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1.0 SLMMARY

This study program was conducted in three technical phases (tasks). Task
I consisted of a review of nonaxisyvmmetric exhaust svstems applicable to
highly maneuverable advanced aircraft applications. Available exhaust system
designs were categorized as three basic concepts for ranking evaluatioan: the
- two-dimensional convergent-divergent (ZD-CD), two-dimensional asvmmetric (2LA),
and two-dimensional wedge (2DW)., The 2D-CD and 2DV were selected for further
investigaticn and prcliminary design.

Flowpaths were established for the two selected concepts for application
to the J85-21 engine and a tvpical advanced fighter mission. A 2D-CD and ZDW
concept with an aspect ratio (dry throat width to throat height) of four and
an additional 2D-CD concept with an aspect ratio of eight yielded a total of
three preliminary flowpaths.

A cooling system trade study was conducted in Task IT for each of the
three preliminary flowpath designs. The trade study consisted of applying
various cooling methnds to the internal exhaust system ccmponents and eval-
uating them on a reiative basis. For each flowpatn, a total of four different
cvoling schemes was derived by applying film cooling or €ilm impingement conol-
ing to the internal nozzle parts either individually ovr in various combinations.
Preliminary cooling estimates were empirically determined for each cooling

.scheme on each of the three fiowpath designs. The cooling efficiencies, per-
formance effects, mechanical simplicity, and costs were compared and vanked in
order to select the cooling scheme for each concept's final design. The trade
studv resulted in the selection of coiventional film cooling schemes for all
study concepts.

The Task II1 design studics were initiated on the 2D-CD 4AR exhaust sys-
tems utilizing the selected film cooling approack and assuming the coolant was
supplied at typical fan air discharge conditions. Detailed cooling analyses
were conducted on this coanfiguration and a conceptual design was completed.

At this point in the program, the 2DW 4AR exhaust system was deleted from
further study to aliow a study of cooling the 2D-CD 8AR and a second 2D-CD 44R
exhaust system utilizing only cooling sources available from the J85-21 engine;
i.e., turbine discharge air and compressor bleed.

The Task Iil technical effort was completed by defining preliminary con-
ceprual layouts and supporting cooling analyses for the following three vec-
torable and thrust reversing exhaust systems:

. 2D-CD 4AR (Turbofan Cooled)

® 2D-CD 4AR (Turbire Discharge and Compressor Bleed Cooled)

» QD-CD 8AR (Turbine Discharge and Compressor Bleed Cooled)



2.0 INTRODUCTION

Avallable data (e.g., References 1 through 9) iniicate that nonaxisymmet-
ric exhaust systems have potential for improving advanced fighter aircraft in
three Important areas.

° The two-dimensional geometry of nunaxisymmetric nozzles permits
better integration with aircraft and, therefore, provides more
efficient aerodynumics resulting in improved cruise performance.

. Maneuverability is enhanced by more readily accommodated thrust
vectoring and reversing hardware. Vectored thrust of a properly
integrated sys:tem produces a superc<irculation effect that augments
wing lift, particularly at high angle of atrack conditions for
maneuvering.

° Nonaxisymmetric jet and nozzle geomet:y can reduce infrared radia-
tion (IR) signatures and radar cross section (RCS) relative to con-
ventional axisymmetric <xhaust systems, thus improving survivabil-
ity against missile threats.

Only full-scale tests of nonaxisvmmetric hardware in aircraft will
establish to what degree these benefits can be realized. However, prior to
such a demonstration, a design technologv base must be developed to lessen
the risks associated with operating vectorable nonaxisvmmetric nozzles.

One critical area requiring attention is in cooling exhaust system com-
ponents. Departures from circular afterburning ducts, complex nozzle vector-
ing and area control motions, as well as the imposition of widely varying
pressures on nozzle components, can result in increased cooling requirements
and corresponding parformance losses for these exhaust systems. Accordingly,
cooling methods must be developed vhich minimize or eliminate these losses if
nonaxisymmetric nozzles are to remain of interest for application on advanced
aircraft.

The program reporied herein is an initial stcp in the formulatioa of an
appropriate cooling technology data base. As its principal objective, pre-
liminary design layouts were prepared for three nonaxisymmetric nozzles

"installed on the J85-21 engine. These designs define the hardware require-

ments for conducting future design programs and generating cooling data on
full-scale engine components.

Program objectives were achieved in three parts as described in the fol-
lowing sections. Section 3.0 defines the selection process by which two
exhaust system study concepts were identified and flowpaths prepared for
further study. Section 4.0 presents an evaluation of cooling schemes result-
ing in a selection of one for each study concept. Section 5.0 describes the
procedures used to complete conceptual design laycuts and the technclogy



risks associated for each of the study rozzles., The report concludes with a
Summary of Resuits, Section 6.0, and an ovutline ot cooling methodology that
was applied to the designs in the Appendix, Section 7.0.

The International System of Units (SI) has been us2d as the primary system
for weights and measures throughout this report. U.S. Customary Units have
been 1included (in parentheses) besilde the SI units to eunhance communication and
vtility of the report.
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3.0 CONCEPT SELECTION

The selection process was initiated by assembling available nonaxisymmet-
ric nozzle designs and associated data. A broad set of design considerations
applicable to advanced fighter aircraft installations was established for
these exhaust systems. They were compared on a telative basis to form rankings
and identifv two generic types thet best satisfy program requirements. More
specific concept definition was then obtained by preparing preliminary flow-
path designs meeting installation requirements for the J85-21 engine and the
mission points listed in Table 1 below.

Table 1. Nozzle Operating Requirements.

Operating Altitude P /P )
Condition Setting km (ft) Mach No. TR o  Area Ratio
Cruise Dry 3.048 (10 000) 0.9 3.8 1.14
Acceleration A/B  10.668 (35 Cl0) 0.8~-1.6 4.2-7.2 1.24~1.72
Cruise A/B 6.096 (20 000) 1.50 6.5 1.59
Vector A/B  10.663 (35 000) 0.9 4.4 1.31

3.1 GENERAL CLASSIFICATION OF cXHAUST SYSTEMS

An initial review of available designs produced ¢ total of 31 possible
nonaxisymmetric nozzle candidates for study in this program, as shown in
Table 2. To simplify the selection process, these nozzle designs were clas-
sified as belonging to one of three generic groups: (1) 2D-CD (convergent
divergent), (2) 2DA (asymmetric), and (3) 2DW (wedge or twin throat).

The principal differences between categories are whether there are one
or two expanding flows and/or planes of symmetry (Figure 1). In general,
some available designs listed in Table 2 were judged similar, differing
slightly in flowpath geometry or flap size. Accordingly, the initial total
of 31 designs was reduced to eleven 2D-CD, five 2DA, and seven 2DW concepts
for a total of 23 study candidates; thus, providing a broad coverage of flap
arrangements, reverser configurations, and vectoring methods (Figures 2, 3,
and 4).



