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COMPARISON OF PREDICTED AND EXPERIMENTAL WALL TEMPERATURES
FOR A CYLINDRICAL EJECTOR EXHAUST NOZZLE OPERATED
WITH A TURBOJET GAS GENERATOR
by Arthur Lieberman

Lewis Research Center

SUMMARY

An analytical method is developed for predicting the shroud wall temperatures of a
cylindrical ejector exhaust nozzle operating with and without an afterburner. These
wall temperatures were obtained by applying a heat balance at the wall which included
hot gas to wall radiation, convective heat transfer between the coolant stream and the
wall, internal wall radiation out the ejector exit, external wall radiation to ambient,
and external free convection. Conventional methods were used to predict all terms ex-
cept the convective heat transfer between the film and wall. This term was evaluated
by using the Hatch-Papell semiempirical film-cooling correlation to predict an adia-
batic wall temperature. This wall temperature was then used as the driving tempera-
ture for heat transfer between the coolant film and the shroud wall.

Results of the analytical procedure are compared with experimental data for a cylin-
drical ejector nozzle mounted on a nacelle-mounted afterburning turbojet engine in an
altitude facility. The ejectors tested had a constant exit area and variable primary area
to provide nozzle area ratios from 1.65 to 2. 75 and ejector length to primary diameter
ratios from 1.63 to 1.95. Tests were conducted at nozzle pressure ratios ranging from
2.0 to 6.3, primary total temperatures from 861 to 1939 K (1550° to 3490° R), secondary
flow total temperatures from 389 to 583 K (700° to 1050° R), and corrected secondary to
primary weight-flow ratios from 0.027 to 0.088.

The analytical predictions yielded reasonably good results at the conditions tested.
At the point of maximum recorded wall temperature, the error in predicted values
ranged from 27 to -14 percent. The maximum deviation between experimental and pre-
dicted temperature was 189 K (340° R). At present, the use of the analytical method
requires a knowledge of the wall static-pressure distribution for the particular configu-
ration being considered.



INTRODUCTION

In most supersonic turbojet propulsion systems, some type of ejector is used to
pump cooling air over critical engine parts, the primary nozzle, and the ejector shroud.
Thus, during operation at high jet exhaust temperatures, film and radiation cooling of
the shroud become critical design considerations. Therefore, it is desirable to develop
a method of predicting shroud wall temperatures under varying nozzle operating condi-
tions. Various experimental investigations on film cooling of an insulated surface (refs.
1 to 6) provide calculations to evaluate surface temperatures. Reference 7 presented an
experimental study on the application of the Hatch-Papell film-cooling correlation to pre-
dicting plug and shroud surface temperatures on a plug nozzle at relatively low tempera-
tures. In reference 8 some film-cooling correlations were investigated to determine
their applicability to predicting ejector shroud wall temperatures with an engine oper-
ating at high-temperature conditions. The Hatch-Papell correlation (ref. 1), used with
some changes proposed in reference 6, together with a correction for radiation and free-
convection effects, provided the best agreement with measured wall temperatures for a
cylindrical ejector operating with a small afterburning turbojet engine at sea-level con-
ditions.

In reference 8 the film-cooling correlation determined an adiabatic wall tempera-
ture which was then equated to the wall temperature used in a heat balance of hot gas to
wall radiation, wall to coolant forced convection, and inside wall to ambient radiation
on an assumed insulated wall, This determined a convective heat-transfer coefficient
between the wall and the coolant. This heat-transfer coefficient was assumed applicable
to the noninsulated wall and was used in a noninsulated-wall heat balance similar to the
insulated case but with outside wall to ambient radiation and outside free convection taken
into account. A noninsulated wall temperature was then calculated.

A follow-on investigation over a larger range of operating conditions found this ana-
lytical method to have limited application. The method was revised, and the results of a
new investigation are presented in this report in detail. Partial preliminary results were
previously presented in reference 9. The revised analytical procedure differs from that
used in reference 8 mainly in the manner by which the coolant to wall forced-convection
heat transfer is determined. Again, as in reference 8, a film-cooling correlation was
used to determine an adiabatic wall temperature. The difference between the wall tem-
perature and this adiabatic wall temperature was used in combination with a predicted
heat-transfer coefficient based on flat-plate theory to determine the internal convective
heat transfer. This convective heat transfer was then used in the noninsulated-wall heat
balance. The Hatch-Papell film-cooling correlation (ref. 1) was modified to include an
integrated average (from the slot to the point of interest) of heat-transfer coefficient mul-
tiplied by shroud internal circumference. This method was suggested in reference 6 and

thus differs from that used in reference 8.
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The results of the analytical method used in this report are compared with experi-
mental data obtained using a nacelle mounted afterburning turbojet engine with a cylin-
drical ejector nozzle in an altitude facility. The internal thrust, secondary flow pump-
ing characteristics, secondary flow total-pressure drop, and temperature rise charac-
teristics through the nacelle are reported in reference 10 as ejector 4. A selected var-
iety of test conditions is reported herein as follows: (1) engine operation at maximum
afterburning, reheat A, reheat B, and a nonafterburning military setting to provide ejec-
tor shroud to primary diameter ratio variations from 1.29 to 1.65 and nozzle exhaust
total-temperature variations from 1939 to 861 K (34900 to 1550° R); (2) nozzle pressure
ratio variations from 2.0 to 6.5; and (3) corrected secondary to primary weight-flow
ratio variations from 0.027 to 0.088.

SYMBOLS
A area
a absorptivity
Cp specific heat at constant pressure
D diameter
() function of
g radiation configuration factor
G gravitational constant
Gr Grashof number
h heat-transfer coefficient
J Joule's constant
k thermal conductivity
L mean beam length
l ejector length
M Mach number
P total pressure
Pr Prandtl number
P static pressure
q heat-transfer rate per unit area
R gas constant



Re Reynolds number
S slot height

T total temperature

Tr recovery temperature

Tw wall temperature

Tw adiabatic wall temperature
t static temperature

v velocity

w weight-flow rate

X distance downstream of throat
x! distance from start of boundary layer
o thermal diffusivity

Y ratio of specific heats

€ emissivity

[ dynamic viscosity

p density

o) Stefan~-Boltzmann constant
T temperature ratio, T /Tp
w weight-flow ratio, WS/Wp
Subscripts:

am ambient radiation conditions
av average

bl boundary layer

c carbon dioxide

f film

P primary

s secondary

sh shroud

sl coolant slot

t throat
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w wall
wa water vapor

X distance downstream of throat

x! distance from start of boundary layer
0 ambient flow conditions

1 hot gas to wall radiation

2 wall to coolant forced convection

3 inside wall to ambient radiation

4 outside wall to ambient radiation

5 outside wall to ambient free convection
7 nozzle inlet

8 nozzle throat

9 nozzle exit

APPARATUS AND PROCEDURE
Installation

A schematic view and a photograph of the research hardware installation in the Lewis
Research Center Propulsion Systems Laboratory, an altitude engine test facility, are
shown in figures 1 and 2, respectively. The installation, test hardware, instrumenta-
tion, and test procedures for the ejector investigated herein are reported in greater de-
tail in reference 10 as ejector 4. A General Electric J85-13 turbojet engine was the
source of primary flow into the ejector. It was previously calibrated in the same facility
(ref. 11). Air entering the engine was metered through a bellmouth venturi. Nozzle ex-
haust pressure ratio variations were provided independent of the inlet pressure by ex-
hausters controlling the cell pressure. Secondary cooling air was provided from a sep-
arate source and metered by standard ASME sharp-edge orifices. This secondary cool-
ing air was introduced upstream of the engine compressor face and passed over the en-
gine outer casing and into the ejector. A small amount of air was discharged into the
altitude cell through the bulkhead wall to keep the .cell purged of exhaust gases and cooled
to an acceptable temperature level.
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Test Hardware and Instrumentation

