES

The data in this report are presented at nominal free-stream
Mach numbers of 0.6, 0.9, 1.1, and 1.5 at free-stream Reynolds numbers
from 1.0 x 106 per foot to 2.5 x 106 per foot. The data were obtained
at an angle of attack of zero degree for all three model configurations.
Nozzle total pressure ratio for rhese results was varied from a jet-off

condition to 2 maximum of 22 depending on the free-stream Mach number.
3.2 DATA REDUCTION

The primary parameter presented in this report to measure jet
interference was integrated afterbody pressure drag coefficient. This
drag coefficient was based on 2 maximum model cross-sectional area of
approximately 76 in.2 for all three model configurations and was
determined by numerically integrating the top centerline pressure dis-
tribution on nozzle afterbody and boattail model surfaces, It repre-
sented the pressure drag on the nozzle afterbody and boattail projected
area aft of model station, MS 135.47 in. for the hot-flow convergent-—
divergent nozzle configuration and aft of model station, MS 130.47 in.
for the hot-flow convergent nozzle and the cold-flow configurations.

A similar drag coefficient was determined based on the bottom center-
line pressure distribution but was used only to evaluate strut inter-

ference effects on jet simulatjon parameter performance.

11
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The internal flow properties, i.e. the jet stagnation conditions,
were calculated using one~-dimensional isentropic flow relations, measured
areas and the measured static pressure in the flow duct ahead of the
nozzle throat. The ratio of specific heats for the hot jet was calcu-
lated using the theoretical total temperature for complete combustion
of an ethylenefair mixture. The variation of the specific heat ratio
with temperature for the products of ethylene/air combustion and for
heated air is shown in Fig. 6. It can be seen, for example, that the
difference in using air alone versus complete combustion would only
amount to a 2.35-percent error in the ratio of specific heats at 3,300°R.
Therefore, using a combustion efficiency of 100 percent introduces
little erreor in determining the ratio of specific heats (the combustion

efficiency was determined to be nominally 80 percent),

A more complete description of the data reduction procedures feor
the hot-flow convergent-divergent nozzle configuration may be found in
Ref. 1 and for the hot-flow convergent nozzle and cold-flow configura-

tions in Ref. 2.
3.3 UNCERTAINTY OF MEASUREMENTS

Typical uncertainty values for the measured turnel and model param-

eters presented in this report may be found in Ref. 2.
4.0 RESULTS AND DISCUSSION

In conducting aercdynamic wind turnel tests, simulating the hot
nozzle exhaust jet of a full-scale aircraft is usually accomplished by
means of a cold high-pressure air jet. This technique has been developed
for a variety of reasons, among which include the prohibitcive high cost
and complexity associated with constructing and testing of a model with a
burner, However, by using cold-flow techniques, a problem has arisen in

that no completely satisfactory method of duplicating the aerodynamic

12
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interference produced by a hot nozzle exhaust jet has been formulated.
The objective of this investigation was to evaluate various jet simula-
tion parameters in an attempt to establish a method of matching hot jet
interference with cold jet flows. Successful parameters would correlate
integrated afterbody pressure drag which is a measurement of the aero-
dynamic interference for jet flows of varying total temperature. In
addition, since most modern aircraft engines operate with variable
internal nozzle geometry which alsc influences the character of the

jet flow issuing from a nozzle, this investigation was conducted to
determine the jet effects introduced by varying internmzl nozzle
geometry and to cobtain jet simulation parameters to correlate these

effects.

4.1 PRESENTATION CF RESULTS

The nature of jet interference on nozzle/afterbedy performance has
been described by Bergman in Ref. 5 and Compton in Ref. 6 to be composed
of two dissimilar effects, the effect of jet plume blockage and the
effect of jet entrainment. The effect of jet plume blockage occurs as
the free-stream flow over the afterbody attempts to negotiate the plume
boundary produced by the exhausting jet flow from the nozzle. As the
jet plume boundary increases in size, this blockage increases and com-
presses the flow over the afterbody producing a decrease in the inte-—
grated pressure drag. The jet entrainment, a function of the mixing
that results between the free-stream flow over the afterbedy and the
nozzle jet flow, acts in an oppesing manner as compared to that displayed
by jet plume blockage. Jet entrainment tends to lower the pressure on
the afterbody surfaces by accelerating the flow which in turn increases

integrated pressure drag.
The present investigation evaluated parameters that have been used

in the past for simulation of jet plume boundaries and aerodynamic

interference on afterbodies and those which should have some relaticn

13
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to the effectiveness of the jet entrainment on the free-stream flow.

A few parameters were formulated during the course of this study which

give some degree of data correlation of specific experimental conditions.

The performance of all these parameters as jet simulation parameters was
based on their degree of correlation of pressure drag coefficient data
for differing nozzle flows. For most results shown herein, drag coef-
ficient represents that determined from integration of the top row of
afterbody pressures where the effects of model strut interference are
minimized. However, a small portion of this study was devoted to
exanining the effects of model strut interference an jet simulacion
utilizing integrated afterbody drag results determined from the bottom

tow of afterbody pressures.

The following list is a summary of the parameters evaluated for

the exhaust flow conditions established during this investigation. The

discussion of the results which follows gives an indicarion of the success

of these parameters as jet simulation parameters.

NPR = Ptj/Pm Nozzle total pressure ratio

Pj/Pm Nozzle exit static pressure ratio
(pV}j Jet mass flow flux at nozzle exit
(sz)j Jet momentum flux at nozzle exit
(pv3)j Jet kinetic emergy flux at nozzle exit

=1
2
M, = (;:T (Pt /@;) Y —iJ Jet boundary Mach number when expanded
J to free-stream static pressure ratio

vMIfBI Jet boundary matching parameter

14
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YM12/BI Jet boundary matching parameter

M, /v Jet boundary Mach number corrected

for specific heat ratio

PJ.!YPoo Nozzle exit static pressure ratio

corrected for gspecific heat ratio

av = (vy - Uj) Incremental change in Prandtl-Meyer angle
when expanded from nozzle exit conditions

to free~stream conditions

6j = (&v + 8)) Initial jet inclination angle when
expanded from the nozzle exit conditions

to free-stream condliticns

(av) (A/A*) Incremental Prandtl-Meyer angle corrected

for nozzle exit-to-throat area ratio

(Pj/YPm)(AfA*) Nozzle exit static pressure ratio corrected
for specific heat ratio and nozzle exlt-to-

throat area ratilo

4.2 EFFECT OF VARIABLE JET TOTAL TEMPERATURE

421 Convergent Nozzle Results with an Unséparatad Boattail

In Fig. 7, integrated afterbody pressure drag data are presented
for underexpanded hot and cold jet flows issuing from a convergent,
sonic nozzle (configuration HF1). The jet flows, as shown, encompass
total temperatures from 540 to 3,300°R and span a significantly wider
nozzle total pressure ratio range than commonly experlenced by a turbo-
fan or turbojet engine, The results are presented at free-stream Mach

numbhers of 0.9 and 1.5, respectively. The afterbody external geometry

15
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for these results was a 15-deg boattail geometry which had a gently
sloping contour. The analysis reported in Ref. 2 concluded that, in
general, there was no indication of separation of the flow over this

afterbody.

