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A series of power-on wind-tunnel tests have been conducted to evaluate the installed performance of mid-
airframe mounted tactical-missile turbojet sustainers. Two low-cost, expendable turbojet engine designs were
installed in a high-fidelity wind-tunnel model of a specific tactical missile. To accommodate the unique installation
requirements, each engine design incorporated bifurcated pitot inlets and side-exhausting bifurcated exhaust
ducts. Each installed engine was fully functional and was intended to closely replicate the in-flight operational
response. Power-on wind-tunnel evaluations were conducted for each engine model that encompassed a wide
range of sea level, steady-state flight conditions. The test condition variables evaluated were Mach number,
pitch angle, yaw angle, engine throttle setting, and control fin deflection. Missile axial force data were acquired
to determine installed, delivered engine net thrust. In addition, extensive thermal instrumentation was installed
on the model to evaluate the influence of the turbojet exhaust plume on the aft section of the missile. A detailed
description of the test program is provided. Detailed descriptions of the hard ware configuration and test variables
are presented. Presented are discussions of theoretical engine performance models, experimental installed per-
formance results, projections of overall missile performance, and evaluations of the effect of pitch on engine
performance. A detailed evaluation of the thermal impact of turbojet operation is provided. Discussions of the
thermal impact of pitch, yaw, and fin deflection angles are presented. The results presented demonstrate that
both sustainer configurations, successfully operated in an installed configuration under in-flight conditions,
delivered adequate installed performance to satisfy missile system requirements, and had minimal adverse
thermal impact on the airframe. The results of the evaluation fully verify the viability of employing turbojet
engines in a mid-airframe installation.

Nomenclature
^4jet = Jet nozzle area, in.2
F = net thrust, corrected, Ibf
Fax = missile axial force, corrected, Ibf
Ip = optimization index of performance, Ibf2

M = Mach number
N = engine speed, corrected, krpm
P - pressure, psia
R = range per fuel weight, km/lbm
S/N = engine serial number
SFC = specific fuel consumption, corrected, Ibm/h-lbf
T = temperature, °F
V = flight speed
Wf = fuel flow rate, Ibm/h
a = pitch angle, deg
)8 = yaw angle, deg
A = difference
8 = pressure correction factor
6 = temperature correction factor

Subscripts
a = ambient
max = maximum possible
min = minimum possible or measured
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mes = measured
off = power-off
on = power-on
pred = cycle deck prediction
Tmax = maximum temperature
rmin = minimum temperature
t2 = inlet total

Introduction

F OR a number of tactical missile applications, an expend-
able turbojet engine is an attractive alternative for the

sustainer propulsion system. A turbojet sustainer offers the
inherent advantages of on-demand thrust variability, high fuel
efficiency, minimum visible and infrared signatures, and com-
pliance with insensitive munitions requirements. In a tradi-
tional tactical missile installation, the turbojet sustainer en-
gine is mounted at the extreme aft end of the airframe with
a rear exiting axial exhaust. However, the design require-
ments of several future missile systems necessitate the location
of guidance and control equipment (i.e., wire reels, fiber optic
bobbins, laser receivers) in the rear of the missile, forcing the
turbojet sustainer to be installed in the midsection of the
airframe. To accommodate mid-airframe operations, a con-
venient design approach is to integrate the turbojet engine
with a bifurcated pitot inlet system and a bifurcated side-
exiting exhaust system. Operation of a turbojet engine in such
a configuration, however, raises significant design and per-
formance concerns for the entire missile system. To success-
fully develop a missile utilizing a mid-airframe installed tur-
bojet sustainer, the following technical concerns must be
adequately addressed:

1) Will the turbojet engine, configured in a mid-airframe
installation, successfully operate under all required flight con-
ditions?
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2) Will the turbojet sustainer deliver adequate installed
performance to satisfy missile system requirements?

3) Will the side-exiting exhaust system have an adverse
thermal impact on the aft section of the missile airframe?

In order to comprehensively address the above issues, an
extensive experimental test program was undertaken, which
involved the testing of a full-scale aerodynamic model of a
turbojet-powered tactical missile in a transonic wind tunnel.
Presented in the following sections is a detailed description
of the evaluation that was conducted.

Hardware Configuration
The wind-tunnel model used in the test program was a high-

fidelity, full-scale, representation of a turbojet powered tac-
tical missile. The pertinent features of the model are shown
in Fig. 1. The model incorporates four wings and four control
fins, each of which has a rectangular planform. The wings are
mounted directly to the turbojet sustainer section which is in
the midsection of the airframe. Inlets and exhausts are located
in line with each other, and each of two inlet-exhaust pairs
are positioned circumferentially between a pair of wings. The
mouth of each inlet is positioned ahead of the leading edge
of the wings, and the exit .plane of the exhausts is aft of the
wing trailing edge. The fins are in line with the wings, and
consequently, each exhaust is nominally oriented between a
pair of fins. The missile was designed to fly with the wings in
a cruciform, "X," configuration with inlets and exhausts lo-
cated on either side of the airframe (Fig. 1 depicts the airframe
as being rolled 90 deg from nominal with the inlets on top
and bottom). The missile was designed for "skid-to-turn,"
and the inlets were intended to be maintained in a level,
horizontal attitude during turning maneuvers.