The J-85 engine had a variable-area primary nozzle that closely approximated a
circular geometry. The nozzle area changed with different power settings as the iris
primary nozzle translated longitudinally and was accompanied by a change in exit flow
convergence angle (ref. 10). A flow diverter (fig. 3) was used to force secondary cool-
ing air underneath the nozzle housing ring and ontothe primary leaves. .
A photograph of a typical cylindrical ejector configuration with instrumentation is
shown in figure 4. Details of the ejector geometry and instrumentation are given in fig-
ure 3 and table I. The ejector wall surface had a nominal thickness of 0.16 centimeter
(0.063 in.) and was made of Inconel 600. All thermocouples were Chromel-Alumel and
those in the secondary passage were radiation shielded. Skin temperatures were mea-
sured with the junction of the thermocouple imbedded in the skin, flush with the hot side

surface.

Procedure

Performance characteristics of the ejector were investigated over a range of pri-
mary pressure ratios from 2.0 to 9.0 at corrected secondary to primary weight-flow
ratios from 2 to 9 percent and J-85 power settings from approximately 95 percent rated
speed to maximum afterburning (ref. 10). Pressure drop and temperature rise charac-
teristics of the secondary flow were also determined. Portions of the data taken in the
study of reference 10 were utilized in this investigation and are listed in tables I and II.
Conditions upstream of the engine in the plenum chamber were kept relatively constant
at 6. 4><103 newtons per square meter (9.3 psia) and 300 K (540° R). A range of prede-
termined cell ambient pressures was scheduled which resulted in the range of primary
nozzle to ambient pressure ratios shown. At each cell pressure, the engine was oper-
ated over a range of power settings; at each power setting, secondary weight flow was
varied to provide the range of corrected secondary weight flows.

Airflow at the primary airflow measuring station (fig. 1) was determined from
static-pressure measurements in the throat of the venturi, a calculated flow coefficient,
and total-pressure and total-temperature measurements in the plenum just ahead of the
bellmouth lip. With compressor inlet flow, measured total pressure and temperature at
the turbine discharge, and measured fuel flow rates known, parameters at station 8 such
as total pressure P 8 and temperature T8 were obtained from previous calibrations
(ref. 11).

In the ejector average values of wall static pressure at each particular station as
well as average secondary flow conditions were used. Ejector wall temperatures were !

plotted individually.
6 \
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ANALYSIS PROCEDURE

The model used for the cylindrical ejector wall heat balance (similar to ref. 8) is
shown in sketch (a). It is assumed that both the temperature gradient across the wall
and the axial heat-conduction rate in the wall are negligible and that the heat-transfer
areas are equal.

]  Ejector wall

L
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Primary boundary
hot gas

(a) Model used for wall heat balance.

The heat balance on the wall shown in sketch (a) is
q1=q2+q3+q4+q5 (1)

where the hot gas to wall radiation. q is

€ _+1 4 4
= w -
q =0 —2— <€ptp,av aWTw> (2)

the wall to coolant forced convection q is
4y = hy(Tw - TW) (3)
the inside wall to ambient radiation dq is
4 4
qg = .?30 Tw - tam (4)

the outside wall to ambient radiation q 4 is

%



4 4
Ay = F0 <Tw - tam> (5)

the outside wall to ambient free convection a5 is

All the terms in equations (2) to (6) were determined either directly or indirectly as a
function of Tw, as discussed in this section. Equation (1) was then solved by the
Newton-Raphson method of iteration to determine the wall temperature assuming an ini-
tial estimate of the adiabatic wall temperature Tw for Tw. The values used in equa-

tions (2) to (6) were determined as discussed in this section.

Internal Flow Properties

The primary flow field was determined by assuming that one-dimensional isentropic

flow existed and that the measured wall static pressure was uniform across the ejector
The secondary stream was assumed to fill the area remaining between

cross section.
The model used for flow and heat transfer

the primary flow field and the ejector wall.
The length I between the nozzle throat and the end of the ejec-

is shown in sketch (b).
Local flow properties at each of these

tor (fig. 3) was divided into 10 equal increments.
stations were determined and used in a heat balance. The hot-gas specific-heat ratio .

was obtained by matching the hot-gas properties for the ASTMA-1 /air mixture to the hot-
|

— Start of assumed

‘\ turbulent boundary
\ layer ) r Impingement
- Ejector or shroud wall - . underexpanded
| \ ' flow
Tz Rz rzr g
Secondary .- = .
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’“| on one-dimensional isentropic flow o
Primary ' flow, primary total pressure,
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~Nonimpingement
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(b) Model used for flow and wall heat transfer.




gas static temperature t_ until the isentropic relations were satisfied. Other proper-
ties were then determined either from the gas property tables or the isentropic rela-
tions. The secondary stream properties were obtained by assuming that the wall (if in-
sulated) would reach an adiabatic wall temperature Tw in accordance with the semi-
empirical film-cooling correlation described later and that this Tw represented the re-
covery temperature TrS of the secondary stream. The expression for Tr s (ref. 12)

V2

T%v:TrS=ts+Pré/3_S )
2C. GJ
p,s

was used together with the equations of state and continuity and the properties of air to
determine the local properties of the secondary stream at each station by iterating until
t s and the properties agreed. The film-cooling correlation in effect estimates the
thermal mixing between the primary and secondary streams.

All secondary flow parameters at the slot inlet located at station 8 (fig. 3) were cal-
culated with the secondary total pressure P s and the secondary total temperature T s
as measured assumed to be applicable at the slot. This is not strictly true, as some
heat was probably convected into the secondary stream upstream of the slot because of
high nozzle temperatures. An iteration using isentropic equations, continuity, and the
properties of air yielded the slot static temperature tsl’ and the slot static pressure
Pg1 from which other slot properties were determined as shown in appendix A.

Hot Gas to Wall Radiation qy

Since the hot gas was made up of the combustion products of ASTMA-1 and air, non-
luminous radiation of the combustion products of carbon dioxide and water vapor con-
stituted a significant contribution to the wall heat exchange and had to be considered.
p,av’ ep, A and €w
were required. The hot gas was assumed to radiate at each station at an average static
obtained by averaging all local hot-gas static temperatures through-

remains constant for each heat balance in a particu-

In order to solve equation (2) (taken from ref. 13), values for t

temperature t ,av
out the ejector. Therefore, tp,av
lar ejector. The values of emissivity ep and absorptivity a w for hot-gas radiation
were estimated as outlined for nonluminous gases in reference 13. The details of calcu-
lating Ep and a, as applicable to the ejectors are presented in appendix B.

The ejector surface was assumed gray. A multiplier factor (ew +1)/2 to correct
for this was added to equation (2), which without the factor would apply only to black



bodies. The wall emissivity €, was estimated at 0.65 on the basis of data in refer-
ence 14 along with consideration of the color and texture of the surfaces.