Table 2. J85 Nonaxisymmetric Nozzle Cooling Study Concept Candidates.
Available Designs

Apnticable Program -Co 2DA 2DW

Navy V/STOL 1

GE Nonaxisymmetric Nozzle Study 9 2 5

GE/McAir 1 1

HIMAT ) L 1 i

CE/CALAC 1

AFTI 1

B-1 L

' GE TFCD 1

TBC/NASA 1

McALr/AFFDL 1 2

GD OTW AL 1

3.2 SELECTION CRITERIA

To provide a guontitative basis for concept selection, criteria were
established which have an impact on nczzle static performance, nozzle mechani-
cal design, or aircraft survivability (Table 3). The forward thrust coeffi-
cient (Cfg) was determined bv assuming that max Cfy was obtained at the
subscnic cruise point (0.9 at 10,000 ft alt). Exzpansion losses were then
charged if the nozzle was not fully variable and could not provide the
required exit-to-throat area ratio (Ag/A;) for the average acceleration point
(1.2 M at 35,000 ft alt) aund the supersonic cruise point (1.5 M at 20,000
ft). The Cy, for these three points was averaged to give one representative
value for forward thrust ij. Maximum lift Cig is an assessment of the 1lift
thrust vector magnitude, while the maximum vector angle is an assessment of
the resultant thrust direction as constrained by the nozzle's mechanical
and/or flowpath arrangements. All of these estimated per.ormance characteris-
tics are based on the latest available model test results and are ranked with
values of one to five corresponding from highest through lowest performance,
respectively.
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The relative weight was established using actual weight estimates for
each design and using the fully variable 2D-CD hinged {lap exheust system,
-945, Figure 2, as the basecline welght. While some cencepts are long and rela-
tively heavy, they tend to install better with lower boattail angles ana,
therefore, have a lower drag. The drag impacting parameter (L/Hg) was in-
cluded in the selection criteria to reflect this aspect of a ncozzle's design
on installed performance. It is a ratio of exhaust svstem plus nominal
aircraft section length to projected boattail height, and is a indicator of
boattail drag area.

Asymmetrric nozzles tend to produce an unbalanced load and moment in the
exhaust system in comparison to the loading of symmetrical concepts. Conse-
quently, an aircraft with an asvmmetric exhaust svstem requires trimming
during cruise by the aircraft which, in effect, produces additional drag.
The trim requirement was, therefore, included as a selection criterion.

The cooling requirements for the various exb st svstems which include
all parts aft of the engine turbine exit, are an initial approximation based
on wetted surface areas and generalized bheat transfer data,

The next four items (reverser adaptability, actuation svstems, control/
structural complexity, and leakage control) are all mechanical design cri-
teria. Theyv are of importance in this program since the final products are
design lavouts. These criteria were assigned qualitative rankines of one to
three based on past experience with nonaxisvmmetric exhaust system designs.

Finally, the IR signature was included to provide a measure of relative
survivability levels between concepts. It is an overall assessment of IR
signature taking into account unsuppressed signature shape, plume radiation,
and the concept's suppression potential. Concepts were ranked 1, 2, or 3,
depending on relative values of these criteria,

3.3 Rarnking and Evaluation

Criteria rankings for 2D-CD, 2DA, and 2DW concepts are given in Tables 4
and 5 for all the study carndidatess. The rankings were totalled to provide an
overall ranking for each concept. If it is assumed that all criteria are of
equal importance, the total ranking represents a concept's status for this
broad range of considerations. On this basis, the lowest totals (best con-
cept) appear for the ?D-CD (total rankings 21, 22) and the 2DA (total rank-
ings 20, 21). 1In compaviscn, the lowest 2DW total rankings are 26 and 27.

A large aumber of 2D-CD designs, although low in weight, cannot vector
the required 30°, as shown in Table 4 by the cross hatched sections. As a
result, the 2D-CD concepts have a broad distribution of total rankings over-
lapping the rankings for the 2DA and 2DW exhaust systems (Table 5). This is
shown more clearly by the bargraph in Figure 5. If the study concepts were
restricted to vector anzles greater than 15°, this eliminates all but three
2D-CD (-945, =590, and S¥ :n Table 4) and one 2DW (VIP) from further con-
sideration. This is also reflected in Figure 5, where the 2D-CD surviving

14
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designs do not overlap the 2bW design. The ZDA were unchanged becouse they
all vector to augzles greater than 15°, Thus, c¢ven with the vector ang:e
restriction, the 2D-CD and 2DA concepts continue to produce Letter rankings
tuan the 2DW,

For the final evaluative approach, criteria under consideration were
limited to exhaust system internal performance and weight, thus eliminating
any influerce of the qualitative drag, umechanical design, and survivability
criteria, Cruise and vectored static thrust-to-weight ratios were eliminated
for a J85 size exhaust system. The ratics were prepared for all surviving
concepts achieving more than a 15° maximum vector angle and are compared in
Figure 6. The uppermost values represent the vest vectoring and the concepts
to the far right represent the best cruise concepts. Faci. concept is also
described by its characteristic design feature. The -590 hinge gimbal 2D-CD
(Figure 2) concept has both the best vectoring and best forward thrust attri-
butes of all surviving concepts. Two other 2D-CD concepts are also hinged
flap but at lower cruise thrust/weight (1/%) than the cimbal. The 2DA also has
high vectoring potential equivalent to thar of the 2D-CD bur at lower forward
thrust due to their relatively nigh weight, In comparison, with one exception,
the 2DW has lower vector thrust porential because the flow on either the top
or bottom is limited to a vector angle set by the wedue surface angzles and
because of high weight. Thus, the limited T/W criteria support the overall
criteria trends demonstrited in Tables 4 and 5 and in Figure 5. Tne lone
exception is the variable incidence plug which utilizes subsonic turning
upstream of the throat. As a result, the VIP 2DW concept T/W shown in Figure
6 is grouped with the 2DA and approaches the hinged {lap 20-CD concepts,

On the basis of the Figure 6 results, the hinge gimbal 2D-CD was recom-
mended for further study as an aspect ratiuv 4 and 8 exhaust svstem.

Considerahle development of asvmmetric nozzle ccoling technology had
alreadv Lezen accomplished at General Electric at the inception of the present
program., These efforts culminated in a full-scale demonstrator 2DA nozzle
(ADEN) that was successfully tested in 1576, Reference 10. Cooling tech-
nology for the 2DA nozzle, therefore, had been demonstrated and was available
for use in future designs. In contrast, 2DW couiing technology has not been
developed to the same degree and is complicated by the differing characteris-
tics of two separate deflected flcws for vectored wedge nozzles and stagna-
tion areas requiring special cooling treatment. For this reason it was
concluded that selection of the 2DW as the second study concept would best
satisfy the objectives of this program.

3.4 PRELIMINARY FLOWPATH DESIGN

As described above, the 2D-CD and 2DW exhaust svstems were identified as
best satisfying study concept objectives. This sectiocn outlines how more
specific cruise, vectored, and reverse thrust internal {lowpaths were devel-
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oped to provide a basis for evaluating cooling schemes. For the 2D-CD, the
specification of gimbal vectoring provides the guidelines necessary to estab-
lish flowpaths. However, the vectoring apprcach to be used ror the 2DW was
only generally defined. Therefore, three different 2DW mechanical approaches
were given consideration and one selected for further study. The resuloing
2DW flowpaths and final study concept selection are also described in this
section.