Presented in Fig. 2 is a cross section of the model that
provides a number of critical airframe dimensions (in inches)
and illustrates the overall planform geometry. Note that the
missile station "numbers of critical geometric features are also
included. The airframe body is essentially cylindrical (7.0-in.
o.d.), with a hemispherical nose. The airframe bulges to a
maximum of 8.0 in. in diameter in the sustainer section to
accommodate the turbojet engine and attachment of the wings.
Other significant airframe features (which are evident in Fig.
1) are a wiring race cover that runs nearly the length of the
entire airframe, and simulated actuator covers located under
each fin. From Figs. 1 and 2, it is evident that the presence
of inlets, exhausts, and the wire race results in a very asym-
metric configuration.

The model was designed for the installation and operation
of two different turbojet engine designs. Unique sustainer
sections were developed for both the WJ119 turbojet engine
and for the Model TJ-90. Both turbojet engines are nominally
7.0-in.-diam, 100-lbf thrust class, (static, sea-level uninstalled,
standard day), single-spool turbojet engines. Each sustainer
had unique inlet and exhaust designs. Descriptions of the
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Fig. 2 Power-on wind-tunnel model cross section.

Fig. 1 Power-on wind-tunnel model.
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Fig. 3 Turbojet sustainer engines.

WJ119 and TJ-90 are given in Ref. 1. Illustrations of both
engines are presented in Fig. 3.

The wind-tunnel model was installed on an axial sting mount
system (shown in Fig. 1) in the test section of the wind tunnel.
The test facility used during this test program was an 8-ft
transonic wind tunnel. During test operations the sting as-
sembly (with the model) could be remotely pitched through
a range of angles (positive and negative) without reconfiguring
the model. To evaluate yaw angles, the model was rolled 90
deg (as in Fig. 1) and the remote pitch facility employed. To
evaluate the impact of control fin deflections, each fin was
manually configurable over a range of angles.

To obtain data to sufficiently characterize the performance
of the tactical missile represented by the model, three distinct
sets of instrumentation were used: 1) aerodynamic, 2) ther-
mal, and 3) engine. The aerodynamic instrumentation con-
sisted primarily of a six-component balance that was used to
measure all forces and moments transmitted to the airframe
(the location of the balance is shown in Fig. 2). In addition,
a multicomponent (three or six) balance was installed on each
fin to obtain control authority data. The thermal instrumen-
tation was intended to measure the impact of the engine ex-
haust plume on the aft section of the airframe. Numerous
thermocouples and heat-flux gauges were mounted on the
airframe body and on the fins to provide detailed thermal
data. The engine instrumentation was provided to allow en-
gine health monitoring and to provide engine performance
data. Thermocouples and pressure taps were installed in the
inlets, throughout the engine, and in the exhaust. Engine
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rotational speed and fuel flow rate data were also acquired.
A total of 72 channels of instrumentation were installed on
the model. To achieve and maintain successful sustainer op-
eration, a personal computer-based control system (which was
located remotely outside the wind tunnel) was responsible for
the execution of all phases of sustainer operation. A detailed
description of the personal computer based system is pre-
sented in Ref. 1.

Variables/Measurements
Presented in Table 1 is a summary of the independent test

variables that were selected for evaluation, along with the
range over which each was evaluated. The range of inde-
pendent variables was selected to reflect the anticipated op-
erating conditions of the missile system. The tactical missile
under consideration was intended to be used as a ground
launched system that operated at a relatively low flight alti-
tude. Accordingly, operating altitude was not considered a
test variable, and all tests were conducted at simulated sea
level ambient pressures. The test facility was a closed circuit
wind tunnel with no capability for air temperature control.
Consequently, air temperature was not a test variable, and
the available tunnel ambient temperature Ta was used in all
tests. For convenience, all applicable test results were cor-
rected to sea level, standard day, ambient conditions.

The dependent test measurements generated for each power-
on test can be characterized in three basic groups: 1) engine
performance, 2) missile performance, and 3) thermal (missile
aft surface temperatures).

For the purposes of this evaluation, only two engine per-
formance parameters are relevant: 1) corrected (to standard
conditions) engine rotational speed N, and 2) corrected fuel
flow rate Wf. These values are determined by the following
relationships:

N = Nmes/Ve
Wf = Wfmes/(8V9)

(1)
(2)

The subscript mes denotes an uncorrected measurement

0 = r,2/518.67°R

8 = P./14.696 psia

(3)

(4)

where Tt2 is the measured inlet total temperature, and Pa is
the wind-tunnel ambient pressure.

The relevant missile performance parameters are corrected
F, SFC, and corrected R. These parameters are determined
by the following relationships:

F = F - F•*• •*• ax on x a> (5)

where Faxon is the corrected power-on axial force, and Faxoff
is the corrected power-off axial force.