By matching nozzle total pressure ratio as shown in Fig. 7, large
errors in drag result between cold and hot underexpanded Jet flows.
Cold jet drag as a function of nozzle total pressure ratio i1s higher
compared to that displayed by a hot jet for both subsonie and supersonic
free-stream Mach numbers. The differences hetween cold and hot jet
drag coefficient become larger as gas total temperature differences
Increase and as nozzle total pressure ratio increases, As shown, the
drag differences are smaller for a given nozzle total pressure ratio
value at a supersonic free-stream Mach number of 1.5 as compared to
a subsonic free-stream Mach number of 0.9. Corresponding drag errors
as displayed by nozzle total pressure ratio are introduced by matching
the nozzle flow parameters of exit static pressure ratio, exit mass
Elow flux, exit momentum flux, jet boundary Mach number, and TH /B
The parameter TM !B displays no better jet simulation and provides
higher hot jet drag than cold jet drag when duplicated. Exit kinetic
energy flux appears to correlate hot to hot jet drag data, but like
yM1/B1 gives higher hot jet drag than cold jet drag when duplicated.

Some jet simulation 1s achieved at underexpanded nozzle flow condi-
tions by matching the parameters M /y, leyP s and Av. As shown in
Fig. 71, hot jet drag is slightly higher than cold jet drag when M /Y
is matched except for jet flows corresponding to near nozzle design
conditions. For these jet flows, cold jet drag is higher when H1/v
is matched. By duplicating leme, cold jet drag 1s higher than hot
flow drag for all nozzle conditions corresponding to design nozzle total
pressure ratios and greater. When the parameter Av is duplicated, no
orderly consistent drag trend by jet gas total temperature is evident

at underexpanded nozzle flow conditions; however, at nozzle design

16
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conditions, cold jet drag is higher than that demonstrated by a hot
jet for this parameter, Like nozzle total pressure ratio, the

parameters P /TPUo and Av demonstrate less hot and cold drag errors

when duplicaied at supersonic free-stream Mach numbers than at
subsonic free-stream Mach numbers. Conversely, the parameter M1/Y
gives better hot and cold jet drag correlation at subsonic free-stream
conditions as compared to that obtained supersonically. It should be
further noted for these results that 6j or the initial jet inclination

angle provides the same jet simulation as demonstrated by Av since

for a convergent nozzle geometry they are equivalent parameters.

At a free-stream Mach number of 0,9, all three parameters just
discussed give hot and cold jet simulation within 40 drag counts based
on maximum cross-sectilonal area for underexpanded nozzle flows up to a
gas total temperature of approximately 1,700°R (y = 1.330). This temper-~
ature corresponds to a typical turbojet or turbolan exit gas total
temperature at a subsonic cruise power setting. Jet simulation within
approximately 30 drag counts is realized at a free-stream Mach number
of 1.5 by matching any of these three parameters except M1/Y for under-
expanded nozzle flows ranging in total temperature from S540°R (y = 1.400)
to 3,300°R (v = 1.275). This range of temperatures typically span those
of an aircraft engine between a low power setting and a maximum after-

burning power setting.

A comparison of the hot and cold jet simulation performance of all
of the parameters thus far discussed is presented in Table 2, Drag
increments between hot and cold jets (gas total temperatures corre-
sponding to 3,300 and 540°R, respectively) are shown for each parameter
when duplicated. Nozzle flows corresponding to the maximum drag
condition for the cold jet and to a condition above nozzle design
pressure ratio are those at which the jet simulation performance
comparizsons were made. The results agree, in general, with those pre—

viously established with the parameters M1/7, P fwa, and Av providing

]

the best correlation at underexpanded jet conditions.
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Analysis of underexpanded quiescent MOC jet plume boundaries pre-
sented in Fig. 8 indicates that neither jet plume shape nor jet plume
blockage is necessarily duplicated for equal drag producing hot and
coid jets. These boundaries were computed based on values of nozzle
total pressure ratio, ratio of specific heats, nozzle exit-to-throat
area ratio, and nozzle divergence half-angle at a nearly fixed value
of pressure drag coefficient. As shown, jet plume shape is essentially
constant In size and curvature for cold and hot nozzle flows up to a
gas total temperature of approximately 2,400°R (y = 1.300}. However,
as noted, above this temperature, a significantly larger cold jet
plume boundary is required to provide the same jet interference as
exhibited by a hot jet plume boundary corresponding to a temperature
of 3,300°R (y = 1.275). This indicates that a hot jet produces greater
interaction between the plume and free-stream than a cold jet and that
jet plume shape alone is not the only factor which must be considered

in the duplication of hot jet drag by a ccld Flow.

In Fig. 9, it is shown that by duplicating Av, jet plume shape is
essentially matched for flows of variable jet total temperature, This
indicates that Av, at least for these results, 18 perhaps a measure
of jet plume shape. From this, it can be implied that if hot and cold
jet drag were a function of jet plume shape alone, the parameter Av
in itself would provide excellent jet simulation. However, as showm
in Fig. 10, when afterbody pressure drag is duplicated for jet flows
with large temperature differences (T¢ . = 3,300°R versus th = 540°R),
a significant discrepancy in hot and cold jet plume 'shape as measured
by Av is observed. The magnitude of this discrepancy in jet plume
shape indicates differences in jet interaction between the plume and
free stream for equal drag producing hot and cold jets. The largest
differences in jet plume shape occur at subsonic free-stream velocities,
At these conditions, a significantly larger cold jet plume is required
to produce the same jet interference as realized by a hot jet plume,

As free-stream velocity -is increased to supersonic conditions, hot and
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cold jet plume shapes are essentially equivalent in size. At these

conditions, jet plume shape appears to be the governing jet interference

From all of these results, it can be generally concluded that

matching jet plume shape aleone is not sufficient in dyplicating hot
and cold jet interference for SliEhtlz underexpanded iet flows, subsonic

producing agent for both hot and cold jet flows.

free-stream velocities, and for large discrepancies in hot and cold jet

temperature. However, simulating jet plume shape is important in dupli-

cating hot and cold jet interference for highly unaz;exganded jet flows,

supersonic free~stream velocities, and for small differepnces in hot and

cold jet temperature.

4.2.2 Convergent-Divergent Nozzle Results with an Unseparated
Boattail

In Fig. 11 integrated afterbody pressure drag data are presented for
hot and cold jet flows issuing from a model configuration with a convergent-
divergent nozzle (configuration HF2), The afterbody geometry of this
configuration was not a 15-deg beattail as just previously shown; however,
it had a gentle sloping contour such that little or no separation of
afterbody flow was suspected. The drag results are shown as a function
of nozzle total pressure ratio and the three parameters, ijypm, M1/7,
and ﬁj (or Av). These parameters provided the best hot and cold jet
interference correlation for the previously presented convergent nozzle
drag data. The results are shown at free-stream Mach numbers from 0.6

to 1.5 for moderately underexpanded jet flows of varying total temperature.