The aspect ratio 4 (dry throat widtl-to-height ratio) "D-CD {lowpath was
designed as shown in the top half of Figure 7. Nozzle internal aund external
flaps are actuated symmetrically about the nozzle's horizental centerplane
for both cruise and vectored modes to produce a simple schedule of Ag uas a
function of Ag, Figure 8. Scheduling Ag as a function of Ag e¢liminates the
weight and complexity of the actuation system that would be required for Ag.
In accordance with this schedule, the subsonic cruise expansion ratio require-
ments are met exactly while the supersonic cruise and acceleration expansion
ratios are slightly compromised. The gimbal section just upstream of the
nozzle provides a seal surface at all operating positions. To obtain this
seal a circular shaped subsonic convergnet scction is neceszary on the rota-
tiag nozzle with a displaced angle equal to the maximum vector angle. This -
d.splaced angle is governud by the diftference between the transition duct
height and the flowpath height at the primary flap hinge peint. Since both
dimensions are set by the nozzle aspect ratio and the engine's afterburner
and cycle requirements, the maxiwmum possible vecter angle is aiso {ixed for
this exhaust system at 24°, Larger vector angles are possible ir:

. a step can be tolerated betwz2en the primaryv flap hinge point and
gimbal with za associated performance penalty (dash flaps in Figure
7), or

) the afterburner duct is allowed to diverge preducing an internal

diffusion loss and a steeper external beoattail angle.

However, such compromises should be weight against the irportance of
achieving greater thrust angles. aAlrcraft manufacturer inquiries to date
indicate that a practical moximum for in-flight vectoring is about 15°. On
this basis, the present 2D~CD design maximum vector angle of 24° adequately
covers a realistic range of interest.

The transition duct for this nozzle was tailored to hold a ceonstant
orea from the maximum available circular afterburner cross section to the
nozzle's rectangular gimbal section. The transition duct will require
attachment at a point downstream of the J85-21 flameholder staticn to main-
tain the required afterburning length of 132 cm from the flameholders to the
afterburiing nozzle throat. ve.

The aspect ratio 8 exhaust system Is basically the same as the aspect
ratio 4 except for the reiative size of comporents, as shown in the lower
schematic of Figure 7. While the nozzle section has 2 larger span, its
throat and exit height are smaller resulting in shorter flaps and actuation
stroke requirements. Its transition duct is longer to maintain low divergent
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corner and sidewall angles to keep the internal flow from separating during
transition. [If the throat position 132 c¢m downstream of the flameholders is
maintained, the aspect rativ 8 exhaust system is shorter than the aspect
ratio % because the divergent flaps are shorter. The present aspect ratio 8
flowpath has a smaller maximum vector angle, & = 20°. Larger vector angles
can be vbtained by increasing the size of the gimbal and nozzle convergent
sections. This would result in a longer transition plus nozzle section than
the one shown in Figure 7,

The test results summarized in Figure 9 and Reference 11 show tha: super-
sonically deflected jets (ALBEN, NASA wedge) produce a significant laoss in
thrust coefficient. Converselv, subsonically or sonically turned flows
(e.g., VIP wedge) have a lower performance loss. Therefore, three different
wedge nozzle flowpaths were designed to represent a realistic range of possi- |
bilities with the ground rule that the flcw wounld be vectored subsonically or
sonically and thereby maintain high internal performance. The designs, as
weil as some of their important paurformince characteristics, are compared in
Figure 10.

Design 20617-2 is a gimbaled 2BW flowpath. In this approach, Ag conirol
is obtained by a pair of upper and lower wedge flaps. The fixed geometry
cowl has a low boattail angle for low drag installed cruise performance. For
vectoring, the entire nozzle rotates about a gimbai section that is similar
to the 2D-CD concept. The present 2DW design is limited tc a vector angle of
20° due to the compromise that must be made betiwen the nozzle's circular
seal surface and maintenance of flowpath convergence to the nozzle's throat
at maximum reheat power. This tyvpe of ?DW flowpath features a simple actua-
tion syst=m with separately controilable A8 and vectoring functions. The
maln disadvantage of this design is the introduction of relatively large top
and bottom external flap projected areas into the external stream while
vectcred. Thus, on an installed basis, it may vield higher drags in the
vectored mode, although this has not been confirmed.

in a second 2DW anproach (20617-3 in Figure 10), relatively long cowl
flaps are converged or diverged te obtain Ag control. The flaps are also
actuated parallel with each other during vectored modes to produce subsonic
flow turning. Externally, the flaps provide a gentle bcattail to promote an
unseparated flow expansion and maximize supcercirculation. The rotating fixed
geometry wedge complates the jet flow turning in the desired direction. This
concept requires a more complex control system for its dovble functioning
area contreol and vectoring flaps. In addition, Ag would need different
schedules for cruise and vectoring. Its main advantage is a gradual {low
turning outer surface contour vhile vectored.

The third 2ZDW flowpath, 20617-4, uses short cowl flaps for Ag control
during cruise and for aiding flow turning while vectored. Vectouring is
primarily controlled by tha rotating wedge. Its center of rotation is loca-
ted downstrean of the nozzle's exit to direct most of the exhaust stream into
a position for positive (as opposed to Coanda) vectoring. Ag is controlled
by a pair of wedge flaps similar to the gimbal 2DW, 20617-2. This concept
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has cruise performance benefits due to its independent A8 and Ag vontr:ls.
In addition, {t produces the least projected drag arca wnhile vectored, thus
maximizing supercivculation benefics. Its principie disadvantage is iis
relatively complex actuaticn system.

As shown by the table on Figure 10, the performance for all concepts |
approximately equivaleat ({i.ec., within one percent). Consequently, it is
only 1in the controls, structurai, and weight areas in which anv selective
judgment can be made.

s

The 20617-4 exhaust system has both cowl and wedge rotating flaps.  Ia
addition, the entire wedge and its flap system rozate to provide thrust veo-
toring. The cowl flaps must also have a capabilirv for both convergent
metion during cruise modes and move parallel with each other during vectored
modes. This convergen: and parallel motion double function of the cowl flaps
for cruise and vectored modes is considered very complicated and entails high

development risk. In :omparison the -2's concept control system and struc-
ture is simpler. 7This is because it requires only twe independent control
systems (one for Ag control and the other for vectoring). Furthermore, it

has a fixed outer structure that is less difficult te seai than the -3 and -4
concepts with rotatin cowl flaps. The -3 concept control system and struc-
ture ranking falls be:ween the -2 and -4 concepts because. its outer flaps are
still double functioning, but the fixed geometry rotating wedge is less
complicated. These variations in control and structural regairements lead to
the weight rankings shown in Figure 10.

Attention was also given to the drag aspects of the 2DW concepts. 1In
general, the drag during cruise modes is approximately equivalent for the
three 2DW concepts. However, there is considerable difference in external
projected flap area when vectored. Whether this is necessarily had aero-
dynamically depends ¢n how much lift is generated anc how much must be paid in
drag for this lift. For example, while the upper and lower fowl Flaps appear
long for the -2 concept, the angles are shallow and the external stream is
turned with little or ne flow separation. Conversely, the -4 has shorter
flaps with higher external flap angles tending to promote external (and
probably internal) flow separation. The best vectored performance, there-
fore, depends on which of these situations produces the greatest 1ift force
for the least external drag and internal performance penalty. However, there
are no data available to make a good quantitative evaluation of vectored
thrust minus drag for the flowpath geometries of the 2DW concepts at the
present time.