The value of Faxon is the corrected net force measured along
the missile axis when the engine is operating, and Faxoff is the
associated measurement made when the engine was not op-
erating. To obtain values of Faxoff, for every power-on run
made with an operating engine, a corresponding run was made

Table 1 Independent power-on test variables

Test variable Range evaluated
M

a, deg
0, deg
AT, WJ119, krpm
N, TJ-90, krpm
Fin deflection, deg

0.05, 0.10, 0.33, 0.40, 0.50,
0.55, 0.60, 0.65

-16-16
-12-12
41-55
59-99
-16, -12, -8,0

with an installed, but nonoperating engine. During power-off
runs, air was allowed to flow through the inlets and the engine
freely windmilled. The assumption made in Eq. (5) was that
the difference between the power-on and power-off corrected
axial force measurements (for a given configuration and set
of flight conditions) was the corrected net installed thrust.
The drag contribution of the unpowered, wind-milling engine
was neglected from the force accounting procedure [Eq. (5)].
As a consequence, the net thrust values that were calculated
were reduced slightly by this unaccounted drag (therefore
introducing a level of conservatism). Given the limitations of
the instrumentation, test hardware, and facilities available,
the thrust accounting procedure utilized was the most accurate
means of determining engine thrust. The following relation-
ships were used to correct the axial force measurements:

F = F ft•*• ax on * axonmes^

r ax off == -^ ax off mes"

(6)

(7)

The values of SFC and R are given by the following rela-
tionships:

SFC - WfIF

R = V/Wf

where V is the standard day flight velocity:

V = M(1224.81 km/h)

(8)

(9)

(10)

The thermal measurements consisted primarily of the data
acquired from the previously discussed instrumentation chan-
nels. Additional thermal data consisted of an average engine
exhaust gas temperature (EGT), obtained through the engine
data acquisition system. It should be noted that all thermal
measurements were reported as actual data and were not
corrected to standard conditions.

After the selection of the relevant independent test varia-
bles and dependent performance measurements, a test matrix
was established for the power-on test program. The type of
evaluations conducted can be characterized as follows.

1) Engine/Missile Performance Evaluations
The airframe was held level (a = 0 deg), straight (/3 = 0

deg), with zero fin deflection, at a fixed Mach number, and
the engine speed was varied. These tests were conducted for
a range of Mach numbers.

2) Engine/Missile Pitch Evaluation
Engine speed and Mach number were held constant, and

airframe was swept through a range of pitch angles. The yaw
and fin deflection angle were held at zero. These tests were
conducted for various combinations of engine speed and Mach
number.

3) Missile Yaw Evaluation
Engine speed and Mach number were held constant, and

the airframe was swept through a range of yaw angles. The
pitch and fin deflection angles were held at zero. These tests
were conducted for various engine speeds and Mach numbers.

4) Thermal Fin Deflection
Engine speed and Mach number were held constant, and

the fin deflection angle on all four fins was set to a nonzero
value. For each test the airframe was swept through a range
of pitch angles while holding the yaw angle at zero. These
tests were conducted for various combinations of engine speed,
Mach number, and fin deflection angle. Note that the first
three test types were performed with both engine models. Fin
deflection evaluations were not considered for the TJ-90.
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While data from all 72 channels was acquired during all test
types, for the purposes of this evaluation, not all data were
relevant or even accurate. For test type 1, performance data
(engine and missile) was of primary interest, and conse-
quently, the thermal data was not evaluated. For test type 2,
both performance and thermal data were of interest and eval-
uated. For test types 3 and 4, the large number of cables and
engine services crossing the balance rendered all axial force
data (power-on and power-off) inaccurate. Consequently, for
these tests, only thermal data was evaluated. It can be recalled
that for each power-on test (for all types), a corresponding
power-off run was conducted. Those power-off results were
only employed for test types 1 and 2.

For each engine model, two individual engines (designated
by serial number) were used, both of which were intended to
be similar in performance and representative of the engine
type. As the test results will show, this was not always the
case. It must be noted that individual power-off tests were
conducted for both the WJ119 (S/N 301 and 302) model con-
figurations. Consequently, installed performance values will
reflect the specific power-off data for each WJ119 engine.
Only a single set of power-off data was generated for the TJ-
90 configurations (utilizing both S/N 18 and 23).

Theoretical Engine Models
Theoretical performance prediction codes (cycle decks) were

obtained from the manufacturers for each engine. The re-
spective cycle decks each accounted for installation effects by
the incorporation of models for both the bifurcated pitot inlets
(based on wind-tunnel data) and the bifurcated exhausts. It
should be noted that pitch and yaw influences on sustainer
performance were not accounted for. For each engine model,
two versions of the cycle deck were provided: 1) a specifi-
cation version (SPEC) which represented a sustainer that de-
livered the minimum acceptable performance, and 2) a status
version (STAT) which represented the performance of a nom-
inal production engine.

An initial step in validating the cycle decks was the cali-
bration of the models to match the performance of each in-
dividual engine (designated by serial number). For each en-
gine (S/N), the data from acceptance test procedures (ATP),
model check-out tests, and low Mach number (less than or
equal to 0.10) wind-tunnel tests were used to calibrate the
respective cycle decks. For both the appropriate SPEC and
STAT cycle decks, each corrected calibration data set (JV, M,
F) was used as input, and an optimization search was per-
formed on the exhaust area, A-jet, to minimize the following
index of performance Ip:

'p = 2*t VApred ~~ (11)

For each engine (S/N) the cycle deck type (SPEC or STAT),
when utilizing the optimum ^4jet, which produced the lowest
Ip, represented the calibrated cycle deck for that engine.

Presented in Table 2 are the results of the cycle deck cal-
ibrations. For each engine, the particular cycle deck selected
(SPEC or STAT) and the optimum exhaust areas are pro-
vided. For reference purposes, exhaust areas for the SPEC
and STAT decks for each engine model are included. Also
presented in Table 2 are installed performance predictions
for static, sea level, standard day operation at idle and max-
imum power settings. Predictions are presented for all four
engines that were tested and for each standard SPEC and
STAT deck.