As shown in Fig. 11, large errors in drag result between hot
and cold jet flows by matching nozzle total pressure ratic. This drag
trend is similar to that observed for the previously shown HF1 configura-
tion drag data, where cold jet pressure drag as a function of nozzle

total pressure ratic is higher compared to that displaved by a hot jet for
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all Mach numbers presented. The present results, however, show a much
better drag correlation by duplication of the parameters P. iTp » M [y,
and 6 than observed for the HF1 configuration results. Again, it
should be noted that the parameter Av which represents the incremental
change in Prandtl-Meyer angle gives similar jetr simulation as Gj since
these parameters differ only by a constant, the nozzle divergence half-
angle, when the internal nozzle geometry 1s fixed. Since it has been
shown previously that Av provides hot and cold jet plume boundary simu-
lation by comparison of hot and cold MOC plume shapes, it can be con-
cluded for these results that consistent drag duplication was achieved

far hot and cold underexpanded jet flows by matching jet plume shape,

These results thus indicate that better hot and celd jet simulation was
provided by matching jet plume boundary shape for jet flows issuing from

a convergent-divergent nozzle than for similar flows issuing from a

convergent nozzle,

4.2.3 Convargent Nozzle Results with a Separated Boattail

In Fig. 12, hot and cold integrated afterbody drag coefficient data
are presented at free-stream Mach numbers of 0.9 and 1.5 for an after-
body with a 25-deg boattail angle and with a convergent nozzle internal
geometry (Configuration HF1), From results obtained in Ref. 2, rthe
25~deg boattail demonstrated separated flow at Mach number 1.5; however,
it was suspected that this existed for all free-stream Mach numbers
down to and including Mach number 0.6. These data are presented as a
function of the same parameters as were the data for the 15-deg boat-

tail with the convergent nozzle.

For the variocus parameters previously examined, the afterbody drag
coefficient data for the 25-deg boattail exhibit similar trends with gas
total temperature as noted for the 15-deg boattail. However, the
2¢5-deg boattail drag results show unusual drag characteristics for
both hot and cold jets at slightly underexpanded nozzle conditions. At

these conditions, particularly at subsonic Mach numbers (M_ = 0.9 presented),
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drag increases as the jet flow becomes increasingly underexpanded. This
trend continues only until a certain underexpanded jet flow condition

is achieved, at which point drag reaches a maximum. As compared to the
results from the 15-dep boattail, it can be seen that a higher under-
expanded flow is required for the 25-deg boattail to achieve a maximum

drag condition. This can probably be attributed to the large separated
region on the 25-deg boattail which prohibits any significant recompression
on the afterbody or any decrease in drag until a large jet plume bound-

ary, perhaps as large as the separated reglon on the boattail, is preduced.

4s a function of nozzle total pressure ratio, cold jet drag is
higher than hot jet drag for both subsonic and supersenic free-stream
comditions for the 25-deg beattail. These results show larger hot and
cold jet drag errors at subsonic free-stream conditions and for slightly
underexpanded nozzle flows than experienced on the 15-deg boattail. As
noted similarly for the 15-deg beattail results, a higher cold jet drag
can be linked to differences in plume and free-stream interaction

exhibited by a cold jet as compared te a hot jet,

The parameter (pV)j appears tc provide some degree of jet simula-
tion at subsonic free-stream conditions for slightly underexpanded jet
flows., This indicates that the differences in hot and cold plume-free
stream interaction at these conditions is a function of mixing between
the two flows and perhaps represents differences in hot and cold jet

entrainment,

At subsonic free-stream conditions, no jet simulation is achleved
by duplicating Av; however, at supersonic free-stream conditions and
for highly underexpanded jet flows, typically higher than those at
which a turbofan or turbojet engine operate, good drag correlation
is achieved by matching Av for both hot and c¢old jets. These trends
agree well with those observed for the HF1 configuration with the

15-deg boattail where it was concluded that duplicating jet plume
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shape represented by Av is more important in achieving hot and cold jet

simulation as frege-stream velocity increases, as jet flow becomes
B i iy
increasingly underexpanded and as hot and cold jet temperature differences

TR N tima s o e Tt
decrease.

4.3 EFFECT OF NOZZLE DIVERGENCE HALF-ANGLE

Afterbody pressure drag coefficient data for the 15-deg boattall are
presented in Fig. 13 as a function of various nozzle flaw and jet plume
shape parameters with nozzle divergence half-angle as a variable (Config-~
uration CF1). The data are shown at Mach numbers 0.9 and 1.5 for three
internal nozzle inserts with respective nozzle divergence half-angles of
2.5, 5, and 10 deg and with a similar fixed nozzle exit-to-throat area
ratio of 1.22. As for the HF1 configuration, they span a significantly
wider range of underexpanded jet flows than typlcally experienced by a
modern aircraft engine. The general internal geometry of this nazzle
configuration is representative of a full-scale aircraft engine at a

reheat power setting.

In Fig. 13, good pressure drag duplication is achieved for moder—
ately underexpanded jet flows by matching the nozzle total pressure
ratio for variable divergence half-angle. This duplication is maintained
as the jet flows become increasingly underexpanded and as a drag
decrease is observed. Similar jet simulation can be realized by matching
the nozzle flow parameters of exit static pressure ratio, exit mass flow
flux, exit momentum flux, exit kinetic energy flux, and the jet expan-
sion Mach number, Like results can also be obtained by matching the
jet plune shape parameters YM1/E1, YM’2/B1, and Av. All of these
parameters exhibit equivalent correlation of the drag coefficient data as
compared to NPR because they are but a function of NPR and of one or a
combination of the configuration constants exit-to-throat area ratio,
ratio of specific heats, and nozzle gas total temperature. The anly

parameter investigated which fails to provide jet simulation for variable
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nozzle divergence half-angle is the parameter ﬁj or the initial jet
inclination angle., As shown in Fig. 13, at a constant drag coefficient
value and at ﬁnderexpanded jet conditions, the difference in 6j between
any two nozzle geometries corresponds to the difference in nozzle
divergence half-angle between these two geometries. Since 6j is but
a function of Av, a parameter which correlates these jet drag data,
and the divergence half-angle, it can be concluded that the lack of
success of this parameter in providing jet simulation can be attributed

to the variation of divergence half-angle,

In Fig. 13, at a free-stream Mach number of 1.5 and for jet flows
which correspond to those near nozzle design conditions (NPR = &4 for
AfA* = 1,22), pressure drag coefficient becomes larger as divergence
half-angle becomes larger. It should be noted that at near nozzle
design conditions jet plume shape 1s essentially cylindrical in shape
and the jet flow exits the nozzle at approximately the same statie
pressure as that of the free-stream flow. This leaves only the
divergence half-angle to produce any jet flow deflection from the nozzle

and thus any jet interference.