Accordingly, the only significant differences between concepts remain in
the controls, structural, and weight criteria, all of which indicate the gim-
baled -2 concept as having the most desirable attributes. As a result, the
-2 exhaust system was selected as the 2DW study concept.

To complete the exhaust system flowpaths, thrust reversing schemes were
provided for the selected 2D-CD and 2DW concepts asz shown in Figure 11. The
2D-CD reverser deployment is initiated by opening a pair of doors at the gim-
bal section, thus exposing the reverser's exit port. The gimbal sections
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counterrotate inwards to deflect the flow while maintaining a seal against
the nozzle's convergent section. Small sidewalls are supported by the down-
stream reverser door to preveiit side spillage and maintain good reverser
efficiency.

The 2DW reverser uces a portion of the cowl as a cembination blocker and
flow deflector. The reversing is accomplished with a flap that is traanslated
and rotated to maintain the proper exchange betwe:en cruise throat and rever-
ser throat while hoiding total threoat area constant, thus having no effect on
the engine opevation, The full deplovment also has the added support from
the fixed cowl structure when the flow is fully blocked and turned and the
~ reverser flao is highly loaded. Althcugh the kinematics, structural, and

seal aspects mayv require flowpath changes, the proposed approach of using
part of the fixed 2DW cowl as a defler~tor appears feasible.
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4.0 COOLING TRADY STUDY AND CONCEPTUAL DESICN RECOMMENDATLON

4,1 CTUDPY OBJECTIVE

This phase ot the program evaluated cooling systems for the three
selected exhaust system concepts:

® 2D-CD 4AR with gimbaled vectoring and thrust reverser
° 2D-CD B8AR with gimbaled vectoring and thrust reverser

o 2DW 4AR with gimbaled vectoring and thrust reverser

The objective of this rrade study was to identify various cooling
mathods and to determine their effects on cooling erficiency, performance,
mechanical simplicity, and costs. Based on these considerations, a cooling
scheme was identified for each concept and recommended for further conceptual
design and analyvsis.

4.2 STUDY CRITERIA

In order to ensure consistency in the analvtical results which would be
used for subsequent ranking and selection, design criteria were established
similar to that applied successfully on the augmented deflector exhaust nczzle
(ADEN) full-scale demonstrator design, Reference 10. Although the ADEN was
designed as a flightweight 2-D exhaust system with primary emphasis on
structural efficiency for low weight, future designs should also take into
account survivability considerations. Reduced dry cruise metal temperatures
increase survivability by means of IR suppression. ADEN design metal tempera-~
tures were established for structural requirements during afterburner opera-
tion. While the dry operation mecal temperatures were naturally below these
limits, they were higher than desirable for IR suppression. Extra cooling
flow must be introduced over and above that needed for structural cousidera-
tions to enhance IR suppression. Therefore, in determining the design
criteria for this task, two design goals were set: first, to come within
structural limitations for afterburner conditions; and second, to achieve
cooler metal temperatures for IR suppression during dry operation.

Table 6 lists the design metal temperatures used in this trade study.
The cooled components in Table 6 are defined as follows:

° Liner - afterburner section from flameholder plane to start
of c-nvergent section.

L Convergent Flap - convergent section to nozzle throat.
. Divergent Flap - divergent section from nozzle throat to

end of nozzie.
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Table 6. Cooling Scheme Trade Study Design Temperatures (T;0)

Component Max A/B - Structural Life* Dry IR Gnal
Liners 1061 K (i450° F) -—
Convergent Flaps 1061 K (1450° F) -~
Divergent tlaps 1061 K (1450° F) 556 K (540° F)
Sidewalls 1033 K (1400° F) 556 K (54C° F)
Shrouds 1033 K (1400° F) 556 ' (540% F)
Wedge Nose 1200 K (1700° F) ~——
*Similar to ADEN Flight Design Criteria

o Sidewall - side surface from end of liner to ¢nd of nozzle.

. Shroud (applies to 2DW design only)} - outermost convergent and
divergent section surrounding wedge flaps.

* Wedge Nose (applies to 2DW design only) - stagration region of
wedge centerbody.

The first column of design temperatures in Table 6 was used in deter-
mining the cooling flows for each cooling scheme of the three nozzlc
concepts (7B-CD 4AR, 2D~CD 8AR, and 2DW) under maximum afterburner gas stream
conditions. The IR goals In the second column were set only for primarily
line of sight visible nozzle components such as the sidewalls, divergent
flap, or wedge. The liners and convergent flaps due to gecmetry and low
residual temperatures were not considered sensitive.

For calculating the cocling flows in this study, an externaily supplied

cooling flow was assumed simulating fan flow conditions for advanced
tuvbofan engines. The cooling air temperatures used are shown in Table 7.

Table 7. Trade Study Heat Transfer Design Criteria.

N Assumed 450 K (250° F) fan air available for all liners.

. Assumed 478 K (400° F) fan air available to all nozzle
components.

° Screech flow not included for trade study.
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The 28 K (50° F) temperature difference between the liners and nozzle
comporents accounts for heat pick up similar to that experienced during the
ADEN testing. All hot gas stream cycle parameters were based on the J85-21
study enginc.

4.3 COOLING METHODS

Various cooling methods were identified which would provide a good com-
parison for this cooling trade study phase. These methods are shown schemati-
cally in Figure 12. Current experience in turbine and exhaust system cooling
technology was utilized in the cooling method identification. As seen in
Figuze 12, these metheds represent a wide range of conling efficiencies indi-
cated by the relative cooling flow parameters at the specified gross effec-
tiveness (ng = 0.6).

Altnougn all possible cooling techniques were not included in the trade

study, the ones shown on Figure 12 were considered to penerally encompass
the range of cooling efficiencies obtainable with other methods.

4.4 COOLING ESTIMATIONS

[n order to determine cooling efficiencies (flows) for the different
cooling schemes in the trade study, correlations of in-house turbine and
exhaust nozzle cooling data were used for these preliminary predictions in
Figure 12. The six merhods indicated correspond to the methods identified
in Figure 12. It should also be noted that the relative cooling flows in
Figure 12 were obtained frem the curve ir Figure 13 at a constant gross ef-
fectiveness (u) vaiue of 0.6 by ratioing the cooling flow parameter
(WCCp/hGAc)of each method to the cooling flow parameter value of film-
impingement cooling. This prelimirary method of predicting cooling flow is
used in the early phase of exhaust svstem design for establishing initial
cooling estimates and.cooling flow allocations for cycle anaiysis. It.was
used successfully in the early ADEN design phase with subsequent substanti-
ation by more detailed analysis and test in Reference 10,

The following summarizes the cooling flow estimation procedure used
for each cooling scheme:

° Afterburner liner and exhaust nozzle surface areas to be cooled
were determined for the major flowpath pavts.