Also presented in Table 2 are the minimum A/min, and max-
imum A/max, possible installed flight Mach number for each
engine. These Mach numbers are based on sea level, standard
day, straight and level operation in the tactical missile air-
frame evaluated in this investigation, and correspond to the
idle and maximum engine power settings. For all four TJ-90
engine models, a single drag model (based on power-off tests

with the installed sustainer) was used to determine the Mach
numbers. For the WJ119 models, the S/N 301 drag model was
used for that engine and the S/N 302 drag model was used in
the other three cases.

From the results in Table 2, it can be seen that the per-
formance model for S/N 23 closely matches that of a status
engine. However, the performance model for S/N 18 is best
represented by a STAT deck with a significantly reduced ex-
haust area. This result indicates that during either acceptance
testing or model installation, the exhaust area of S/N 18 was
incorrectly sized. As a consequence, S/N 18 has a significantly
different cycle match (as compared to S/N 23) and experienced
elevated exhaust gas temperatures at high throttle settings. It
should be noted that the maximum engine speed for S/N 18
was limited by turbine inlet temperature (or EGT), not by
mechanical speed (as was the case for all other engines). For
S/N 301 and 302, the performance model for both engines
closely matches the SPEC deck. Consequently, both engines
can be expected to exhibit the minimum (specification) level
of performance.

From the results in Table 2, it can also be seen that both
TJ-90 engines are capable of propelling the missile airframe
at Mach numbers between 0.26-0.57. For the WJ119 engines,
the range is 0.32-0.54. It must be noted that even though
S/N 301 and 302 have virtually identical performance models,
the Mach number range for each is different. This discrepancy
is a result of differences in the drag models used for each
engine. Overall, on the basis of the theoretical models (and
drag data), each engine design has sufficient thrust to operate
the airframe over an adequate Mach number range. However,
these results require experimental verification.

Installed Engine Performance
Presented in Figs. 4 and 5 are some of the results of the

power-on installed performance evaluations for both engine
models. Presented are plots of net installed corrected thrust
and net installed corrected fuel consumption given as a func-
tion of corrected engine speed. Data are presented for a given
engine S/N operating at a fixed Mach number, with zero pitch,
yaw, and fin deflection angles. Data was acquired from both
engine/missile performance evaluations (type 1 tests) and en-
gine/missile pitch evaluations (type 2 tests) at pitch equal zero
points. Both individual data points (denoted by the descrete
symbols) and theoretical predictions (denoted by smooth curves)
are provided for each data set.

The results presented in Figs. 4 and 5 indicate that over
the range of Mach numbers evaluated, both engines dem-
onstrated the following: 1) successful operation over the full
range of engine throttle settings (idle to maximum); 2) the
delivery of significant net thrust to the missile airframe at the
maximum throttle setting; 3) fuel efficient operation over the
entire throttle range, but in particular at maximum power;
and 4) the ability to deliver a continuum of net thrust levels
to the airframe through on-demand throttle control.

These results clearly demonstrate the successful operation
of both engine designs as a mid-airframe, mounted tactical
missile turbojet sustainer. The successful operation and high
performance (thrust and specific fuel consumptions) of each
sustainer verify the effectiveness of the respective bifurcated
pitot inlet and bifurcated side-exiting exhaust systems (how-
ever, sufficient instrumentation was not available to fully char-
acterize inlet and exhaust efficiencies).

From the results presented in Figs. 4 and 5, some general
observations can be made concerning the installed perfor-
mance of each engine model. The results in Figs. 4 and 5
permit a direct performance comparison of the two WJ119
engines. From these results, it can be seen that S/N 302 con-
sistently had higher thrust and lower SFC than S/N 301. How-
ever, static test data used to calibrate the cycle decks indicated
that both engines had virtually identical performance and es-
sentially were SPEC engines. As was previously discussed,
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Table 2 Theoretical performance summary

Static, sea level,
Idle

Ajet, N, F, SFC, EOT,
Engine/deck in.2 krpm Ibf Ibm/h-lbf °F

TJ-90 18/STAT 4.456 60 20.49 2.0861 920
23/STAT 4.931 60 18.68 2.1524 860
SPEC 5.050 60 13.94 2.9314 1034
STAT 4.900 60 18.79 2.1476 863

WJ119 301/SPEC 5.689 42 35.6 1.905 1139
302/SPEC 5.697 42 35.5 1.906 1138
SPEC 5.700 42 35.5 1.907 1137
STAT 5.700 42 35.3 1.614 1071
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separate power-off axial force data sets were used to deter-
mine the installed thrust [using Eq. (5)] for each engine. The
performance differences between the two engines can most
likely be attributed to the application of the individual drag
models in the force accounting data reduction procedures.
The power-off data used for SIN 302 indicated higher drag
levels than that employed for SIN 301. If, in actuality, the
airframe drag and engine performance were equivalent for
both engines during power-on testing, then the use of the
higher drag levels in the reduction of the performance data
for SIN 302 would provide an explanation for the observed
thrust increase and SFC decrease for that engine (relative to
SIN 301). The justification for utilizing individual drag data
sets for each WJ119 engine was that power-on and power-off
data were acquired for a given model build and calibration
series. Consequently, any force measurement biases associ-
ated with the particular build would tend to be cancelled out

standard day, installed _ „ , „. ,Installed flight vehicle,
Maximum performance limits

N, F, SFC, EOT,
krpm Ibf Ibm/h-lbf °F Mmin Mmax

98.5 97.74 1.3828 1672 0.26 0.57
102 95.77 1.3180 1503 0.25 0.57
102 96.71 1.4439 1656 0.22 0.57
102 96.84 1.3219 1521 0.25 0.57
55.847 88.6 1.450 1519 0.32 0.54
55.847 88.3 1.450 1515 0.28 0.55
55.847 88.2 1.449 1513 0.28 0.55
55.847 95.1 1.304 1443 0.28 0.57

during the application of Eq. (5). The question to be answered
is which power-off data set is the most representative of the
airframe drag. The answer to that question is beyond the
scope of this engine performance investigation. Accordingly,
the drag models were used "as is," and the validation of those
models was left to a subsequent investigation, the results of
which are presented in Ref. 2.