Wall to Coolant Forced-Convection Heat-Transfer Rate g,

The convective heat transfer at the wall, equation (3), was based on the assumption
that the potential for heat transfer was the difference between the wall temperature and
the adiabatic wall temperature Tw of the cooling film in a manner similar to that pro-
posed in reference 15. The Tw was determined from the Hatch-Papell correlation at
each station as shown in appendix A. Since the slot height for the ejector is large com-
pared to the coolant boundary layer, and the ejector wall has a relatively large diam-
eter, the use of a local heat-transfer coefficient h2 based on a standard flat-plate cor-
relation for turbulent flow (ref. 12) appeared reasonable. The correlation used was

hy = 0.0296 £ ReD; 8 prl/3 (8)
X'

where fluid properties were evaluated at an average of the adiabatic wall temperature
Tw and the wall temperature Tw. The secondary flow boundary layer was assumed
turbulent and fo originate at the beginning of the cylindrical portion of the nozzle

(sketch (b)). The local velocity required for the secondary stream Reynolds number was
determined as indicated in the section Internal Flow Properties.

Inside Wall to Ambient Radiation q3

The internal wall radiation out the exit is given by equation (4) and depends on a
local radiation configuration factor 53 and the ambient radiation temperature tam‘
The configuration factor Fg was obtained from figure 5. This figure was derived from
data in reference 16 for thermal radiation from the surface of an isothermal cylindrical
cavity with gray surfaces. Emissivities of 0.9, 0.75, and 0.5 were presented. As the
wall emissivity in the test ejector was assumed to be 0.65, the local configuration fac-
tors were interpolated accordingly. The tam was estimated at the temperature of the -
surrounding test cell walls. The effects of radiating through the hot gas were assumed

small and neglected.
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Outside Surface to Ambient Radiation q4

The external wall radiation is given by equation (5) and depends on a configuration
factor and tam' The configuration factor &, 4 Was shown in reference 8 to equal €
for gray bodies as follows. The radiative interchange factor for an enclosed body and
its enclosure is given in reference 17 as

-9-4 = v (9)

Fy=€ (10)

Here again the constant value of €y = 0.65 was assumed over the length of the ejector.
Since the short outer shroud (fig. 3) was located toward the cool end of the ejector, its
effect on q 4 Was assumed small and neglected. Again tam was estimated at the tem-
perature of the surrounding test cell walls.

Outside Wall to Ambient Free-Convection Heat Transfer qg

The free-convection heat transfer was calculated assuming a horizontal cylinder
(ref. 18) wherein the heat-transfer coefficient is given as

h =o.53%(c; pr)l/4 (11)

5 D
and the properties are obtained at the arithmetic mean temperature tf between the wall
and ambient air. Equation (11) is valid for Prandtl numbers greater than 0.5 and
Grashof numbers ranging from 103 to 109. All cases tested met these limits. The
Grashof number was defined as

3
D
2
Grp = p;GBe (Tw - tg) _usﬂ (12)
£

where B; = l/tf.

11



RESULTS AND DISCUSSION

A comparison of experimental and predicted wall temperatures for a cylindrical
ejector is presented in figures 6 to 26 for an afterburning turbojet engine operated at
maximum reheat, reheat A, reheat B, and military power settings.

Nozzle pressure ratios P 8/p0 were varied from 2.0 to 6.3 and secondary corrected
weight-flow ratios (w\/"r-) from 0.027 to 0.088. Each of the figures shows (1) the mea-
sured static-pressure profile along the ejector wall, (2) the experimental wall tempera-
ture measurements, (3) the predicted wall temperatures Tw as calculated from the heat
balance on a noninsulated wall, (4) the predicted adiabatic wall temperature Tw calcu-
lated by using only the Hatch-Papell film-cooling correlation without taking into account
radiation or a wall heat balance, and (5) a cumulative heat distribution of heat in and heat
out of the wall in accordance with the wall heat balance assumed in predicting the ejector
wall temperature Tw.

The ejector internal flows can be grouped into five basic configurations, sketch (b),
based on data described in reference 19. These five configurations are identified and de-
fined as follows:

(1) Nonimpingement underexpanded flow: This flow pattern occurs at high secondary
flows and high nozzle pressure ratios. The expanding primary jet approaches the wall
but remains apart from the wall throughout the length of the ejector. Upon leaving the
ejector the primary jet expands further. Changes in nozzle pressure ratio affect neither
the secondary total-pressure ratio P S/Pp nor the ejector wall static-pressure profile.
The secondary flow is choked.

(2) Nonimpingement overexpanded flow: This flow pattern occurs at high secondary
weight flows and intermediate nozzle pressure ratios. The expanding primary jet ap-
proaches the wall, reaches a minimum separation, and then recompresses to match the
exit ambient pressure. Changes in nozzle pressure ratio do not affect the secondary
total-pressure ratio. The wall pressure profile changes, but the secondary flow remains
choked.

(3) Unattached flow: This flow pattern occurs at low nozzle pressure ratios. The
primary jet expands slighly, remains separated from the wall, and gradually recom-
presses to the exit ambient pressure. Changes in nozzle pressure ratio cause the sec-
ondary total-pressure ratio, the wall pressure profile, and the secondary weight flow to
change.

(4) Impingement underexpanded flow: This flow occurs at low secondary weight flows
and high nozzle pressure ratios. The expanding primary jet strikes the ejector wall, re-
mains along the wall, and expands beyond the ejector exit. Changes in nozzle pressure
ratio affect neither the ejector pressure ratio nor the ejector wall static-pressure pro-
file. The secondary flow is pumped by mixing with the primary flow (ref. 20).

12
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(5) Impingement overexpanded flow: This flow pattern occurs at low secondary
weight flows and intermediate nozzle pressure ratios. The expanding primary jet strikes
the wall, remains along the wall but recompresses prior to reaching the ejector exit.
Changes in nozzle pressure ratio do not affect the ejector pressure ratio, but the ejector
wall static-pressure profile changes beyond the impingement point. The secondary flow
is pumped by mixing with the primary flow.

The data in this report have been grouped in accordance with these flow types and
are discussed in the order listed. The test conditions for the data presented in this sec-
tion are summarized in table I.

Secondary flow pumping characteristics (ref. 10, ejector 4) for the ejectors inves-
tigated herein indicated that, at a nozzle pressure ratio of 6 and at all power settings,
the ejectors were choked (secondary flow was insensitive to further decrease in ambient
pressure). At the intermediate nozzle pressure ratio near 3 at maximum reheat, re-
heat A, and reheat B power settings, the ejector was near the critical nozzle pressure
ratio and choked. At the nozzle pressure ratio of 3 and military power setting or at all
lower nozzle pressure ratios regardless of power setting, the ejector secondary flows
were not choked.

Nonimpingement Underexpanded Flow

A comparison of calculated and experimental data for an ejector tested at maximum
reheat power setting, nozzle pressure ratio of 6.3, and a relatively high corrected sec-
ondary weight flow of 0.088 is presented in figure 6. The wall static-pressure profile,
figure 6(a), indicates a nonimpingement underexpanded flow since the downstream ejector
static pressure does not exceed the secondary total pressure. Reasonably good agree-
ment between predicted wall temperature and measured data (fig. 6(b)) is obtained. The
maximum error which occurred at the exit was approximately 181 K (325° R). The
scatter in the experimental temperatures was due to nonuniform flow distribution caused
by the engine. The initial flat portion of the curves represents the region where the
Hatch-Papell correlation predicted that the coolant adiabatic wall temperature was un-
affected by heating from the primary stream. Downstream, the predicted adiabatic wall
temperature increased rapidly and thus increased the predicted wall temperatures. The
cumulative heat distributions into and out of the wall are given in figure 6(c). Up to the
ejector location x /D8 = 0. 86, the hot-gas radiation was the only source of heat into the
wall. Beyond that point, the predicted coolant-gas adiabatic wall temperatures were
higher than the wall temperature, and the convection heat transfer P became a heating
factor. However, the adiabatic wall temperatures were always considerably below the
primary recovery temperatures because of the insulating effect of the secondary flow.