In Fig, 14, theoretical MOC jet plume boundaries at quiescent
free-stream conditions are presented for underexpanded jet flows with
nozzle divergence half-angle as a variable. They typify jet plume
shapes of a modern aircraft engine at a supersonic free-stream Mach
number and at a reheat power setting. As shown for equal drag (which
also corresponds to equai NPR from previous discussion}, jet plume
shape is duplicated for underexpanded nozzle flows regardless of
divergence half-angle, Duplication is achieved from the nozzle exit
to at least three nozzle radii downstream of the nozzle exit. Since
matching nozzle total pressure ratic represents matching jet plume
shape as well as matching any of the various flow parameters such as
jet exit mass flow flux, jet exit momentum flux, ete., it can perhaps
be established that both jet entrainment and jet plume shape duplication
is achieved by matching NPR for underexpanded flows where divergence

half-angle is a variable.
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4.4 EFFECT OF NOZZLE EXIT-TO-THROAT AREA RATIO

In Fig. 15, integrated afterbody pressure drag coefficient data
are shown at free-stream Mach numbers of 0.9 and 1.5 for high-pressure
air jet flows issuing from nozzles of differing exit-to-throat area
ratios and from an unseparated (15-deg) external boattail geometry
(configuration CF1). The area ratios presented vary from 1,000 to
1.475 and span the range of operational area ratios for a turbojet ar
turbofan engine in the course of going from a low to a maximum power
setting. For the results shown, the parameters evaluated are those
for which good jet simulation has been indicated for variable divergence
half-angle at underexpanded jet flow conditions (all except 51). As

before, these results encompass a wider range of underexpanded jet flow

conditions than typically experienced by a modern aircraft engine,

In Fig. 15 for underexpanded jet flows, higher drag is realized at
a given nozzle total pressure ratio value as exit-to-throat area ratio
becomes greater. This drag discrepancy becomes larger as jetr flows
become increasingly underexpanded. The increase in drag with increasing
area ratio can best be explained if jet plume shape is assumed to be
the mechanism by which jet interference is produced for underexpanded
jet flows. As nozzle exit-to-throat area ratio increases, less jet
expansion is experienced externally and more cccurs internally to a
nozzle., A smaller external jet expansion results in a smaller jetr
plume boundary and, in conclusion, provides less plume blockage and

highér afterbody drag.

Similar drag errers, as obtained by matching nozzle total pressure
ratio, are noted by matching the nozzle flow parameters of jet expansion
Mach numbers and exit mass flow flux, exit momentum flux, and exit
kinetic energy £lux. Corresponding results are displayed by matching
the jet plume shape parameters YM1/B1 and YM12/B1. An opposing drag

trend as that provided by matching nozzle total pressure ratio is
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obtained by duplicating either of the parameters Pj/pm or Av. By matching
either of these, pressure drag coefficient decreases as area ratio
increases, Large drap discrepancies by matching these two parameters are
noted between differing area ratios as the jet flows become increasingly
underexpanded., If jet plume shape 1is the dominating factor which
influences underexpanded jet drag correlation, it can be deduced that
neither Av nor Pj!pm provide the necessary jet simulation capabilities

when exit-to-throat area ratio is wvaried.

In Fig. 15, excellent drag duplication is achieved for underexpanded
jet flows by matching the parameters (Pj/ypm)(A/A*) and (Av) (AA%).
These parameters are similar to those for which jet simulation was provided
for underexpanded hot and cold jet drag results; however, these param—
eters are both corrected for exlt-to-throat area ratio. Since the area
ratio changes for this confipuration were accomplished by increasing
or decreasing the throat area at an essentially fixed exit area, these
parameters seem to provide a nozzle throat area size correction to

size of the jet plume boundary.

The results in Fig. 15 show that for any of the parameters which
are duplicated, appreciable drag errors are experienced for jet flows
near nozzle design conditions issulng from nozzles of differing
exit-to-throat area ratio. As shown, drag is higher with increasing
area ratio for both subsonic and supersonic free-stream flows, Since
at nozzle design conditions jet plume shape 1s essentially cylindrical,
it is difficult to ascertain the reasons for differences in drag at
these conditions unless jet entrainment effects are different and

predominate.

A comparison of jet simulation parameter performance in correlating
area ratio effects is presented in Table 3. Two nozzle flow conditions,
one near that of nozzle design and one at an underexpanded jet condition,
were chosen tc make the evaluation. In general, the trends are as
previously discussed with the parameters (Av) (A/A%*) and (ijypm)(A/A*)

providing the best correlation for underexpanded jet flows.
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In Fig. 16, underexpanded MOC quiescent jet plume shapes are pre-
sented at constant drag values for nozzles of differing area ratio.
These plume shapes are representative of those produced by a modern
aircraft engine between a cruise and maximum afterburning power setting.
The results show that, for equal drag, jet plume shape is closely
duplicated for at least three nozzle radii downstream of the exit for
variable nozzle exit-to-throat area ratio. This stresses the importance
of matching jet plume shape or jet plume blockage in providing equal jet
interference for underexpanded jet flows from nczzles of differing

area ratio.
45 EFFECT OF STRUT INTERFERENCE ON JET SIMULATION

In Figs. 17 and 18, integrated afterbody pressure drag coefficient
data are presented which were cbtained by integration of the bottom
row of centerline afterbody and boattail pressures located directly
downstream of the model support strut. These results were obtained
with the unseparated (15-deg) boattail installed at Mach numbers 0.9
and 1.5 for the HF1 and the CF1 configurations, As shewn, the drag
coefficient data are displayed as a function of the parameters which
provided the best correlation of the drag coefficieant data representative

of the top row of boattail pressures.

The data from Figs, 17 and 18, respectively, indicate that strut
interference does not influence the performance of the jet simulation
parameter Av in correlating hot and cold jet drag results or (Av)(A/A%)
in correlating jet drag from neozzles of differing exit~to-throat area
ratios. These parameters provide as good a jet simulation as demonstrated
for the previous integrated drag results from the top row of pressures
vhere strut interference was negligible. These results show that if the
support strut used for this model is compared to an aircraft wing, it
can be concluded that wing interference does not affect Epe jet inter-
ference duplication achieved on the afterbody by matching the above

parameters.
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46 EFFECT OF NOZZLE BASE AREA ON JET SIMULATION

In Fig. 19, integrated afterbody pressure drag coefficient data
for underexpanded cold jet flows are shown for both the HF1 configura-
ticn which had a large base area as a result of combustor cooling
requirements and the CF1 configuration which was installed with a sonic
nozzle insert which had a relatively small base area. Both model
configurations are presented at a free-stream Mach number of 0.9 uti-

lizing the same unseparated (15-deg) external afterbody geometry.

As shown, for both model configurations, drag decreases with
increasing underexpansion of the jet fiow. These results further show
that a higher drag is exhibited for the HF1 configuration with the
large base area by duplicating NPR or 4v. As a result of a larger
base area, the diameters of both the nozzle exit and thus the jet
plume boundary are smaller. This yields a smaller jet plume blockage
and thus higher drag for the nozzle with the large base area. As shown,
modification of the parameter NPR by the nozzle exit-to-total base area
ratio gives jet simulation agreement within approximately 40 drag counts
based on maximum model cross-sectional area., However, similar modifi~

cation of the parameter Av does not yield good drag correlation results.

5.0 CONCLUDING REMARKS

The objective of this investigation was to evaluate jet simulation
parameters that would correlate integrated afterbody pressure drag for
jet flows of variable gas total temperature and for jet flows issuing
from nozzles of variable internal geometry. Data were utilized from
previous experiments conducted with three different isolated nozzle/
afterbody configurations where gas total temperature was varied from
540 to 3,300°R, nozzle exit-to-throat area ratio was varied from 1.000
to 1.475, and nozzle divergence half-angle was varied from 0 to 10 deg.
The significant results and conclusions obtained may be summarized as

follows:
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1.