An additional observation is that for all Mach numbers, at
the maximum power setting, the TJ-90 engines exhibited
markedly higher thrust than the WJ119 engines. This result
is a consequence of the fact that the TJ-90 engines both ap-
proached STAT performance (even though S/N 18 was trimmed
differently), while the WJ119 engines closely matched SPEC
performance. This performance difference is clearly illus-
trated in Table 2. From Table 2, it can also be seen that STAT
WJ119 and TJ90 engines would have virtually equivalent per-
formance.

The installed performance data presented in Figs. 4 and 5
were used to validate the calibrated cycle decks for each en-
gine. With regard to the WJ119, in Fig. 4, there is excellent
agreement between the experimental results and the perfor-
mance predictions for S/N 301, for both thrust and SFC. In
Fig. 5 there is once again good agreement between experi-
mental results and predictions for S/N 301. In both Figs. 4
and 5 there is a distinct off-set between experimental results
and predictions for S/N 302, which is most probably a con-
sequence of the drag model used and not inaccuracies in the
cycle deck. However, despite these discrepancies, the exper-
imental results for S/N 302 matched the predicted perfor-
mance trends.

For the case of the TJ90, the predictions in Fig. 4 indicate
very good agreement with the experimental results (both thrust
and SFC) for S/N 23. Similarly, good agreement is exhibited
in Fig. 5 for S/N 18. This good agreement for S/N 18 validates
the representation of that engine as a STAT TJ-90 with a
significantly reduced exhaust area.

Overall, the results presented in Figs. 4 and 5 serve to
validate the cycle decks by demonstrating the ability to pre-
dict, in-flight, installed net performance (thrust and SFC),
over a full range of throttle settings for various Mach numbers.
Given the inherent inaccuracies in the experimental power-
on and power-off force measurements (due to the large num-
ber of items crossing the balance), the level of agreement
achieved between predictions and data was more than suitable
for validation purposes. The test program results verify that
SPEC and STAT cycle decks for each respective engine are
valid representations of installed turbojet sustainer perfor-
mance and are suitable for incorporation in an overall missile
simulation.

Missile Performance
Installed performance data and the calibrated (and vali-

dated) cycle decks were used to evaluate in-flight performance
of the tactical missile airframe when operating with each of
the sustainer engines. Curve-fits of installed performance and



LILLEY AND PENGELLY: MID-AIRFRAME INSTALLED TURBOJET ENGINES 863

power-off drag data were used to determine engine operating
points (throttle settings) at which F^^ was zero (thrust-equals-
drag). Corresponding theoretical thrust-equals-drag engine
operating curves were also generated using the cycle decks
for each engine (SPEC, STAT, and individual engines). For
the case of the WJ119 engines, the corresponding drag models
were employed for each individual engine and the drag model
of S/N 302 was used for the SPEC and STAT analyses (as it
was the most conservative). The results of these engine op-
erating point evaluations are presented in Figs. 6 and 7. Pre-
sented in Fig. 6 are the thrust-equals-drag engine speeds plot-
ted as a function of Mach number. Presented in Fig. 7 are
the corresponding R values [as determined by Eq. (9)] plotted
as a function of Mach number.

The most significant observation that can be made from
Fig. 6 is that sustained cruise at Mach numbers between 0.33
and 0.50 was experimentally demonstrated with either engine
installed in the missile. While the respective cycle decks pre-
dict an even greater Mach number range (refer to Table 2),
the data points in Fig. 6 represent experimentally measured
thrust-equals-drag operation and conclusively demonstrated
the ability of each turbojet to function as a tactical missile
sustainer.

The most significant observation that can be made from
Fig. 7 is that over the Mach number range evaluated, both
sustainer designs experimentally demonstrated excellent fuel
efficiency. For the case of the TJ-90, missile range per fuel
weight values R in excess of 8.0 km/lbm were demonstrated
at Mach 0.33, and R values in excess of 5.5 km/lbm at Mach
0.50. For the WJ119, R values in excess of 6.4 km/lbm were
demonstrated at Mach 0.33, and R values in excess of 5.3
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km/lbm at Mach 0.50. If the assumption is made that a cylin-
drical fuel tank is used with an i.d. of 6.5 in. (for installation
in the 7.0-in. o.d. airframe), and the fuel used is JP-10 (as
was the case in all the experimental evaluations), then 1.114
Ibm of fuel can be accommodated per inch of fuel tank length.
Operation at a R value of 5.3 km/lbm translates into 5.9 km
per inch of fuel tank length. Thus, the results presented in
Fig. 7 experimentally demonstrate that the tactical missile
design that was considered can achieve significant ranges (in
excess of 5.9 km/in.), at acceptable flight Mac|i numbers (in
excess of 0.50), while being sustained by either of the turbojet
engine designs.