13



Near the ejector exit, the portion of the heat transferred into the wall from internal con-
vection was about three times that due to hot-gas radiation. The wall cooling was
achieved primarily through internal radiation out the ejector exit 43, and external wall
radiation g 4 Natural convection g provided a small amount of additional cooling.
Comparisons of calculated and experimental data for additional cases of nonim-
pingement underexpanded flow are presented in figures 7 to 9. Actually these three
cases are classified as underexpanded flow, although the wall static-pressure profiles .
(figs. 7(a), 8(a), and 9(a)) show an overexpansion at the ejector exit. A similar wall
pressure profile is shown in figure 11 of reference 19, wherein the wall pressure profile
was found to be completely independent of increasing nozzle pressure ratio P8/p0.
Additionally, since the last wall static-pressure data point located 1.27 centimeters
(1/2 in.) from the exit shows no recompression region, the wall pressure profile cannot
significantly change with increasing P8/p0. Therefore, the internal flow will be typical
of underexpanded flow as defined in this report. Here again reasonably good agreement
between prediction and measured data is observed. At the point of maximum wall tem-
peratures, the error in prediction was 172, 114, and -47 K (310°, 205°, and -85° R) for
reheat A, reheat B, and military engine settings, respectively. In general, it appears
that for nonimpingement underexpanded flow and the reheat engine settings, wall temper-
ature predictions will be on the high side or conservative. Additionally, when the area
ratio Ag-/Ag increases as the total temperature of the primary flow decreases, the pri-
mary flow approaches impingement and the predictions become less conservative. For
the nonimpingement underexpanded flow cases tested, the errors at the maximum mea-
sured temperatures varied from -8 to 25 percent.

Nonimpingement Overexpanded Flow

Ejector data for conditions of maximum reheat, nozzle pressure ratio of 2. 8, and
secondary corrected weight-flow ratio of 0.087 are shown in figure 10, The wall pres-
sure profile (fig. 10(a)) is that for nonimpingement overexpanded flow. The measured
wall temperatures (fig. 10(b)) were essentially the same as for nonimpingement under -
expanded flow (fig. 6(b)). Both cases were taken at the same conditions except for noz-
zle pressure ratio, which was changed by increasing the back pressure. It appears that,
although the internal flow was somewhat different, the measured wall temperature and
heat transfer remained essentially the same. Predicted values using the heat balance
also remained about the same. For figure 10(b), the maximum error in the calculated ' g
wall temperature was 189 K (340° R). The predicted heat distribution profile (fig. 10(c)) |
shows a slightly greater total heat load than figure 6(c). Hot-gas radiation was slightly
higher because of a higher average hot-gas temperature. The increase in internal con-
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vection d, reflects the increased adiabatic wall temperature but the change was rela-
tively small since the heat-transfer coefficient h2 decreased somewhat,

Comparisons of calculated and experimental data for additional cases of nonim-
pingement overexpanded flow are presented in figures 11 and 12, There is good agree-
ment between predicted and measured data. At the point of maximum wall temperatures,
the error in prediction was 78 and 11 K (140° and 20° R) for reheat A and reheat B, re-
spectively. In a manner similar to that of the nonimpingement underexpanded flow
cases, the predicted temperatures for the reheat settings were on the high side and de-
creased with increasing area ratio and decreasing total temperature. For the nonim-
pingement overexpanded flow cases tested, the errors at the maximum measured tem-~
peratures varied from 1 to 27 percent.

Unattached Flow

Ejector data for conditions at maximum reheat, a nozzle pressure ratio of 2.0, and
a corrected weight-flow ratio of 0.074 are shown in figure 13. The wall pressure pro-
file (fig. 13(a)) is representative of unattached flow. The predicted maximum uninsu-
lated wall temperature Tw is 133 K (240o R) higher than measured at the point of mea-
sured maximum temperature. This measured temperature is about 156 K (280° R)
higher than that for maximum reheat nonimpingement flow cases (figs. 6 and 10) and is
probably due mainly to the lower secondary weight flow. The increased heat transfer is
shown in figure 13(c). Hot-gas radiation increased because of a higher average primary
static temperature. Convective heating intothe wall increased because of higher adia-
batic wall temperatures Tw. Wall radiation losses a3 and q 4 and free convection dg
increased to maintain the heat balance.

Comparisons of calculated and experimental data for additional cases of unattached
flow are presented in figures 14 to 19. In all cases agreement is good between predicted
and measured data. The error in the Tw prediction at the point of maximum measured
Tw was 117 and 67 K (210° and 120° R) for reheat A (fig. 14) and reheat B (fig. 15), re-
spectively. For the military power setting with high secondary weight flow, the errors
were 50 K (90° R) (fig. 16) and 83 K (150° R) (fig. 17). For the military power setting
with low secondary weight flow, the errors were -33 K (-60° R) (fig. 18) and -22 K
(-40° R) (fig. 19). In general, for the unattached flow cases errors varied from -5 to
16 percent. At the higher secondary weight-flow ratios, the predictions were higher
than measured, whereas at the lower secondary weight-flow ratios, the predictions were
lower than measured.

A comparison of data for unattached flow (fig. 14) with data for nonimpingement flow
(fig. 7) where all operating conditions except nozzle pressure ratio are the same shows
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the measured Tw for the unattached flow to be slightly higher. Predicted wall temper-
atures were also generally higher except at the ejector exit. Although the hot-gas ra-
diation q, (fig. 14(c)) was higher near the exit for the unattached flow case because of
the higher primary pressure, the convective heat into the wall Qg near the exit (fig.
14(c)) was less than for nonimpingement flow (fig. 7(c)) because the heat-transfer coef-
ficient h2 for the unattached 'case was sufficiently low to more than offset the higher
adiabatic wall temperature Tw. Unattached flow (fig. 15) and nonimpingement under-
expanded flow (fig. 8) at reheat B settings have essentially the same operating conditions
except for nozzle pressure ratio. Again the measured and predicted Tw are higher

for the unattached flow, although no matching of the predicted values at the ejector exit s
takes place.

Impingement Underexpanded Flow

Ejector data for conditions at maximum reheat, a nozzle pressure ratio of 6.2, and
low corrected weight flow of 0.037 are shown in figure 20. The wall static-pressure
profile (fig. 20(a)) is representative of impingement underexpanded flow wherein the pri-
mary stream impinged on the wall (ref. 19) at an ejector location of about x/D8 =0.4.
Actually, for impingement flow, the wall static pressure is assumed to increase to a
value greater than the secondary total pressure. In this case, this assumption is almost
true, and therefore the flow has been classified as impingement flow. Good agreement
between predicted and measured wall temperatures is observed (fig. 20(b)). The error
is 106 K (190O R) at the point of maximum measured temperature. The wall heat distri-
bution (fig. 20(c)) shows the main heat input into the wall to be convective heating -
Hot-gas radiation is comparatively small. The convective cooling eP) is negligible be-
cause of the rapid diffusion of the coolant gas with the hot jet and, in addition, because
the entering coolant gas was about 139 K (2500 R) hotter than in the previous high-weight-
flow case (fig. 13). This higher coolant temperature resulted when the smaller quantity
of coolant picked up additional heat while cooling the afterburner. Heat out of the wall is
primarily radiation cooling q5 and q, (fig. 20(c)).