. Cross effectiveness (ng) for each nczzle part was determined using
the design criteria for metal temperatures (T;) and coolant tem-
peratures (T.) while the hot gas stream temperature (T,) assumed a
sinusoidal temperature rise from the plane of the flameholder to
the nozzle throat (Ag). For this Task I1 study, the J85-21 maximum
afterburner sea level static cycle condition was used for the
structural design point.
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° Average gas side heat transfer coof{icient (hgas) and cooling air
specific heat (C, Coolant) were determined consistent with the
cycle conditions.

. Depending on which cooling method was used to cool a certain
nozzle part, the corresponding curvze of Figure 13 was used to
find the required cooling flow (Wo,01ing) -

. This procedure was used for each nozzlie nart and the summation of
ruece cooling flows equaled the required total cooling {low for
each couling scheme. The total Tiow vas ratioed to the naximum
afterburner sea icvel static engine cyvole flow to determine percent
Wg for the structural design.condition.

. “The cooling parameter (WeC,/hgd.) remaing nearly constant between
a“terburner sea level static to dry takeoff conditiens. Therefore,
to determine cooling flows for meeting 1K requirements, the couling
parameter determined in the procedure above {or structural integrity
was assumed the same for the dry conditien. Bv using Figure 17 1§
reverse, a dry metal temperature Thp was determined based on the dry
gas temperature Tg and the design criteria coolant temperature Te.
The meial temperature was higher than allowed for the 1R goals but
represents the metal temperature at dry power that could be expec-
ted for coolant flows determined at maximum afterburner. For IR
zoals, the lower design metal temperature was used to calculate a
new and higher required gross effectiveness n. From this point on
the curve, the corresponding higher cooling parameter was ratioed
to that satisiving structural design requirements to determine the
extra cooling flow required for IR design.

n

4.5 COOLING SCHEMES

The cooling schemes are summarized in Table 8. As shown in this matrix,
four cocling schemes were studied for each of the three nozzle concepts.
The subsequent ranking and selection objective was to recommend one scheme
for each concept. Figuras 14 through 25 schematically show the 127 cooling
schemes with estimated total cooling flows (IR total cooling ficws are shown
in parenthesis). The two cooling schemes shown in Figures 18 and 22 used
cooling methods that were unable to cool the meta: to thoe IR goal tempera-
tures. These are, therefore, labeled impractical for IR. In addition,
screech section cooling is not included in these form:lations because changing
nozzle cooling schemes would not affect screech reguirements.

4.6 RANKING

The cooling system ranking objective was to determine the cooling scheme
for each preliminary flowpath concept which would be recommended for further
detailed cooling analysis and preparation of a final conceptual design layout.
Effects of cooling efficiency, performance, weight, mechanical simplicity,
and costs were included in the ranking criteria. All of these parameters
must be considered to define the best couoling apprcach.
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The ranking rationale is outlined in Figure 26. Cooling efficiency
(flow), performance loss, and weight were determined {or each cooling sclicme.
The cooling flow was estimated as outlined previously in Section 4.4. Per-
formance losses (LCFCC) were established by forming a difference in, coolant
flow thrust coefficient between the coolant thrust coeificieunt, CFCC'
assuming all the coolant was completely mixed with the main gas stream withecut
losses, and the coolant thrust coefficient for the coolant entering the main
2as stream with pressure and temperature loss. This coolant thrust coeffici-
ent loss estimating procedure is ovutlined in Figure 27. Performance incre-
ments were then expressed as changes in propulsicn system weight using the

expression in Table 9. .

) Table 9. Determination of Aircraft.LTOGW.

° Determine cooling £CFG for pressure and temperature variatioas
° Determine SCFG effect on J85 engine weight by:
1.2
£ = ACFGTTT - L W oL L .
BWepg = 10 ! F'¥ )85 Engine Neighe

° Determine cooling scheme added weight for film impingement
over film by: )

9
14.55 kg/m2 (3 1b/ft™) for nonlined components (flap, shroud)

4.88 kg/m2 (1 1b/ft?) for normally lined components (sidewalls)
Above = LWC based on ADEN experience

W)

i A \'l by . A LT +
(] Determine 4TOGW 3.0 (bkCFG c

. Deterr:ine iTOCW for both max A/B design point and IR design point

The perfcrmance weight increment, AWcpg, was combined with the cooling scheme
relative weight, &Wc, to form the total cooling system weight effect (W) on
propulsion system weight. Finally, the cooling scheme's impact on aircraft
TOGW was established by applyiug a sensitivity of ATOCW/AW = 3.0, derived
from previous studies as the approximate aircraft weight penalty for each
pound of engine weight.

In all concepts, the augmentor duct was cooled using the "tvpical liner"
cooling technique shown in Figure 12. Only film impingement coui? produce a
lower cooling requirement (relative cooling flow = 1.0 vs 1.4). However, the
added complexity and cost of employing this approach for augmentor cooling
makes it impractical. Accordingly, film cooling was adopted for cooling the
augmentor in all concepts and any differences betwecea Schemes 1 through 4 are
found only in the nozzle sections. Furthermore, as shown in Figures 14 through
25, these differences are due only to an interchange between the film impinge-
ment and film cooling in the various nozzle parts. The ranking problem,
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therefore, reduces to a determination of weight increments for various amounts
of film-impingement cooling. Evaluation of the performance impact was out-
lined in the preceding paragraph. Cooling syscemvweights were established by
using ADEN data (Reference 16 and Figure 28).

The ADEN design used film-impingement cooling for the flat sidewalls at
a weight of 14.65 kg/m2 (3 1b/ft?). This value was used to estimate weight
increments for film-impingement cooling en all nozzle surface areas (flaps,
etc.) except the sidewalls., It was alsu deternined that if film-impingement
cooling was not used on the sidewalls, some other wear and heat resistant
material vould have been applied tu the sidewall structure to shield tne
structure and ensure a flat ware resistant surface for side seals to rub
against. The weight of this surface was 9.76 kg/m2 (2 1b/fe2) normally film
cooled. The peralty for applvine film-impingement cooling on sidewalls is
the difference of total film impingement minus heat shields or 4.88 kg/m2
(1 1b/ft2). The results of the weight studv are summarized in Table 10.

The bargraph on Figure 29 shows the coumbined analvtical results in terms
of LTOGW for the four cooling schemes of cach concepi. The lower unshaded
bars represont the aircratt installed STOCW for the exhaust system cooling
required for structural integrity design onlv. The upper shaded area of the
bar represeuts the zircraft installed LTOCW for the exhaust system cooling
required for 1R requirements. The dots on selected bars indicate the lowest
ATUGW (best cooling scheme) for the two requirements of each concept.

The ranking matrix shown in Lable 1! was prepared for the srructural
design criteria to take into account relative values of two parameters; i.e.,
ATOCW and "simplicity and cost." Relative values for ATOCW were sssigned
from one to four with the lowest being given one. [f the ATOGW's of two
schemes were very close to being equal they were given the same value. Values
for "simplicity and cost" were similarly assigned with one denoting the low-
est cost and least complex. The two vialues were summed and compared to
determine the scheme with the lowest total. This representad che best
couling scheme for the concept when designing for structural integrity. For
IR design goals, the best scheme was determined by ATOGW considerations only
since cost and simplicity carried highes: rankings and showed no variation
in this instance. As the bar chart on Figure 29 shows, the lowest relative
ATOGW meeting TR design geals is Scheme ' for all concepis. This approach
. makes maximum use of high efficiency film-impingement cooling on compcnents
contributiug the most to IR signature.