Significant afterbody drag differences are present between

hot and cold jets at the same nozzle total pressure ratio

(NPR) regardless of internal or external nozzle geometries,
These differences are generally larger for subsonic free-
stream conditions at pressure ratios above the nozzle design
pressure ratio and are larger for a separated external after-
body geometry as compared to an unseparated afterbody geometry.
At the nozzle design pressure ratio, differences in hot and
cold drag by duplication of NPR are about the same regardless

of free-stream Mach number.

Correlation parameters that characterize the invisecid

jet plume boundary provide significantly better hot and
cold jet simulation than NPR (roughly a factor of 4) for
nozzle total pressure ratios above that of nozzle design,
The best jet simulation with these paraneters is realized

at supersonic free-stream Mach numbers.

Inviscid plume shape parameters provided betrer hot and

cold drag correlation for unseparated afterbody flows; however,
correlation was achieved with these parameters for a separated
afterbody when the jet flow was sufficiently underexpanded

such as to fill the wake region.

No parameters that were investigated appeared to correlate
the hot and cold drag coefficient data at nozzle design

conditions any better than nozzle total pressure ratio,

Afterbody drag is essentially independent cf nozzle divergence
angle when nozzle total pressure ratio is duplicated for

underexpanded jet flows and for unseparated boattail flows.
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The use of the initial jet inclination angle

(éj = Av + BN), a correlation parameter, spreads the
drag data apart by an amount equal to the difference in
the nozzle divergence half-angle (BN) between any two

nozzle geometries.

With BN as a varlable, all parameters investigated except
initial jet inclination angle provided as good a2 jet simu-
lation at underexpanded jJet flow conditions as mnozzle
total pressure ratio. These parameters in essence were

a function of the varlable nozzle total pressure ratio

and various constants including specific heat ratio, gas

total temperature, and nozzle exit-to-throat area ratio.

Afterbody drag becomes higher at a given nozzle total
pressure ratlic as nozzle exit-to-throat area ratio is
increased for unseparated afterbody flows, This drag
trend with NFR is essentially the same for both

subsonic and supersonic free-stream Mach numbers,

With area ratio as a variable, the inviscid plume shape
parameter Av and the parameter Pj/Ypm modified by including
the area ratio, e.g., (Av){(A/A%) and (Pj/ypm)(A/A*), produced
good data correlation at nozzle total pressure ratios above
the nozzle design pressure ratio, TFair correlation with
these parameters was obtalned near the design pressure ratie

for supersonic free-stream Mach numbers.
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b. Nozzle exit static pressure ratio
Figure 7. Continued.
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External Conriguration: 15-deg Boattail

Internal Configuration:

HF1, A/A* = 1.0, 8y = 0 deg

Free-Stream Conditions: M_ = 0.9, Re = 2.5 x ltl6
M_- 1.5 Re ~ 2.5 x 10°
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c. Nozzle exit mass flow flux

Figure 7. Continued.
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External Configuration: 15-deg Boattail

Internal Configuration: HF1l, A/A* = 1.0, Oy = 0 deg

Free-Stream Conditions: M_ = 0.9, Re = 2.5 x 10°
M_ - 1.5 Re ~ 2.5 x 10°

0.06 g 0.14 I
M, = 1.5
0.04 0.12 i
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d. Nozzle exit momentum flux
Figure 7. Continued.
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0.04

0.02

-0.02

External Configuration: 15-deg Boattail

Internal Configuration: HF1, A/A® = 1.0, 6y = 0 deg

Free-Stream Conditions: M_ = 0.9, Re = 2.5 x 108
M_ - 1.5, Re = 2.5 x 10°

(v x W, 1bw/sec’

e. Nozzle exit kinetic energy flux
Figure 7. Continued.
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External Configuration: 15-deg Boattail

Internal Configuration: HF1, A/A* = 1.0, 8y = 0 deg

Free-Stream Conditions: M_ = 0.9, Re = 2.5 x lo'
M_ - 1.5, Re =~ 2.5 x 10°

0.06 ] 0.14
M_ = 0.9 - 1.5
0,04 0.12
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f. Jet boundary Mach number
Figure 7. Continued.
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External Configuration: 15-deg Boattail

Internal Configuration: HF1, A/A* - 1.0, Oy

M_ - 1.5, Re ~ 2.5 x 10

= 0 deg
Free-Stream Conditions: M_ = 0.9, Re - 2.5 x 10°

= 1.5

CDPT

0.08
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g. Jet boundary matching parameter
Figure 7. Continued.
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External Configuration:
Internal Configuration:

M, - 0.9
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© 540 _ |
o 1,700
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A
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/8y

h. Jet boundary matching parameter

15-deg Boattalil
HF1, A/A* = 1.0, Oy = 0 deg
Free-Stream Conditiona: M = 0,9 Re = 2.5 x 10

M_ - 1.5, Re - 2.5 x 10°

0.14

Figure 7. Continued.
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0.06

-0.02

-0.04

External Configuration: 15-deg Boattail

Internal Configuration: HF1l, A/A® = 1.0, 6y = 0 deg
Free-Stream Conditions: M_ = 0.9, Re = 2.5 x 10°
M, - 1.5 Re - 2.5 x 10°

i. Jet boundary Mach number corrected for specific heat ratio

Figure 7. Continued.
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External Configuration: 15-deg Boattail

Internal Configuration: HFl, A/A® = 1.0, Oy = 0 deg

Free-Stream Conditions: M_ = 0.9, Re = 2,5 x w'
M_ - 1.5, Re ~ 2.5 x 10°
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j. Noazzle exit static pressure ratio corrected for specific heat ratio
Figure 7. Continued.
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External Configuration:

Internal Configuration: HF1,

Free-Stream Conditions: M
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k. Incremental Prandtl-Meyer
Figure 7. Concluded.

40

50

15-deg Boattail

A/A* = 1.0, 6y = 0 deg

- 0.9, Re = 2.5 x 10°
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Figure 8. Comparison of quiescent MOC jet plume boundaries evaluated at equal drag
conditions with jet total temperature as a variable.
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Figure 9. Comparison of quiescent MOC jet plume boundaries at a fixed value of

Av with jet total temperature as a variable.
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Figure 10. Ay, for equal drag as a function of free-stream
velocity at a Arg,14 = 30 deg.
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External Configuration:

AEDC-TR-76-109

CDE1 Afterbody and Boattail

Internal Configuration: HF2, A/A* = 1.480, 6, = 3,22 deg

Free-Stream Conditions: Re = 2.5 x 106
0.06 |
Sym Tty °r
[®) 540
(AN 1,300 o
0.04 ———-oh(—j—-——- O 2100 O
Ro & 2,400 &E‘
CDPT 0
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0
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11/7' ﬁj, deg
a. M_=06

Figure 11. Jet temperature effects on afterbody pressure drag coefficient

for a convergent-divergent nozzle geometry with unseparated
afterbody flow.
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AEDC-TR-76-109

External Configuration:

Re = 2.5 x 108

CDE1l Afterbody and Boattail
Internal Configuration: HF2, A/A* = 1.480, 6 = 3.22 deg
Free-Stream Conditions:
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b. M_=09
Figure 11. Continued.
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External Configuration:

AEDC-TR-76-109

CDE1 Afterbody and Boattail

Internal Configuration: HF2, A/A* = 1.480, 6, = 3.22 deg

Free-Stream Conditions:

Re = 2.5 x 106
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M,/r ﬁj, deg
c. M_=1.1

Figure 11. Continued.
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AEDC-TR-76-109

External Configuration: CDEl Afterbody and Boattail
Internal Configuration: HF2, A/A* = 1.480, 6y = 3.22 deg
Free-Stream Conditions: Re = 2.5 x 106
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Figure 11. Concluded.
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External Configuration: 25-deg Boattail
Internal Configuration: HF1, A/A* - 1.0, Sy - 0 deg
Free-Stream Conditions: M - 0.9, Re - 2.5 x 10®

M, = 1.5, Re = 2.5 x 10°

0.16 0.18 I
M =-0,9 M = 1.5

0.14 0.16 ‘l
Sym th °r
L O 510
0.12 0.14 A 2400
0 3.300

COPT CDPT
0.10 ve 0.12 \\

sym Ty, °R \t\

540 ___| 0.10
Lo, g 2,400 ™
Q0 3,300

0.06 l 0.08

NPR NPR

a. Nozzle total pressure ratio
Figure 12. Jet temperature effects on afterbody pressure drag coefficient for a
convergent nozzle geometry with separated afterbody flow.
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0.08

0.06

External Configuration: 25-deg Boattail

Internal Configuration: HFl, A/A* = 1.0, By = 0 deg

Free-Stream Conditions: M_= 0.9, Re = 2.5 x 108
M, - 1.5, Re = 2.5 x 10°

I 0.18 ’
M = 0.9 M, = 1.5
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b. Nozzle exit static pressure ratio
Figure 12. Continued.
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External Configuration:

Internal Configuration: HFL,

25-deg Boattail
AZA* = 1.0, 8

N = 0 deg

Free-Stream Conditions: M = 0.8. Re - 2.3 x 105
M -1.5 Re - 2.5x 10°
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¢. Nozzle exit mass flow flux
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Figure 12. Continued.
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External Configuration: 25-deg Boattail
Internal Configuration: HFL, A/A* = 1.0, 6y = 0 deg

Free-Stream Conditions:

. e

ot

/ N
.
~
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0 540 |
4 2,400
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V2 x 10'33J. 1bm/ft-sec?

M_- 0.9, Re = 2.5 x 10%

M_ = 1.5 Re - 2.5 x 10°
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d. Nozzle exit momentum flux
Figure 12. Continued.

601-94-H 1-2Q3V



£9

0.14

0.12

CDPT

0.08

0.06

External Configuration:
Internal Configuration:
Free-Stream Conditions:

/
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(v x 1076, 1ba/sec

e. Nozzle exit kinetic energy flux

25-deg Boattail

HF1, A/A* = 1.0, 8y = 0 deg
M_=-0.9, Re - 2.5 x 10°

M_ = 1.5 Re = 2.5 x 10
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Figure 12. Continued.
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0.16

0.08

External Configuration: 25-deg Boattail

Internal Configuration: HFl, A/A® = 1.0, 9y = 0 deg

Free-Stream Conditions: M_ = 0.9, Re - 2.5 x 10°
M_ - 1.5, Re - 2.5 x 10°

> 0.18
M, ~0.9 M_ = 1.5
0.16
-
. )y 0.14
COPT o
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f. Jet boundary Mach number
Figure 12. Continued.
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External Configuration:
Internal Configuration:
Free-Stream Condltions:
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25-deg Boattail
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g. Jet boundary matching parameter
Figure 12. Continued.
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External Configuration:
Internal Configuration:
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h. Jet boundary matching parameter

25-deg Boattail

HF1, A/A* = 1.0, 8y = 0 deg
Free-Stream Conditions: M_ - 0.9, Re = 2.5 x 10®
M, - 1.5, Re = 2.5 x 10°
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Figure 12. Continued.
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0.16

0.08

0.08

External Configuration: 25-deg Boattail

Internal Configuration: HFL, A/A* = 1.0, 8y = 0 deg

Free-Stream Conditions: M_ - 0.9, Re - 2.5 x 10°
M_ = 1.5, Re = 2.5 x 10°
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i o
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i. Jet boundary Mach number corrected for specific heat ratio

Figure 12. Continued.
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0.186

0.12

0.06

External Configuration:
Internal Configuration:

j- Nozzle exit static pressure ratio corrected for specific heat ratio
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Free-Stream Conditions: M_ =~ 0.9, Re - 2.5 x m‘
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Figure 12. Continued.
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External Configuration: 25-deg Boattail

Internal Configuration: HFL, A/A* = 1.0, 6y = 0 deg

Frec-Stream Conditions: M_ = 0.9, Re = 2.5 x 10°
M, - 1.5, Re = 2.5 x 10°

k. Increméntal Prandtl-Meyer angle
Figure 12. Concluded.
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External Configuration: 15-deg Boattail

Internal Configuration: CF1, A/A* = 1. 22

Free-Stream Conditions: M_ = 0.9, Re - 1.5 x 10
M_ = 1.5, Re - 2.0 x 10%

6

0.08 0.14
M_ - 0.9 M_ - 1.5
0,08 p— 0.12
0.04 O 2.50 — 0.10
a 5.08
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CDPT CDPT
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A 10.00
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0 4 8 12 16 20 0 4 8 12 16 20
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a. Nozzle total pressure ratio
Figure 13. Nozzle divergence angle effects on afterbody pressure drag
coefficient with unseparated afterbody flow.,
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External Configuration:
Internal Configuration:

15-deg Boattail
CF1, A/A* = 1.22

Free-Stream Conditions: M_ = 0.9, Re = 2.5 x 1(7!E
M_ - 1.5, Re = 2.5 x 10°
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b. Incremental Prandti-Meyer angle
Figure 13. Continued.
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External Configuration: 15-deg Boattail
Internal Configuration: CFl, A/A* = 1.22

Free-Stream Conditions: M_= 0.9, Re -
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c. Initial jet inclination angle
Figure 13. Concluded.
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Figure 14. Comparison of quiescent MOC jet plume boundaries evaluated at equal
drag conditions with nozzle divergence half-angle as a variable.
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External Configuration: 15-deg Boattail

Internal Configuration; CF1l

Free-Stream Conditions: M = 0.9, Re = 1.5 % luB
W, - 1.5, Re = 2,0 x 10°

0.14

0.08
| T
¥, - 0.9 Sym A/A* @,
| Q  1.000 'F
0.06 1 0.12 O 1.222 5.08
A 1.475 5.00
Sym A/A* 8y
O 1.000 o0 0.10
0.04 O 1.222 5.08 :
A 1.475 5.00
CDPT CDPT
0.02 0.08
o
M =1,5
o«
0 X 0.06
-0.02 - 0.04
0 4 8 12 16 20 0 4 8 12 16 20
NPR NPR

a. Nozzle total pressure ratio
Figure 15. Nozzle exit-to-throat area ratio effects on afterbody pressure
drag coefficient with unseparated afterbody flow.
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External Configuration: 15-deg Boattail
Internal Configuration: CF1
Free-Stream Conditions: M_=- 0.9, Re =