Additional comparisons of calculated and experimental data for impingement under-
expanded flow are presented in figures 21 to 23. Here again, as in figures 7(a), S(a),
and 9(a), these cases are classified as underexpanded flow, although the wall static-
pressure profile shows a slight overexpansion at the ejector exit. As previously ex-
plained for these figures, the internal flow is not expected to change with increasing
P8/ by and is then typical of underexpanded flow as defined in this report. The ejector
wall static-pressure profiles show hot-gas impingement on the wall occurring at
x/D8 ~ 0.6, x/D8 ~ 0,75, and x/D8 ~ 0.9 for reheat A, reheat B, and the military 1

Ps
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setting, respectively. Good agreement between predicted wall temperature and mea-
sured maximum wall temperature was obtained. At the point of measured maximum wall
temperature, the error in prediction was -11 K (-20° R) (fig. 21), -33 K (-60° R) (fig. 22),
and -89 K (—1600 R) (fig. 23) for reheat A, reheat B, and the military setting, respec-
tively. Errors for all cases of impingement underexpanded flow varied from -13 to 11
percent. As the A9 /A8 increased and the total temperature of the primary flow de-
creased, the predictions varied from too high to too low.

As would be expected, hot-gas radiation q is highest at the maximum reheat set-
ting. At the military setting (fig. 23(c)), the gas radiation exchange acts to cool the wall,
although the effect is very small.

Impingement Overexpanded Flow

Ejector data at conditions of maximum reheat power setting, a nozzle pressure ratio
of 2.8, and a corrected coolant weight-flow ratio of 0.036 are shown in figure 24, The
wall pressure profile (fig. 24(a)) is similar to that of figure 20(a) up to the ejector loca-
tion x/D8 = 1.1, after which a steep recompression region occurs. This ejector is rep-
resentative of impingement overexpanded flow. Very good agreement between predicted
and measured wall temperature is observed (fig. 24(b)). The predicted wall temperature
was 39 K (700 R) above the maximum measured. Here again, as for the impingement
underexpanded flow (fig. 20(c)), the heat distribution into the wall (fig. 24(c)) was pri-
marily convective. The heat out was mainly radiation. The effect of the recompression
region in this low-weight-flow case was to cause the predicted convective heat transfer
into the wall to level off. The total heat into the wall remained virtually constant in the
recompression region. The tofal heat out of the wall accordingly also remained constant.

Comparisons of calculated and experimental data for additional cases of impinge-
ment overexpanded flow are presented in figures 25 and 26. Flow at each engine setting
is similar to the impingement underexpanded flow (figs. 21 and 22, respectively) up to
the ejector location at which the steep recompression occurs. Agreement between pre-
dicted and measured wall temperatures is reasonably good, although on the low side. At
the point of measured maximum wall temperature, the error in prediction was -111 K
(-200° R) (fig. 25(b)) and -128 K (-230° R) (fig. 26(b)) for reheat A and reheat B settings,
respectively. For the three cases of impingement overexpanded flow considered, the
errors varied from -14 to 4 percent. In general, as A9 /A8 increased and the primary
total temperature decreased, the predictions varied from too high to too low.

In comparing the impingement underexpanded flow to the impingement overexpanded
data at each particular value of reheat, the operating conditions were similar except for
nozzle pressure ratio. It appears that the steep pressure gradient (fig. 24(a)) toward
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the ejector exit causes the measured wall temperatures to remain high, whereas in fig-
ure 20(a), where the favorable pressure gradient is longer, the actual wall temperature
decreases toward the exit. On the other hand, the predicted temperature profile shows
an opposite trend. The same pattern is noted in data for the reheat A and B settings.
For the impingement type flow it appears that the wall temperature predictions will be
more conservative for the flow with the longer favorable gradient or the underexpanded
case. When ejectors with nonimpingement flows are compared to ejectors with impinge-
ment flow at the same engine settings, the nonimpingement flow with a longer favorable
pressure gradient appears to provide more conservative wall temperature predictions.
When unattached flow is compared to impingement flow at the same engine settings, the
unattached flow, which has a long, mild adverse pressure gradient, is seen to provide a
more conservative wall temperature prediction than impingement flow, which has an
initial adverse pressure gradient followed by a favorable pressure gradient.

Figure 27 presents a summary of predicted and measured wall temperatures taken at
the point of maximum measured wall temperature for all flow cases considered as a
function of nozzle area ratio and primary total temperature. The wall temperature pre-
dictions provide reasonably good values throughout the range of power settings and cor-
rected weight flows tested. At the critical maximum reheat power setting, the predic-
tions are conservative in all cases and especially so for the higher corrected weight-flow
ratios.

Figure 28 shows the ratio of predicted to maximum measured wall temperature
taken at the point of maximum measured wall temperature as a function of nozzle area
ratio and primary total temperature. Conservative predictions are representative of
data at ratios greater than 1.0, whereas below 1.0, the predictions are low. Again it
can be seen that the predictions at the maximum reheat engine settings are slightly con-
servative at the lower corrected weight-flow ratios. For all types of flow except at-
tached flow, the predictions become less conservative and change to underpredicting as
the engine settings change (nozzle area ratio A9 /A8 increases and primary total tem-
perature decreases). In general, wall temperature predictions for underexpanded flows
(higher pressure ratios) are more conservative than predictions for overexpanded flows
(lower pressure ratios). Predictions for nonimpingement flows (higher corrected weight
flows) are more conservative than predictions for impingement type flows (lower correc-
ted weight flows). Predictions for attached flow cases (lowest pressure ratios) at higher
corrected weight-flow ratios are conservative and appear independent of the engine set-

tings.
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CONCLUDING REMARKS

The analytical procedure used herein is based on a previous knowledge of the wall
static-pressure profile and on a number of simplifying assumptions. It is likely that the
prediction can be improved by further work in the following areas:

1. Use of an axisymmetric method of characteristics to predict the wall static-
pressure profile; this would permit wall temperature calculations without any
experimental knowledge of the internal flow, and would predict more accurate
coolant flow areas and consequently coolant flow properties

2. Development of a film-cooling correlation to predict an adiabatic wall tempera-
ture of the film based on an ejector geometry with pressure gradients

3. Use of a wall to coolant flow heat-transfer coefficient based on a flat-plate theory
matched to varying secondary flow conditions

4. Use of improved techniques for predicting radiation heat-transfer components

SUMMARY OF RESULTS

An analytical method of predicting the shroud wall temperature distribution of a cy-
lindrical ejector was compared to experimental data obtained by using a nacelle-mounted
afterburning turbojet engine in an altitude test facility. The predicted data were obtained
by combining an evaluation of the heat transfer due to radiation and convection with a
slight modification of an existing film-cooling correlation. The cylindrical ejectors had
nozzle area ratios varying from 1.65 to 2.75 and ejector length to primary diameter
ratios from 1.63 to 1.95. Data were obtained at corrected secondary to primary weight-
flow ratios ranging from 0.027 to 0.088, nozzle pressure ratios from 2.0 to 6.3, pri-
mary total temperatures from 861 to 1939 K (1 550° to 3490° R), and secondary flow total
temperatures from 389 to 583 K ('700O to 1050° R). It is concluded that

1. In general, the calculated wall temperatures matched the data reasonably well.
Deviations of the calculated wall temperatures from the data ranged from 27 to -14 per-
cent at the point of maximum recorded wall temperature.