'

4.7 COOLING SCHEME RECOMMENDATIONS

The results in the ranking matrix, Table 11, were used to develop recom-
mended cooling schemes to be used in Task 111 - Conceptual Design and Coouling
Analysis. Two sets of recommendations were made. The first is based on
designing fcr structural integrity as shown in Table 12,

: 51
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Table 11. Structural Design - Task 2 - Ranking.

’ Cenling Scheme ATOGW Simplicity and Cost Total
2D-CD 4AR - 1 1 1 2
-2 3 4 7
-3 1 2 3
A 2 3 5
2D-CD BAR - 1 2 1 3
-2 1 3 4
-3 1 2 3
-4 3 4 7
2DW 4AR - 1 1 1 2
-2 2 2 4
-3 3 4 7
-4 4 3 7
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Table 12. Recommended Schemes Disregarding IR Suppression.

Schemes applying all {ilm cooling provide the lowest combination
of ATOGW, cost, and simplicity.

2D-CD 4AR Scheme 1.
2D-CD 8AR Scheme 1 or Scheme 3.
2DW 4 AR Scheme 1.

The second set is for exhaust systems that have advanced IR objectives
(Table 13).

Table 13. Recommended Schemes for Finpal Design in Task 3.

—

-R objectives dictate efficient coeling methods.

Cost aund simplicity factors outweighed by IR (unless two schemes
otherwise zlosely rankad).
Resulting recommendation based on IR 4TOGW only:

- 2D-CD 4AR Scheme 4

- 20-CD 8AR Scheme 4

- 2DW 4AR Scheme 4

These results are summarized as follows:

° For structural design considerations including cost and simplicity,
the basic film cooled designs (Scheme 1) came out best. Even dis-
regarding cost and simplicity, these basic filr cooling schenes
had the lowest ATOGW for the 2D-CD 4AR and 2DW 4AR (Table 11). The
2D-CD 8AR film cooled Scheme 3 was so close to the same ATOGW as
Scheme 2 that it should be considered equal (1.36 kg or 3.0 1bs).

° For IR considerations, the best ccoling scheme for all three concepts
was the one that used film-impingement cooling on the highly visible
nozzle parts orly. This was Scheme 4 for each concept. Using film-
impingement cooling for all nozzle parts (e.g., 2D-CD 4AR Scheme 2)
prodnced higher ATOGW rankings.

Of the recommended schemes, the following were approved by NASA for con-
tinued anaiysis and conceptual design in Task III.

. 2D-CD 4AR Cocling Scheme 1 (Figure 14)
. 2D-CD 8AR Cooling Scheme 3 (Figure 20}
. 2DW 4AR Cooling Scheme 4 {Figure 25)
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5.0 CONCEPTUAL DESIGN Ai:D COOLING ANALYSIS

5.1 OBJECTIVE
The objective of this phase of the program (Task l11) was to prepare

preliminary conceptual layout drawings and perfcrm wmore detailed cooling
analysis for the three designs approved in Task 1L - Trade Study.

5.2 DESIGN APPROACH AND TECHNICAL REDIRECTION

Each preliminary conceptual layout was based on the flowpaths generated
in Section 3.4 "Preliminary Flowpath Design.'" The criteria and assumptions
previously discussed in Section 4.2 "Studv Criteria" were used in this more
detailed phase for the 2D-CD 4AR exhaust nozzle. The design would be based
on structural integrity design temperatures disregarding IR goals. However,
prior to initiating work for the remaining two exhaust nozzles, a technical
redirection suspended further effort on the 2DW concept. Besides cooling
the 2D-CD 4AR nozzle with an assumed fan air source, it was required to es-
tablish designs for cooling the ZD-CD B8AR and ancther 2D-CD 4AR exhaust
system utilizing only air available from the J85-21 engine. Due to the high
temperature of the turbine discharge air, the following approach was used for
these last two configurations. \

] The amount of turbine discharge air bleed behind the liner for
cooling would be limited to that presently used in the J85-21 con-
ventional round nozzle to eliminate screech section development
problems.

. Due to the increased wetted area of 2-D nozzles, it was apparent
more cooling air would be needed. This additional cooling air
would be comprecsor bleed air up to a maximum of 3% of engine inlet
flow (W2) which is within customer btleed limits for the J85-21
engine.

. Higher design metal temperatures wculd be set for these last two
designs as compared to the original 2D-CD 4AR cooled with typical
turbofan air.

Within these ground rules, conceptual layouts were designed for three
2D-CD exhaust systems shown in Figures 30, 31, and 32.

5.3 DISCUSSION 07 2D-CD 4AR (FAN AIR COOL:D)

5.3.1 Overa:l Description

One of the final products for this study program is presented in Figure
30. As shown in this preliminary conceptual layout, the 2D-CD 4AR exhaust

-
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system is designed to be cooled with turbofan air. The mechanical features
of this design provide the potential for meering the ruture needs of highlv
maneuverable aircraft. Convergent and divergent flaps are interconnected
and scheduled to provide the required ureas and exparsion ratios at key mis-
sion cvcle points. The flaps are driven by a pair (one on each side) of hyv-
draulic motors and interconnecting linkage.

The entire aft casing which houses the flaps is mounted on a pair of
bearings to allow :0.349 radians (220°) of vectcring. The vectorirg is accomp-
lished by a pair of hvdraulic actuators connected to a crank mechanism. This
ximbaled vectoring motion turns the flow subsonically, maintaining high per-
formance. This 2D-CD exhaust system also festures a thrust reverser located
just downstream of the transition liner and upstream of the nozzle throat.

The reverser is composed of two reverser blockers which are bearings mounted
inside the fixed casing. The blockers are driven by a pair of hydraulic
actuators and interconnecting linkage and crack mechanisnms. :

The transition duct and tixed casiny ccmprise the main structural com-
ponents which house the transition liner (transitiuns flowpath from round
to rectangular) and reverser blockers. Other main componznts (i.e., aft
vectoring casing, vectoring actuators, reverser actuators. etc.) attach to
this transition duct and fixed casing. All major loading (including maneuver
- and thrust vectoring loads) are transmitted through this wmain structure to
the engine mounting svstemn.

5.3.2 Materials

The materials used in the fan air cooled ZD-CD 4AR nozzle are similar
to those used in the ADEN demonstrator due to the similarity in design
metal temperatures. All hot gas flowpath parts dcwnstream of, and including,
the transition liner ure made of René 41. The engine interfacing round duct
and screech liner are reworked existing J85-21 components. The short round
duct and liner sections directly upstream of the transition arc made of
Inconel 625 and Hastelloy X, respectively. The round duct and liner, due
to their geometric advantage over transition and rectangular sections, can
effectively utilize the lower strength and less costly Inccnel 625 or Hastel-
ley X instead of the very high strength René 41.

The two major structural casings (transition and vectoring casings)
are made of Inconel 718 which has very high strength at a somewhat lower tem—

perature capability as compared to René 41.
y

All low temperature exterior fairings (outer boattail flap, etc.) would
use 321 Stairless Steel which is a very cost effective macterial.