Pitch Influences on Performance
The previously discussed experimental evaluations were

concerned with installed sustainer performance during straight
and level flight. Additional evaluations (type 2 tests) were
conducted to determine the impact of pitch maneuvers on
installed sustainer performance. Presented in Fig. 8 is a plot
of installed corrected thrust as a function of pitch angle for
TJ-90, S/N 23, for Mach 0.33, at various engine speeds. The
results in Fig. 8 are typical for both engines at Mach 0.33 and
0.50. For both engine models, for all cases evaluated, there
was no degradation in thrust (as compared to the zero pitch
condition) for ranges of pitch angles in excess of ± 10 deg.
These results indicate that the inlet system for both sustainer
functioned acceptably over the demonstrated pitch range. The
pitch range that was demonstrated more than adequately en-
compasses the anticipated operating range of the missile sys-
tem. Consequently, the results illustrated in Fig. 8 demon-
strate successful operation and nondegraded installed
performance during pitch maneuvers. It should be noted that
successful yaw operation was demonstrated, but performance
results were not evaluated due to previously discussed rea-
sons .'The results of the pitch evaluations also justify the use
of the cycle decks for installed performance predictions, de-
spite the fact that pitch influences were neglected in the re-
spective inlet models.

Thermal Evaluation
Data from the wind-tunnel evaluation (test types 2-4) were

also used to determine the thermal effects caused by a hot
engine exhaust impinging on the aft missile body and fins.
This thermal data was acquired to evaluate maximum surface
temperatures in these areas and to understand what factors
affected the aft missile environment. This evaluation was in-
tended to satisfy the third technical concern.

Thermal data collection, which ran concurrently with per-
formance data collection, was done at various angles of a, j8,
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and fin deflections. Data for a and /3 variations were consid-
ered at two different Mach numbers (M = 0.33 and 0.50)
and with both engine models to determine temperature effects
along the missile body and fins. Thermal data evaluating fin
deflection effects were collected with only the WJ119 engine
installed. A description of the instrumentation and a discus-
sion of the data follows.

Thermal Instrumentation and Its Arrangement
Thermal data were acquired using standard beaded-end

type-K thermocouples. These thermocouples were installed
from the inside of the missile airframe and extended through
the airframe into the free airstream a distance of approxi-
mately i in. To allow measurement of temperature gradients
along the missile body, thermocouples were placed at differ-
ent fuselage stations as shown in Fig. 9. The total number of
thermocouples used for evaluating thermal data was 12, and
their placement was such that temperature gradients along
the missile could be measured in both the horizontal and
vertical planes. The horizontal plane was defined as running
through the engine axis and both exhaust nozzles. The vertical
plane was defined as running through the engine axis but
perpendicular to the exhaust nozzles. There were eight ther-
mocouples in the horizontal plane and four in the vertical.
The thermocouples in the first three stations of the horizontal
plane were paired on the left and right sides of the missile
body. The remaining two unpaired thermocouples in the hor-
izontal plane were used to measure temperatures leading into
the area of the fin actuator covers. In like manner, the ther-
mocouples in the vertical plane were paired on the upper and
lower missile body and fins. Note that the two thermocouples
at station 74.05, on the fins, reside in a vertical plane hori-
zontally displaced from the forward two vertical thermocou-
ples at station 64.02.

Discussion of Thermal Data
The results of thermal evaluations are summarized in Tables

3-6. Additional detailed data (in graphical form) from the
thermal evaluation are presented in Ref. 3. The thermal data
are separated into three categories: 1) the effects of pitch
(Tables 3 and 4), 2) the effects of yaw (Table 5), and 3) the
effects of fin deflections (Table 6). All three categories of
data were examined at M - 0.33 and 0.50, and except for
fin deflection effects, all categories of data came from wind-
tunnel tests using both the WJ119 and the TJ-90 turbojet

T -THERMOCOUPLE
* -MATE ON LEFT

SIDE

^ RIGHT
'* T* V

\. SIDE

74*057958 * ' 60-89 54.54
72.54 64.02

Fig. 9 Thermocouple installation.

engines. Fin deflection effects data were acquired only with
the WJ119 engine. In all categories, data were taken when
the engines were at or near full power and the corresponding
average exhaust gas temperatures (average EGT) are given.

Trends in Maximum Temperature as a Function of Pitch
In general, temperatures as a function of pitch along the

aft missile body and fins varied between 150-400°F (Tables
3 and 4). Minimum temperatures were slightly above or near
ambient (75-100°F). The maximum change in temperature
Armax at any one station was between 135-200°F. Missile aft
body temperatures were generally the highest (approximately
400°F) and the lowest (approximately 150°F) were on the fins.
These results were generally expected as the exhaust nozzles
were directed along the aft body. The fins, being away from
the aft body, straddling the exhaust plume, and immersed in
the freestream, would be subject to less heating. However,
an unexpected result is that throughout all degrees of pitch,
the WJ119 engine consistently heated the aft body and fins
more (approximately 75-100°F) than did the TJ-90 engine-
even though average EGT between the two models was nearly
equal. These results indicate that the design of the TJ-90
exhaust system was superior to that of the WJ119 from the
standpoint of thermal impact on the missile.