2. In general, at the maximum reheat engine settings (small area ratio) the calcu-
lated wall temperatures matched the data better for cases where the nozzle had
impingement-type internal flow (low corrected weight flows and higher nozzle pressure
ratios) than for cases with either nonimpingement flow (high corrected weight-flow ratios
and higher nozzle pressure ratios) or unattached flow (low nozzle pressure ratios).

3. In general, as the reheat engine setting was reduced (nozzle area ratio increased
and primary total temperature decreased), the error in predicted wall temperature de-
creased and then became increasingly negative for each of the particular types of internal
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flow conditions considered except unattached flow. In the latter case, the error re-
mained relatively constant with varying engine setting.

4, In general, nonimpingement flow with a longer favorable pressure gradient as
compared to impingement-type flow tended to provide more conservative wall tempera-
ture predictions. Unattached flow with a mild adverse pressure gradient tended to pro-
vide more conservative predictions than the impingement-type flow with an initial ad-
verse pressure gradient followed by a favorable pressure gradient. Underexpanded flow
with a more favorable pressure gradient than overexpanded flow tended to provide more

conservative wall temperature predictions.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, May 13, 1971,
720-03.
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APPENDIX A

DETERMINATION OF ADIABATIC WALL TEMPERATURE T

The adiabatic wall temperature at each station was determined from the adiabatic
wall film-cooling correlation proposed in reference 1 and modified to use an integrated
average heat-transfer coefficient hf’ av* Reference 6 found that the integrated average
provided a better correlation for a rocket nozzle. Since the pressure gradients in the
ejector were more like those in a rocket nozzle than the original zero pressure gradient
model, the averging technique was used. The correlation is

0.125
Tr - TWw 7D . h SV
In[—P |} =- sh’f,av® _ 0.04) | —R.t f(—R.t (A1)
T, -ty WsCp, sl ®s1 Vsl
where
ke 0.8..0.3
he = 0.0265 — Re;"° Pr{" (A2)
Dsh
A v \"
Bty 1 r0.atan Rt _q]  for _Bot=1.0 (A3)
Vsl Vsl Vsl

The primary flow field was determined as shown in the section ANALYSIS PROCE-
DURE. The local hot-gas recovery temperature Tr_ was determined at a distance x
downstream of the throat (fig. 3) by the expression (ref. 12)

v. -1
P Mm%t (A4)

1/3
Tr_= (1-P
p= Py o Y)Y

The primary Mach number M_ and specific-heat ratio y__ at the distance x were ob-
tained by assuming a yp and solving for Mp in the isentropic equation
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-—P
y |
p
p Yy -1
P14+ "M (A5)
P 2 p
p
The static temperature tp was then calculated from
-1
Y. -1
t,=Ty(1+ Pz Mg (A6)

Using t_ and the properties tables gave a revised yp for the ASTMA-1 /air mixture,
and the calculation was repeated until yp agreed with t . The Prandtl number Prp
was then obtained from the property tables at the final t .

All secondary flow parameters (tsl’ Wl C ,sls g1 and V 1) were taken at slot
exit conditions (station 8, fig. 3) and were calculated from the equation of continuity

w
M, = sl (A7)

sl
PslAquslGRtsl

A value of MSl was calculated by assuming TS and PS for tSl and Pg1s V1 and the
density Psi from the property tables at tsl and Pgy» and ASl from geometry. This
value of M, together with v, Psl’ and T, was then used in equations (A5) and (A6)
to determine a revised t sl and p sl This procedure was repeated until t sl and p s

did not change. The property values for C p,sl and « g] were then determined from air
?

property tables.
A local heat-transfer coefficient h (eq (A2)) was determined by using air fluid

properties evaluated at a temperature tf equal to an average of the local primary static
temperature and the secondary slot inlet static temperature. The Reynolds number was

based on

psV.D
Re, =1 P sh (A8)
Hg

where V_ is the local primary velocity. The local heat-transfer coefficients were
averaged from the throat to station x to obtain hf . Since D sh is constant for the

ejector, the term D hhf av represents the mtegrated average of the heat-transfer
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coefficient multiplied by the shroud internal circumference as suggested in reference 6.
The primary throat velocity Vp t was calculated from the isentropic expression
’

V = 4fy

p,t= tRGT

(A9)

p, p,t

Q

where tp ¢ and Yp ¢ Were determined from equation (B6) (M = 1) and ASTMA-1 /air
b

mixture property tables by iteration until "p and tp agreed.
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APPENDIX B

DETERMINATION OF €, AND a,,

P

The values of the hot-gas emissivity Ep and wall absorptivity a, were calculated
essentially as presented in reference 13:

ep = ecCc + €wacwa - A€ (B1)
a,=a,+a , -Aa (B2)
where
€ f(t D’ ch)
C c correction for total~pressure effect for carbon dioxide
€ya. f(t o7 P waL)
Cwa correction for total-pressure effect for water vapor
Ae correction for a mixture of carbon dioxide and water vapor
- ¢ \0- 45
a f (Tw,p_L —¥~ L2 C
b
¢ \0-65
a f(Tw,p LIV (2 C,
¢ ¢t ) \Tw
p
Aa correction for mixture of carbon dioxide and water vapor

The various parameters were determined in the following manner. The hot-gas jet was
assumed to expand isentropically in the ejector to match the measured wall pressure pro-
file. An average hot-gas static temperature and average static pressure over the ejector
length was then calculated by averaging thelocal station values (see the section ANALYSIS
PROCEDURE). These average values, the fuel-air ratio, and the method of reference 21
were used to determine mole fractional values for the products of combustion with the
products assumed to have equilibrium composition. The average hot-gas static pressure
was multiplied by the mole fractions to obtain a partial pressure for the carbon dioxide
and water vapor. The mean beam length L was estimated with the use of the table in
reference 13. The PGL factor (ref. 13) was assumed equal to zero since the partial
pressures were very low. The hot gases were assumed at constant density and approxi-
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mately formed a radiating cylinder which extended out the ejector exit and to some ex-
tent into the primary throat so that a mean beam length factor halfway between that of an
infinite cylinder and a right circular cylinder (height equal to diameter) radiating to the
whole surface was assumed at a value of 0.83. The characterizing dimension X (ref. 13)
was chosen at a calculated average jet diameter for the ejector. This average jet diam-
eter was determined by calculating the local primary jet diameter (see the section
ANALYSIS PROCEDURE) at each of 10 equally spaced stations from the nozzle throat to
the end of the ejector and averaging them. The mean beam length L is then a product
of the average jet diameter and 0.83. The partial pressure of the carbon dioxide or of
the water vapor, whichever is applicable, was multiplied by the mean beam length to
give ch or p waL' Using these factors and the average hot-gas static temperature,
€ and € wa at each station were determined from the charts of reference 13.