Table 14 summarizes the hot flowpath matevials and design temperatures.
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Table 14. Flowpath Material Summary,

Compunent Matericl Design Temperature
Round Liner Hastelloy X 1961 K (1450° F)
Truusition Liner René 41 1061 K (1450° ¥)
Blocker Liner René 41 1061 K (1450° F)
Convergent Flap René 41 1061 K (1450° F)
Divergent Flap René 41 1061 K (1450° F)
Sidewalls René 41 1033 K (1400° F)

5.3.3 Cooling Scheme

The cooling scheme for this fan air cooled 2D-CD 34AR exhaust system was
based on the assumptions and results similar to those outlined in Section 4.0.
With reference to Figure 30, the couvling analysis analvtical results are shown
on the layout drawing in Tables 1 and 2. This cooling svstem assumed that an
external cooling source was available and capable of supplving air at tempera~
ture and pressure conditions similar to recent advanced turbofan engines.

For analysis of this design, the turbine discharge air fo. the J85-21
engine that is normally carried behind (he liner for cocling would be dumped
cverbsard aft ot the screech section in order te keep the present screech
liner conditions intact. The externally supplied cooling air is introduced
into the liner as shown. A ring and seal separates the =imulated fan air
from tirxe turbine discharge air. The liner ccoling is accomplished by Film
Slots 1, 2, and 3 and backside convec:ion. The rectangular section (convergent-
divergent flaps and sidewalls) is cooled by Film Slects 4 and 5. The design
point (maxiwum metzl temperature) condition for this design is sea level
static Maximun A/3. The results of other off-design points are also shown on
the drawing tables (Figure 30).

Table 15 summerizes these results.

Table 15. 2D-CD 4AR (Fan Air Coonled) Cooling Flow Summary.

Cycle Case PTC/I’T8 W o=9%w

c 8
Maxinum A/B SLS (Design Pcint) 1.039 14.5
(Dry M = 0.9 at 3048 m (10,00) ft) 1.15 21.2
(A/B M = 1.5 at 6096 m (20,000 7t) 1.14 19.8
(A/B) M = 0.8 at 10668 m (35,000 rt) 1.028 14.4
(A/BY M = 1.6 at 10668 m (34,000 ft) 1.12 18.2
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PT /PT8= Coolant total prressure at inlet to liner/nozzle throat total pressure
indicates overall coolant pressure ratio.

1) = Coolant flow as a percent of total engine flow at nozzle throat.

5.4 DISCUSSION OF 2D-CD 4AR (TURBINE DISCHARGE AND COMPRESSOR BLEED COOLED)

5.4.1 Overall Description

The preliminary conceptual design layout for this exhaust system is
shown on Figure 31 (GE Drawing 4013057-884). Thz mechanical features of
this exhaust system, including thrust reverser and girbaled vectoring,
are the same as previously discussed in Sectinn 5.3.1. The main difference
is in the m-'terial used aud the cooling scheme arrany.ment as discussed in
the {ollowing sections.

5.4.2 Materials

The materials used for the majority of components in this design have
high temperature capability greater than 1200 K (170J° F). It was necessary
in this design to raice the metal temperatures from those of the fan air
cooled 2D-CD 4AR exhaust system due to the high temperature, 1002 K (1345° F),
of the rurbine discharge cooling air. All hot flowpath surfaces including
liners, flaps, and sidewalls are made of HS188 as indicated on the lavout
drawing. All structural casings including fixed transition casing, blocker,
and aft vectoring casing are made of René 41 which has high strength at the
temperatures needed tc carry the turbine discharge cooling air.

5.4.3 Cooling Scheme

The cooling scheme for the 2D-CD 4AR exhaust nozzle cooled with turbine
discharge air and compressor bleed air is similar to that of the fan air
cooled design except that more afterburner liner and nozzle slots were used
in Figure 31. The liner is a multislot arrangement with fiix slots being
spaced every 7 cm (2.0 inches). The liner is cooled with turbine discharge
air bled behind the liner and past the screech section as in the conventional
J85-21 exhaust system.

The turbine discharge air is capable of cooling all hardware from the
flameholder downstream to the aft end of the convergent flap, which is the
nozzle throat station (Ag). The divergent flap was cooled with compressor
bleed air with two film slots (i.z., one of the nozzle throat and one near
the middle of the divergent flap). The sidewalls aft of the convergent flaps
utilize a slot at the throat for film cooling.

Compressor bleed air used for cooling the aft ¢nd of tiie nozzle must be
routed from the bieed ports back to the aft vectoring casing. The routing
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involved is not included on the conceptual layvest drawing. Once inside the
aft vectoring casing, the air is routed by buafrfles behind the convergent and
divergent flaps to the individual film slots.

For the ccoling analysis, J85-21 engine turbine discharge and compressor
bleed coolant conditions were used. The principal results are tabulated as
follows in Table 16, and in more detail in Figure 31.

Table 16. 2D-CD 4AR (Turbine Discharge and Compressor Bleed Cooled)
Cooling Flow Summary.

Turbine Discharge Compressor Bleed
N 3} ~ 7 DG ;o= o
Cycle Casc PT /Py | W, = kgl PSy/Per | W = 2wy
(A/B) M=1.0 at SL 1.379 14,88 6.1 2.18
Maximum A/B SLS 1.380 14.86 6.1 2.26
Dry M=0.9 at 3048 m (19,000 frt) 1.15 11.60 5.8 2.24
A/B M=1.5 at 6096 m (20,000 ft) 1.37 15.00 6.0 2.16
A/B M=0.8 at 10668 m (35,000 fr)| 1.356 14.93 "5.8 2.41
A/B M=1.6 at 10668 m (35,000 fr)|{ 1.388 14.82 6.2 2.21
PTc/PSC = Coolant total pressure at liner inlet/gas stream static pres-

sure at liner exit.

We = % W8 = Turbine discharge coolant flow as a percent of total engine
flow at nozzle throat.

Compressor bleed static pressure/gas stream static pressure

PS. /P
386 at throat.

We = % Wy = Compressor bleed coolant flow as a percent of total engine
inlet flow.

5.5 DISCUSSION OF 2D-CD 8AR (TURBINE DISCHARGE AND COMPRESSOR BLCZED COOLED)

5.5.1 Overall Description

The preliminary conceptual design layout (GE Drawing 4013057-883) for
this exhaust system is shown in Figure 32. The mechanical features of this
design are the same as the two previously discussed designs (Section 5.3.1).
The external configuration appearance of this design is different due to the
wider aspect ratio - 8AR vs 4AR for the other designs. This wider configura-
tion produces a slightly shorter overall exhaust system length due to the
reduced length nozzle flaps. The relative side view height is also reduced.
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All nozzles have the tame burning length (plane of flameholder to nozzle
throat) and nozzle thijyoat areas. This nozzle throat width is larger to
produce the required jrea with a reduced height and resulted in a larger

transition section weilted area for cooling.
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5.5.2 Materials
The materials utilized for this concept are the same as those previously
discussed for the 4AR aurbine discharge and compressor bleed cooled exhaust
systen. All hot floprth materials are HS188 as required by the high metal
temperatures. )

5.5.3 Cooling Schyme

The coolinyg scheme jfor this 2D-CD 8AR exhaust nozzle is similar to the
2D-CD 4AR design discus:f=d in Section 5.4.3. The 2D-CD 8AR design shown in
Figure 32 uses a multislpt liner cooling arrangement. Turbine discharge
cooling air is capable o& cooling only the surface area from the flameholder
to the liner exit. Everpthing downstream of the liner exit was cooled
with compressor bleed aii}. The ''rrade Study Analytical Summary'" in Table 10
gives a comparison of the wetted areas for the 4AR and 8AR flowpaths.