0.08

-0,02

Iw:I 0.9
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Q 1.000 0
O 1.222 5.08
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b. Nozzle exit static pressure ratio
Figure 15. Continued.
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External Configuration: 15-deg Boattail
Internal Configuration: CF1
Free-Stream Conditions: M = 0.9, Re - 1.5 x 10°

M, = 1.5, Re = 2.0 x 10°
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¢. Nozzle exit mass flow flux
Figure 15. Continued.
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External Configuration: 15-deg Boattall
Internal Configuration: CF1

Free-Stream Conditions: M = 0.9, Re - 1.5 x 106
M, =15, Re - 2.0 x 108
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d. Nozzle exit momentum flux
Figure 15. Continued.
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External Configuration:

Internal Configuration: CF1

Free-Stream Conditions: M_= 0.9, Re = 1.5 x 10
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CDPT
0.02 \
; \a \\
o]
-0.02
0 100 200 300 400 500
(pv° x 107%),, 1bm/sec’

'

15-deg Boattail

6

M, = 1.5, Re = 2,0 x 10°

0.14

0.06

e. Nozzle exit kinetic energy flux

Figure 15. Continued.

(v x 10'513. Ibm/sec

M, = 1.
Sym A/A* BN
O 1,000 ©
O 1.222 5.08
A 1.475 5.00
100 200 300 400 500
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0.08

0.06

0.04

CDPT

0.02

-0.02

External Configuration:
Internal Configuration:
Free-Stream Conditions:

I 0.14
- " — 0.9
Sym A/A
F 1.000
o 1.222 0.12
A 1.475
0.10 p—
CDPT
0.08
Sym A/A" 8y
0.06 b— O 1.000 0
\ a 1.222 5.0
A 1.475 5.0
0.04 |
0 0.6 1.8 2.4 3.0 0 0.6 1.2

15-deg Boattail
CF1

M_ = 0.9, Re - 1.5 x 10°

M, = 1.5, Re = 2.0 x 10°

M, = 1.5

f. Jet boundary Mach number
Figure 15. Continued.
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External Configuration; 15-deg Boattail

Internal Configuration: CF1

Free-Stream Conditions: M, = 0.9, Re = 1.5 x 10°
M, = 1.5, Re - 2.0 x 10°

0. 0.14 I
M, - 1.5
0. 0.12
0. 0.10
CDPT CDPT
0. 0,08
x
0
0.06 5.08{
5,00
-0.02 0.04
2.5 1.0 1:3 1.6 1.9 2.2 2
M,/ 8y 1!1/51

g. Jet boundary matching parameter
Figure 15. Continued.
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External Configuration:
Internal Configuration:

Free-Stream Conditions:

L5-deg Boattail
CF1
M - 0.9, Re - 1.5 x 10°

M, = 1.5, Re - 2.0 x 10°
0.08 I 0.14 I
M= 0.9 ¥ - 1.5
0.086 ! 0.12
Sym A/A* N Sym A/A* ']N
Q 1,000 0 O 1.000 0
0.04 — O 1.222 5.08 | 0.10 — 0  1.222 5,08
A 1.475 5.00 A 1.475 5.00
CDPT COPT
0.02 0,08 I\x
0 0.06 \g
-0.02 0.04
2.6 3.0 3.4 3.8 4.2 4.6 2.6 3.0 3.1 3.8 4.2 1.6
2 2
™, /By Y,/B)

h. Jet boundary matching parameter
Figure 15. Continued.
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External Configuration:; 15-deg Boattail

Internal Configuration' CFl

Free-Stream Conditions: M_ = 0.9, Re - 2.5 x 106
M- 1.5, Re - 2.5 x 106

=

0.06 , 0.12
M - 0.9 a/a* @ ﬁr,’,,— \h

1.9000
1.222

0.04 — 1.475

o
Duo\«a
=]
o on
ce®|
[N~ -]
=]
=
[=]

Sym

O
[}
Fa¥

a’A* [

N
1.000 0
1.222 5.0
1 475 5 00

h

coPT E}-2\’\}\
) N, h
0.02 53314\\E:

.06

° %

)

0.04
30 40 o 10 20

-0.02

0 10 2

Ay, deg &y, deg

i. Incremental Prandtl-Meyer angle
Figure 15. Continued.
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External Configuration: 15-deg Boattail

Internal Configuration: CF1

Free-Stream Conditions: N = 0.9, Re = 2.5 x 106
M_=1.5, Re - 2,5 x 10°

0.14 '
M, =1.5 Sym A/A* :
C 1.000 0
O 1.222 5.08
0.06 0.12 | A 1.475 5.00
¥, = 0.9 (rz/
CDPT
0.04 0,10
Sym A/A" gy
copr P O 1.000 0
a 1.222 5,08
0.02 | 4 1,475 5.00 | 0.08
0 0.06
-0.02 o! 0.04
0 10 20 30 10 0 10 20 30
(Av) (A/A") (8y) (A/A%)

j- Incremental Prandtl-Meyer angle corrected for nozzle exit-to-throat area ratio
Figure 15. Continued.
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0.06

0.04

CDPT

D.02

-0.02

External Configuration: 15-deg Boattail

(Py/rP_) (A/A%)

(P,/rP_) (A/A%)

J

k. Nozzle exit static pressure ratio corrected for specific heat ratio and

nozzle exit-to-throat area ratio
Figure 15. Concluded.

Internal Configuration: CF1
Free-Stream Conditions: M, = 0.9, Re = 2.5 x 10°
M, - 1.5, Re ~ 2.5 x 10°
0.14
M- 1.5
’_._ T — — 0.12
} M -0.9 E:r: A/A °N Sym A/A% 9y
8 1.000 0 CoPT O 1.000 0
1.222 5.08 O 1.222 5.08
Ly A 1.475 s.uol_‘ %0 A 1.475 5.00
O Cl
0,08 kﬂ
\:\J\‘n
\55\
| -
! 0.04
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Sym  A/A* 6y, deg NPR

O 1.000 0 5.96
o 1.222 5.08 10.25
A 1.475 5.00 14,15

1.5 [ ]
r/re ;’O/MOWW

1.0&
0.5
0
0 0.8 1 20 i ey 2.0 2.0 3.0
x/re

Figure 16. Comparison of quiescent MOC jet plume boundaries evaluated at equal
drag conditions with nozzle exit-to-throat arga ratio as a variable.
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External Configuration: 15-deg Boattail
Internal Configuration: HFl, A/A* = 1,0, GN = 0 deg
Free-Stream Conditions: M_ = 0.9, Re = 2.5 x I.OG

o

M_ - 1.5, Re ~ 2.5 x 10°

0.08 I 0.16
M_ = 0.9 M 1.5
0.06 { 0.14
o
th . R \
540
1,700 0.12
2.400
3,300 CDPB o
Sym TtJ , R
[ ] 540
0.10 A 2,400
Q 3,300
0.08
-0.02 0.06
0 10 20 30 40 50 0 10 20 30 40 50

Ay, deg Av, deg

Figure 17. Model strut interference effects on the jet simulation performance of
Ap with variable jet total temperature.
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cppR

-0.02

External Configurataion:

Internal Configuration;