The effect of Mach number on temperature for pitch ma-
neuvers was not as evident as the engine model influences.
For example, the left side maximum temperatures with the
WJ119 at M = 0.33 and at M = 0.50 were 400°F; whereas
the right side maximum temperatures were 350°F at M = 0.33
and 225°F at M = 0.50. Adding to this asymmetrical tem-
perature trend was the fact that the maximum temperatures
occurred at diverse pitch angles: aTmax at M = 0.33 was -7
or -16 deg as opposed to 11 deg at M = 0.50. Mach effects
with the TJ-90 engine were also peculiar: maximum temper-
atures on the left side decreased from 325 to 300°F with a
change from M = 0.33 to 0.50, while the right side increased
from 250 to 330°F. In addition, aTmax changed from +8 deg
(both sides) at M = 0.33 to -8 deg (left side) and +8 deg
(right side). There is no viable explanation for the tempera-
ture trends with respect to Mach number and pitch.

Mach effects on temperature vs pitch in the vertical plane
were more consistent. As Mach number increased, temper-
atures on the fins decreased. For example, on the upper fins
with the WJ119 operating at M = 0.33, Tmax - 250°F and at
M = 0.50, Tmax = 150°F. The drop in temperature apparently
was due to the cooling effect of the higher speed wind-tunnel
air.

Trends in Maximum Temperature as a Function of Yaw
The thermal effects of yaw in the horizontal plane can be

seen in Table 5. No trends due to yaw were noted in the
vertical plane, accordingly, no data for the vertical plane are
presented. As can be seen in Table 5, rmax for the missile in
yaw was 400°F on the right side with the TJ-90 engine op-
erating at both Mach 0.33 and 0.50. Simultaneously, the left
side of the missile varied from 200°F at M = 0.33 to 280°F
at M - 0.50. With the WJ119 operating, maximum temper-
atures were slightly lower (50-100°F), but the sides where

Table 3 Thermal effects of a in the horizontal plane

Mach no.
0.33

0.33

0.50

0.50

Engine
model
WJ119

TJ90

WJ119

TJ90

•* max?
op

400(LS)
350(RS)
325(LS)
250(RS)
400(LS)
225(RS)
300(LS)
330(RS)

Station^ ,
in.

64.02

60.89(LS)
64.02(RS)
54.54

60.89
54.54

degx

-7(LS)
- 16(RS)

8

11

8
-8

op""'

200

175

135

160

rmin,
op"

100

80

140

75

Stationr . ,mm
in.

72.54

67.68 and
72.54

67.68 and
72.54

72.54

Average EGT,
op

1433

1430

1310

1366

a Range,
deg

±16

±16

-4 to 11

±8
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Table 4 Thermal effects of a in the vertical plane

Mach no.
0.33

0.33

0.50

0.50

Engine
model
WJ119

TJ90

WJ119

TJ90

of"

250(UF)
300(LF)
190(UF)
225(LF)
150(LF)

N/A

in.
Fins
(74.05)
Fins
(74.05)
Fins
(74.05)
N/A

,max'deg
+ 16
-16
+ 16
-16

11

N/A

Armax,
°F

200

135

60

Nil

T•*• mm?

100

90

90

90

Station T . ,mmin.
64.02 and Fins

64.02 and Fins

64.02 and Fins

64.02 and Fins

Average EOT,
°P

1433

1430

1310

1366

a Range,
deg

±16

±16

-4 to 11

±8

Table 5 Thermal effects of /5 in the horizontal plane

Mach no.
0.33

0.33

0.50

0.50

Engine
model
WJ119

TJ90

WJ119

TJ90

Sp"
350(LS)
290(RS)
200(LS)
400(RS)
300(LS)
190(RS)
280(LS)
400(RS)

Station rmax,
in.

60.89(LS)
64.02(RS)
60.89(LS)
54.54(RS)
54.54(LS)
64.02(RS)
60.89
60.89

"^max'deg

- 12(LS)
- 12(RS)

8

2

7

Armax,
op

40

75

40

75

rmin,
°P

150

150

130

150

Station,- . ,
in.

67.68

67.68

67.68

67.68

Average EOT,
op

1473

1402

1278

1441

j8 Range,
deg

- 12 to 4

- 12 to 8

-4 to 2

-4 to 7

Table 6 Thermal effects of a on the fins

Mach no.
0.33

0.33

0.33

0.50

0.50

0.50

Engine
model
WJ119

WJ119

WJ119

WJ119

WJ119

WJ119

Fin deflection, TmSLX,
deg °F
-8 220(UF)

75(LF)
-12 225(UF)

300(LF)
-16 280(UF)

280(LF)
-8 150(UF)

75(LF)
- 12 150(UF)

75(LF)
-16 75(UF)

170(LF)

aT >'maxdeg
+ 16

-16
+ 16
+ 16
-18
+ 12

+ 12

-10

ATmax,OF

145

225

205

75

75

95

rmin,
op

75

75

75

150

75

75

Average EOT,
op

1402

1480

1334

1402

1209

1230

a Range,
deg

-4 to 16

±16

-18 to 16

-4 to 12

±16

-10 to 5

the maximum temperatures occurred were opposite to those
of the TJ-90. For instance, on the left side of the missile with
the WJ119 engine operating at M = 0.33, Tmax was 350°F,
while the 400°F rmax mentioned above occurred on the right
side. This reversal of sides where Tmax occurred at M = 0.50
as well and indicates a different hot-gas plume flowfield dis-
tribution, from one side to the other dependent on which
engine is operating.