Because of the comment (ref, 22) that the total-pressure corrections C c and Cwa
did not possess a high degree of accuracy for pressures different from 1 atmosphere,
these corrections were omitted. The corrections for the interaction of carbon dioxide
and water vapor (A€) were found to be negligible and assumed 0. Then, from equation
(A1), € equals € ct €war Since an average hot-gas static temperature and average
hot-gas partial pressure of carbon dioxide and water vapor are used, ep is the same
for any ejector cross section. On the other hand, a_ is different at each station, since
it depends on Tw. Values of a c and a wa - Were obtained from charts (ref. 13) as func-
tions of Tw and pCL(Tw/t ) or pwaL(Tw/tp). The values were corrected by multiply -

P
ing by (tp/TW)O'65 or (‘cp/’I‘w)o‘45 as applicable (eq. (B2)) to obtain a, and a_,, re-

spectively. Again Cc and Cwa were assumed to equal 1, and Aa was set equal to 0.
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TABLE 1. - EJECTOR TEST CONDITIONS AND GEOMETRY

Figure| Power |[Fuel-air| Nozzle | Corrected| Length- Primary flow Secondary flow Nozzle
setting ratio | pressure weight | diameter area
ratio, flow, ratio, d.Thr otat Throat hsy);t Slot ratio,
iameter, area, eight, area,

PaPo | wyr | ‘P8 b, Ay S A Ag/Ag

cm in, cm2 in.2 cm| in. cm2 in.2
6 Maximum | 0,057 6.3 0.088 1.63 38.53|15.17[459.7|181.0] 5.612.2 |304.3|119.8| 1.66
7 A .043 6.3 .067 1.68 36.65]14.43|414.8/163.3| 6.6]2.6 |344.7|137.5} 1.84
8 B .035 6.5 . 069 1.66 34.93113.75|376.4|148.2| 7.4{2.9|387.6(152.6| 2.03
9 Military | ----- 6.4 .073 1.94 30.28(11.92(283.0(111.419.6/3.8(481.1'189.4, 2.70
10 |Maximum .057 2.8 .087 1.63 38.53|15.17(458.5|180.5| 5.6}2.2 [ 305.6 .120.3, 1.67
11 A .044 2.9 .063 1.69 36.68|14.44|415.8|163.7 6.6(2.6 | 348.2|137.1. 1.84
12 B .036 2.9 .059 1.66 34.93(13.75[376.91148.4( 7.4/2.9 {387.1152.4, 2.03
13 Maximum .056 2.0 .074 1.64 38.4815.15(456.4|179.7} 5.6(2.2 | 307.6'121.1, 1.67
14 A . 042 2.0 .067 1.71 36.14(14.231404.1(159.1(6.92.7 359.9‘141.'7j 1.89
15 B .035 2.0 .068 1.69 34.85113.721374.4(147.4| 7.4|2.9 389.6|153.4‘ 2.04

‘ {
16 |Military .018 3.0 .078 1.95 [30.07|11.84|278.4|109.6|9.9[3.9 |485.61191.2% 2.74
17 Military .018 2.1 .076 1.94 30.07(11.84/279.4,110.0(9.9)3.9 484.6'3190.8' 2.73
18 | Military .018 2.9 .033 1.94 30.18111.88(279.61110.1|9.6|3.8 1484.4 190.7 2.73
19 Military .018 2.1 .033 1.94 30.07111.841279.91109.4) 9.9(3.9 ;486.2 191.4 2.75
20 Maximum .057 6.2 .037 1.63 38.66 (15,22 |461.5/181.7| 5.6|2.2 j302.5|119.1 1.66
21 : A . 043 6.3 .027 1.69 36.63|14.42|415.3(163.5| 6.6/2.6 i349'8|‘|137'7; 1.84
22 ! B .036 6.4 .028 1.66 34.85(13.721375.4|147.8} 7.4|2.9 388.6 153.0 2.04
23 iMilitary ----- 6.4 .032 1.94 30.2811.92284.2111.919.6|3.8 ‘479.8;188.9:{ 2.69
24 | Maximum .057 2.8 .036 1.63 38.66|15.221461.8,181.8} 5.6/2.2 -302.3:119.0: 1.65
25 A .044 [ 2.8 .027 1.69 36.65114,431414.5/163.2)6.6;2.6 1349.5 137.6 1.84
26 B i .035 il 2.9 .029 1.66 34,93 |13.75(376.2|148.11 7.4|2.9 ‘387.9 152.7 2.03
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TABLE II. - EJECTOR FLOW GEOMETRY?

Figure Power Primary flow Secondary flow Ambient
setting static
Total Total Weight Total Total Weight
pressure, temperature, flow, pressure, temperature, flow, pressure,
P ‘ T w P T w Po
p p p s S s

N/cm2 abs | psia| K °R | kg/sec Ib/sec N/cm? abs psia| K °R  kg/sec |Ib/sec N/cm2 abs psia

6 Maximum 12.4 18.0| 1924 3464 | 12.94 28.52 5.05 7.32] 395 | 711 3.95 | 5.56 1.98 2.87
7 A 12.5 18.2| 1639 | 2950 | 12.87| 29.38 3.93 5.70| 420 | 756 2.57 | 3.73 2.00 2.90
8 B 12.8 18.5| 1434 | 2582 | 12.77| 28.16 3.56 5.16 | 413 | 1744 2.53 | 3.67 1.98 2.87
9 Military 12.8 18.5| 881 | 1585 | 12.02 | 26.50 2.61 3.78| 402 | 123 1.99 | 2.88 1.97 2.86
10 Maximum 12.3 17.8| 1933 | 3480 | 12.87 | 28.37 5.10 7.39| 393 708 3.78 | 5.48 4.41 6.39
11 A 12.7 18.4| 1674 | 3013 | 12.90 | 28.44 3.96 5.75| 426 | 767 2.45 | 3.56 4.41 6.39
12 B 12.8 18.5| 1451 | 2612 | 12.71 | 28.03 3.52 5.10| 427 | 768 2.22 | 3.22 4.39 6.36
13 Maximum 12.3 17.8| 1940 | 3492 | 12.76 | 28.14 5.90 8.56 | 414 | 1745 3.12 | 4.52 6.20 8.99
14 A 12.5 18.2| 1634 | 2941 | 12.68| 27.95 5.70 8.26| 423 | 762 2.52 | 3.65 6.21 9.01
15 B 12.17 18.4| 1438 | 2589 | 12.58 | 27.73 5.75 8.34| 433 | 779 2.38 | 3.45 6.18 8.96
16 Military 12.8 18.6| 895 1611 | 11.90| 26.23 4.23 6.13| 444 | 800 1.99 | 2.89 4,317 6.34
17 Military 13.0 18.9| 907 |1632 | 11.88| 26.19 6.03 8.75| 445 801 1.95 | 2.83 6.22 9.02
18 Military 12.6 18.3| 889 | 1601 | 12.03 | 26.53 3.75 5.44| 554 997 .76 | 1.10 4.38 6.36
19 Military 13.0 18.9| 903 | 1625 | 11.86| 26.14 5.72 8.30| 573 (1031 .75 | 1.08 6.18 8.97
20 Maximum 12.3 17.8| 1917 | 3450 | 13.07| 28.81 3.54 5.13| 528 | 950 1.41 | 2.04 1.98 2.88
21 A 12.5 18.2| 1645 | 2961 | 12.82 | 28.27 2.83 4,10 538 | 969 .93 | 1.35 2.00 2.90
22 B 12.7 18.4| 1440 | 2592 | 12.77 | 28.15 2.53 3.67| 579 | 1043 .87 | 1.26 1.98 2.88
23 Military 12.5 18.2| 862 | 1552 | 11.94 | 26.32 1.81 2.63| 508 | 915 .15 | 1.08 1.99 2.88
24 Maximum 12.2 17.7| 1922 | 3460 | 13.02 | 28.70 3.50 5.08| 529 953 1.36 | 1.97 4.41 6.40
25 A 12.5 18.1| 1664 | 2995 | 12.85]| 28.34 2.86 4.15| 551 | 991 .92 | 1.33 4.40 6.38
26 B 12.8 18.5] 1439 | 2590 | 12.63 ] 27.84 2.58 3.74| 546 | 983 .90 | 1.31 4.40 6.38

2Estimated ambient static temperature, 339 K (610O R}).