Frec-Stream Conditions: M“J

M = 0.9
Sym A/A* g,
. N
QO 1.000 0
0O 1.222 5,08
A 1.475 .00
10 20 30 440

(Av) (A/A*), deg

M
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0,16

CDPBR
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0.9,

It

15-dey Boattasl
CF1
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2.5 x 10°
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Sym A/A* ]
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1.000 O
.222  5.08
1.475 5.00

N,

10

20
(Av) (A/A*), deg

Figure 18. Model strut interference effects on the jet simulation performance
of {Av) {(A/A*) with variable nozzle exit-to-throat area ratio.
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External Configuration:
Internal Confipuration:

Free-Strcam Conditions:

15-deg Boatta:l
A/AT = 1.0

M_ = 0.9, Re = 1.5 x 10°

601-94-5 1-203Y

0 o6 sym Config Aexit Abase
) HF1 8.194 13.202
a CF1  12.020 13.202
crcrkav\ O
0.04 0.04 Oy
CDPT Er-c\\-l corr B ‘\U\-l
0.02 0.02 DG \
0 H \) o
-0.02 -0,02
4 8 12 16 0 4 B 12 16
NPR Ay, deg
a. Nozzle total pressure ratio b. Incremental Prandtl-Meyer angle

Figure 19. Nozzle base area effects on afterbody
pressure drag coefficient with unseparated
afterbody flow,
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-0.02

External Configuration: 15-deg Boattail

Internal Configuration: A/A* - 1.0

Free-Stream Condilions: M =

Sym Configuration A

6

0.9, Re = 1.5 x 10

exit Abase

O HF1
0 CF1l

BN

AN
AN

2 4 6 8 10

(NPR) (A /A )

ex1t’ "hase

¢. Nozzle total pressure ratio corrected for
nozzle exit-to-base area ratio

Figure 19. Concluded.

8,194 13,202
12,020 13,202

OO~

0.04

coPT * r‘*ﬂ\\

-0.02
0 10 20 30

{(Av) (A /A ), deg

exit” "Base

d. Incremental Prandt!-Meyer angle corrected
for nozzle exit-to-base area ratio
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Table 1. Model Configurations

Confieuration Hot-Flow Convergent Hot-Flow Convergent-— Cold-Flow
£ Nozzle Configuration Divergent Nozzle Configuration Configuration
Confaguration Code HF1 HF2 CF1
Model Length, in. 146,97 153,22 146.97
Forebody Length, 1n. 130,47 135.47 130,47
Atterbody Length, in. 16.50 17.75 16.50
Maximum Body Diameter, 1n. 9.86 9,86 9.86
Tunnel Station of
Modal Nowe, 1n. 124,50 124.50 124.50
1,480 Variable
v * r

Nozsle A/A 1.000 (Effective) (1.000, 1,222, 1.475)
Nozzle BN' deg 0 3,22 Vartable

fo, 2,5, 5,0, 10,0)
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Table 2. Jet Simulation Parameter Performance for Variable Jet Total Temperature
&CDPT = CDPT 14 (v = 1.400) ~ “PPThot (v - 1.275)
Parameter Mgiigugoggigigst NPR >3 NPRDeSign
M, = 0.9 M_- 1.5 M_ = 0.9 M_ - 1.5
CDPT,_ ;4 = 0.0458 CDPT_ ;4 ~ 0.1330 CDPT__,4 = 0.0200 CDPT_ 14 - 0.1000

NPR 0.0080 0,0040 0.0250 0,0125
pj/q_ 0.0080 0.0040 0.0250 0.0100
(V) 0.0270 0.0420 0.0800 0.0800
(ov)? 0.0080 0,0040 0.0300 0,0125
(pv)g -0.0050 ~0.0120 -0.0200 -0.0250
My 0.0060 0,0030 0.0300 0.0150
M /8 0.0040 0,0040 -0.0150 -0,0300
Tmf/pl 0.0250 0.0150 0.0600 0.0400
M, /Y 0.0080 0.0020 0.0060 0.0090
PJ/TRN 0.0060 0.0020 0.0150 0.0030
A 0.0060 0.0040 0.0060 0.0025

801-94-H1-003Y




Table 3. .Jet Simulation Parameter Performance for Variable Nozzle Exit-to-Throat

601-9L-41-203Y

[40]

Area Ratio
ACDPT = CDPTs/a% < 1.000 = “PTa/as - 1,475
NPR ~ NPRp.cign (A/A® = 1.000) NPR >> NPRpecign (A/A% = 1.000)
Parameter
M_ = 0.9 M, = 1.5 M, = 0.9 M, = 1.5
CDPT. T = 0.0300 | CDPT_ .~ = 0.1220 | CDPT_ .~ - 0.0 | coPT__ > - 0,0600

NPR ~0.0140 -0,0100 -0.0350 —0.0470
P /R, -0.0100 ~0.0100 0.0230 0.0200
), -0.0110 ~0.0100 -0.0220 -0.0240
(pV)j -0,0110 -0.0100 -0.0380 ~0.0450
(pv)g ~0.0100 -0,0020 -0.0420 ~0.0640
M, -0,0100 -0.0080 -0.0380 -0,0460
™, /8, -0.0100 -0.0080 -0.0360 -0,0500
mf/’ﬂl -0.0080 -0,0100 -0,0360 -0.0460
Av -0.0100 -0.0150 0.0300 0.0260
(Ar) (A/A%) -0.0100 ~0.0050 0,0020 -0,0030
(P,/7R,) (A/A®} -0.0100 -0.0060 0.0020 ~0.0040




fl/a

Mll Y

NPR

P./P_

AEDGC-TR-7G-109
NOMENCLATURE
Nozzle exit area, in.
Nozzle throat area, in.2
Nozzle exit-to-throat area ratio
Afterbody pressure drag coefficient, Dp/qms
Nozzle discharge coefficient
Integrated afterbody pressure drag, 1bf
Fuel/air ratio
Mach number
Jet boundary Mach number corrected for specific heat ratio
Nozzle total-to-free-stream static pressure ratio, Pt‘/Pw
]
Static pressure, psia
Nozzle exit static-to-free-stream static pressure ratio
Total pressure, psia
Dynamic pressure, psi

Jet plume boundary radius measured from nozzle centerline, in.

Nozzle exit radius, in.
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AEDC-TR-76-109

mliﬂl
2
M, /Bl

Ay

pVv
pV

pV

. , 2
Model cross-sectional area, 76 in.

Total temperature, °R

Velocity, ft/sec

Distance aft of nozzle exit, in,
ol - /2

Specific heat ratio of the jet

Jec plume boundary simulation parameter

Jet plume boundary simulation parameter

Incremental change in Prandtl-Meyer angle, (u.l -

Initial jet inclination angle, (Av + BN), deg
Nozzle divergence half-angle, deg
Prandtl-Meyer angle, deg

Mass density, lbmfft3z

Mass flow flux, lbm/ftz—sec

Momentum flux, lbm/ft—sec2

Kinetic energy flux, 1hm/sec3
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AEDC-TR-76-109

SUBSCRIPTS

1 Conditions at jet plume boundary

B Bottom row of afterbody and boattall pressures
] Conditions at nozzle exit plane

T Top row of afterbody and boattail pressures

t Total or stagnation conditions

w© Tunnel free-stream conditions
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