Another significant observation is that the maximum change
in temperature Armax at any station was only 40-75°F, whereas
during pitch changes ATmax was much higher, 135-200°F. This
difference in ATmax between pitch and yaw makes sense since
the hot exhaust bathes both sides of the fuselage throughout
all degrees of yaw; whereas in pitch the relative wind would
deflect the exhaust away from the missile body during even
small pitch angles.

Trends in Maximum Temperature as a Function of Fin Deflection
Table 6 presents data regarding the thermal effects of fin

deflection while the WJ119 was operating. Note in the data
of Table 6, the lower fin thermocouple evidently was not
working as it indicated the ambient temperature. Conse-
quently, for this discussion only the upper fin data will be
considered. This data was generated by repeating the pitch
evaluations using various fin deflections (type 4 tests). Con-
sequently, comparisons between the data in Table 4 (thermal
effects of pitch in the vertical plane) and Table 6 (thermal

effects of pitch in the vertical plane at various fin deflections)
should indicate the influence of fin deflection.

Note in Table 6 that the greatest Tmax was 300°F (fin de-
flection = -16 cleg, M = 0.33); in Table 4 it was 300°F (fin
deflection = -16 deg, M = 0.33) as well. In both sets of
data, Tmax occurred at high pitch (±16 deg, approximately).
At fin deflections other than —16 deg, the fin temperature
was less, but not significantly. Note further that the trend of
lowered Tmax at higher Mach number seen in Table 4 was
repeated in Table 6. At M = 0.33, Tmax (upper fin) = 250°F
with no fin deflection and Tmax (upper fin, all fin deflections)
= 220-280°F; and at M = 0.50 Tmax (upper fin) = 150°F
with no fin deflection; and following the trend, Tmax (upper
fin, all fin deflections) = 75-150°F. Thus, the results suggest
that there was no significant thermal effect due to fin deflec-
tions.

Summary of Thermal Effects
Maximum temperatures seen in all configurations discussed

above was approximately 400°F. Minimums were at or near
ambient temperatures. Maximum range in temperature at any
one station was about 200°F. Most often, though not always,
the hottest spots were those nearest the exhausts. The most
significant factor to contribute to high temperatures was ex-
treme pitch and this seemed to affect mostly the horizontal
plane thermocouples. Yaw effects were not as severe as pitch
effects. Fins did see high temperatures, as much as 280°F, but
only at extreme pitch. Extreme pitch and extreme fin deflec-
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tions did not seem to worsen fin temperatures any more than
extreme pitch alone.

The evaluation results indicate that for both engine models
there is no adverse thermal impact on the airframe under
flight conditions during level flight or during pitch and yaw
maneuvers. In addition, for a full range of fin deflections,
there was no severe interaction between the plume and the
control surfaces (fins). Overall, the results of the evaluation
indicate that a mid-airframe mounted turbojet sustainer, from
the thermal impact standpoint, is a fully viable concept. Con-
sequently, the thermal evaluation fully satisfies technical con-
cern 3 (addressed in the Introduction section of this article).

Conclusions
A comprehensive wind-tunnel evaluation of the installed

performance of mid-airframe mounted tactical missile tur-
bojet sustainers has been performed. Two unique turbojet
sustainer designs were each installed in a tactical missile air-
frame model, and power-on evaluations were conducted with
each engine for a wide range of flight Mach numbers, engine
throttle settings, vehicle attitudes, and control surface de-
flections. Both sustainer configurations demonstrated suc-
cessful operation over a wide range of Mach numbers (0.1-
0.6), pitch angles (±16 deg), yaw angles (±12 deg), and
throttle settings (idle to maximum). Both sustainer configu-
rations demonstrated sufficient installed thrust to sustain the
tactical missile airframe over a continuum (due to the dem-
onstrated throttling capability) of flight Mach number from
0.33 to 0.50. Each sustainer design demonstrated excellent
fuel efficiency providing R values that exceeded 6.4 km/lbm
at Mach 0.33 and exceeded 5.3 km/lbm at Mach 0.50. The
thermal impact of the sustainer plume for both engine models
was evaluated for both pitch and yaw maneuvers at Mach 0.33
and 0.50. In addition, a thermal evaluation of the WJ119
plume was conducted for pitch maneuvers, using a range of
fin deflection angles ( —16, —12, and — 8 deg) for both Mach
numbers. The results of the thermal evaluations indicated that
for all cases that were considered, plume re-attachment did
not occur, there was no significant missile aft section heating,
and there was minimal interaction between the plume and the
control fins. In addition, with the exception of extreme ma-

neuver angles, the results indicate minimal interaction be-
tween the plume and the control fins.

The results of the evaluation program conclusively address
the initial technical concerns regarding a mid-airframe-mounted
turbojet sustainer by demonstrating that 1) both sustainers
operate successfully in an installed configuration under the
required flight conditions; 2) both sustainers deliver adequate
installed performance (thrust and range) to satisfy missile
system requirements; and 3) the side-exit exhaust systems of
both sustainers have no adverse thermal impact on the aft
airframe.

Consequently, the results of the program demonstrate that
a mid-airframe turbojet installation is a viable concept for a
tactical missile sustainer propulsion system. In addition, two
unique turbojet sustainer designs have experimentally dem-
onstrated performance and operability, are modeled with val-
idated cycle decks, and are available for immediate tactical
missile system application.
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