0¢

21 A1 !N

Engine z L-Primary airflow Compressor Compressor Turbine Primary Ejector| |Ambient Z
station % measurement inlet discharge discharge exit exit pressure %
% Seconda 8 & %
-secntary /
Il <& airflow %
Bypass ™ manifold %
valve—" lI :":41 %
% ! :\\—Orifice %
‘ b1 meter é
1N %
é ) %
‘ 1 | - '
: : (,t—’ - \I ‘ Exhaust
| | ANt N —
| JEARERER < s
Primary airflow ! | Q/ i : j
— - _ 1 [ ~ _ Fal _ o _ 1
: : \ N ] Py I
i P < P! < !
LT E o I gl
y l - | 1 | 1 1L 1 \
<Forward % N ! h \
bulkhead ? Flexure _~— \ / \ /é } \ @ ﬂ* ~ Flight \—LEStd
labyrinth / rods—"" + X nacelle ardware
seal / é ' \ 7 \ mockup
Z | e  Afterburner
LThrust | <Main burner fuel flow /
% load cell L Secondary fuel flow é
; flow valve (?\ %
7 - Total fuel flow 7
%
Plenum Altitude = Z
cavity 7 chamber /
ANMIINIIN I s :E A rrr,ryy ,y y ry E EE OO
CD-11026-28

Figure 1. - Schematic of test installation.



Figure 2. - Test hardware in altitud

e chamber.
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Figure 10. - Comparison of calculated and experimental data for nonimpingement overexpanded flow.
Maximum reheat; nozzie pressure ratio Pg/pg, 2.8; corrected weight-flow ratio wy/T, 0.087;
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Figure 11. - Comparison of calculated and experimental data for nonimpingement overexpanded flow.
Reheat A; nozzle pressure ratio Pg/pg, 2.9; corrected weight-flow ratio wyT, 0.063; secondary
to primary total-pressure ratio Pg/Pg, 0.313; primary total temperature Tp, 1674 K 3013° R).
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Figure 12. - Comparison of calculated and experimental data for nonimpingement overexpanded flow,
Reheat B; nozzle pressure ratio Pg/pg, 2.9; corrected weight-flow ratio wy/T, 0.059; secondary
to primary total-pressure ratio Pg/Pg, 0.276; primary total temperature T,, 1451 K (2612° R).
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Figure 13. - Comparison of calculated and experimental data for unattached flow. Maximum reheat;
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Figure 14. - Comparison of calculated and experimental data for unattached flow. Reheat A; nozzle
pressure ratio Pg/po, 2.0; corrected weight-flow ratio wy/T, 0.067; secondary to primary tfotal-
pressure ratio Ps/PS' 0.453; primary total temperature Tp, 1634 K (2941° R).
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Figure 15. - Comparison of calculated and experimental data for unattached flow. Reheat B; nozzle
pressure ratio Pg/py, 2.1; corrected weight-flow ratio wv/T, 0.068; secondary to primary total-
pressure ratio Ps/PSv 0.453; primary total temperature T, 1438 K (258¢° R).
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Figure 16. - Comparison of calculated and experimental data for unattached flow. Military setting; nozzle
pressure ratio Pg/po, 3.0; corrected weight-flow ratio wy/T, 0.078; secondary to primary total-pressure
ratio PS/P8, 0.329; primary total temperature Tp, 895 K (1611° R).
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Figure 17. - Comparison of calculated and experimental data for unattached flow. Military setting; nozzle
pressure ratio Pg/po, 2.1; corrected weight-flow ratio w+/T, 0.076; secondary to primary total-pressure
ratio P /Pg, 0.464; primary total temperature Ty 907 K (1632° R).
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Figure 18. - Comparison of calculated and experimental data for unattached flow. Military setting; nozzle
pressure ratio Pg/Pq, 2.9; corrected weight-flow ratio wy/T, 0.033; secondary to primary total-pressure

ratio PSIP8, 0.297; primary total temperature Tp, 839 K (1601° R},
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Figure 19. - Comparison of calculated and experimental data for unattached flow. Military setting; nozzle
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T, 903 K (1625 R).
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Figure 20. - Comparison of calcuiated and experimental data for impingement underexpanded flow.
Maximum reheat; nozzie pressure ratio Pg/pp. 6.2; corrected weight-flow ratio wy/T, 0.037;
secgggary to primary total-pressure ratio Ps/PS' 0.289; primary total temperature T, 1917 K
(3450° R).
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Figure 21. - Comparison of calculated and experimental data for impingement underexpanded flow.
Reheat A; nozzle pressure ratio Pg/po, 6.3; corrected weight-flow ratio wy/T, 0.027; secondary
to primary total-pressure ratio Ps/PS' 0.225; primary total temperature Tp, 1645 K (2961° R).
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Figure 22. - Comparison of calculated and experimental data for impingement underexpanded flow.
Reheat B; nozzle pressure ratio P8/p0, 6.4; corrected weight-flow ratio wy/T, 0.028; secondary
to primary total-pressure ratio P./Pg, 0.199; primary total temperature Tp, 1440 K (2592° R).
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Figure 23. - Comparison of calculated and experimental data for impingement underexpanded flow. Military
setting; nozzle pressure ratio Pg/po, 6.4; corrected weight-flow ratio wy/T, 0.032; secondary to primary
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Figure 24. - Comparison of calculated and experimental data for impingement overexpanded flow.
Maximum reheat; nozzle pressure ratio Pg/py, 2.8; corrected weight-flow ratio wyT, 0.036;
secondary to primary totel-pressure ratio P./Pg, 0.287; primary total pressure T, 1922 K
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Figure 25. - Comparison of calculated and experimental data for impingement overexpanded flow.
Reheat A; nozzle pressure ratio Pf/po, 2.8; corrected weight-flow ratio wvy/T, 0.027; secondary
s

to primary total-pressure ratio P_/Pq, 0.229; primary total temperature T,, 1664 K (299%° R).
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Figure 26. - Comparison of calculated and experimental data for impingement overexpanded flow.
Reheat B; nozzle pressure ratio Pg/pg, 2.9; corrected weight-flow ratio wy/T, 0.029; secondary
to primary total-pressure ratio Ps/ Pg, 0.202; primary total temperature T, 1439 K (259° R).
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Figure 27, - Comparison of predicted wall temperature at point of maximum
measured wall temperature and measured maximum wall temperature at
different nozzle area ratios and primary total temperatures.
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