Liner slots for this] design are spaced every 5 cm (2.0 inchkes). Closer
spacing between slots may} improve cooling efficiency but optimization was con-
sidered beyond the scope $f this preliminary studv. This should be considered
in a future demonstrator cevelopment program taking into iccount cooling effi-
ciency, structural efficiéncy, complexity, and program cost effectiveness. The
liner design temperatures iwere met using an amount of turbine discharge air
consistent with the presenc J85-21 converntional exhausc system as shown in the
tables of Figure 32. '

:

Compressor bleed air was used to cool all hardware downstream of the
liner exit. This is accuaplished using two slots, one at the liner exit
formed by the gap between the reverser klocker and the circular converging
section of the vectoring casing and the other at the nozzle throat using
bleed air fed down trhe backside of the convergeut flap.

For the cooling analysis, the assumed design point was considered M = 1.0
at sea level based on the existing J85-21 design point. This design con-
dition differs from the fan source design because the combination of turbojet
supplied coolant pressures and temperatures produces maximum metal tempera~
tures at M = 1,0 at sea level. For this design, analytical iterztions
resulted in using 3% compressor bleed with the maximum divergent flap tem-
perature about 1211 K (1720° F). After arriving at the cooling flows and
cooling distributions, the off-design case temperatures were determined. The
results indicated that a highe: maximum metal temperature of 1227 X (1750° F)
was required at M = 1.5 at 6096 m (20,000 ft). 1In addiction, the cooling
flows at the off-design poin.s very slightly exceeded the previously set 3%
limit.
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The material used for this divergent flap was HS188 which is capable of
operating at 1227 K (1730° F). The cffects of slightly exceeding the pre-
viously set design temperatures or blerd flow was not assessed.

The cooling results are summarized in Tabic 17.

Table 17. 2D-CD 8AR (Turbine Discharge and Compressor Bleed Cooled)
Cooling Flow Summary.

Turbine Discharge Compressor Bleed
Cycle Case : PT /P | we = % wg PS3/PSC We = % Wp
(A/B) M = 1.0 at SL 1.379 14.88 6.1 3.00 |
Maximum A/B at SLS 1,380 14.91 6.1 3.15
(bry) M=0.9 at 3048 m (10,000 ft) 1.15 11.4$ 5.8 3.08
(A/B) M=1.5 at 6096 m {20,000 fr) 1.37 15.02 6.0 2.98
(A/B) M=0.8 at 10668 m (35,000 ft) 1.356 15.15 5.8 3.29
(A/B) M=1.6 at 10668 m (35,000 ft) 1.388 14.75 6.2 3.03

PT /P , . .
c/ SG = Coolant total pressure at liner iniet/gas stream static pressure at
liner exit.

We = % Wg = Turbine discharge coolant flow as a percent of total engine 7 low
at nozzle throat.

PS3/PSG = Compressor static bleed pressure/gas stream static pressure at throat.
Wec = % Wp = Compressor bleed coolant flow as a percent of total engine inlet

flow.

5.6 TECHNOLOGY RISKS

During the development of the three preliminary conceptual layocuts, tech-
nology areas were identified which require further investigation, evaluation,
and/or special design approaches. These areas were identified as risks due to
their need for special design attention or for the lack of a solid technologi-
cal data base. These areas are summarized as follows.

5.6.1 Sealing

The conceptual designs utilize seals for both hot gas leakage control
and coolant flow distribution control. Special design attention must te
applied to sealing especially in the nozzle concepts studied in this program
which have reverser blockers and gimbaled vectoring that require seals between

70

s s il



moving parts. The preliminary nacure of this progrom did noc addres:z the
actual design details. Inadequute sealiag would result in decreased engine
thrust caused by leakage of heated, high pressure air.

s

£.3.2 2-D Structural Efficiency

Rectangular exhaust system structures are inherently less efficié1t than
conventional round nozzles. The 2-D nozzles g2nerally raquire a struc?ural
framework and interconnecting fiat panels. Pourential problem areas sulh as
large deflections due to pressure, thermal! gracients, and severe vibralions
of the flat panels and structural frames require design approaches that are
nct uscally associated with conventiconal round nozzles. Advanced exhad;t
system: also impose severe casing loads, moments, etc., due to combined|
maneuver and thrust vectoring effects. The preliminary conceptual desiins
of this program must address this technolegy when a detailed hardware d@—
sign program is initiated. ¢

'

5.6.3 CLccling E

Advanced 2-D exhaust syvste:is demand effective cooling flow distribuxion
and control tec ensure a successful flightweight high performance design.’
This critical cooling also includes the analytical methodology required in
the detailed design. Previous experience in turbine cooling and exhaust sys-
tem cooling has provided methods of analyses applicable to the 2-D exhaust
system cooling design. This methodology was applied to the successful auz-
mented deflector exhaust nozzle (ADEN) full-scale flightweight demonstrator
design. Durirg the ADEN tests, unanticipated hot streaks existed on the
upper and lower flaps associated with secondary flow fields which produced
a hot gas split plume exiting the nozzle. This indicates the need for a
solid technological data base explicitly for 2-D exhaust system cooling.
This base should include three-dimensional and secondary flow effects, hcat
transfer characteristics and mechaniesms, effects of shocks, flow turning,
and performance plus the applicational methodology for the future 2-D ex-
haust system designs.

5.6.4 Aeroelastic Instability

Most new nozzles encounter operating rezimes where primary flow insta-
bility is capable of coupling with natural nozzle elasticity to yield a
destructive cyclic mode. These areas have been identified in C-D nozzles for
the J79, J93, GE4, and F10l nozzles. Regions where these instabilities exist
are predictable through analysis of test data and are considered in all new
nozzle designs. Two-dimensional geometry may vesult in different modes of
instability and should be carefully @valuated in any new design.
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6¢.C SUMMARY OF RESULTS

Thirty-one nonaxisymmetric exhaust nozzle designs were categorized as
belonging *o one of three generic groups: two-dimensional corvergent-—iivergent
(2D-CD), *wo-dimensicual asvmmetric (2DA), or two-dimensicnal wedge (2DW). The
gimbaled hinge 2D-CD emerged as the hest study concept based on totalled rank-
ings of static performance, weight, and design criteria. The 2DV was selected
as the second study concept because of unique problem areas. The 2DA nozzle
was not selected because a substantial dcta base existed for IDA nozzles from
the ADEN program.

Increases in cooling systen complexity result in increased pronulsion
svstem weight and reduced nozzle performaace. Both effects increase aircraft
TOGW. 1In general, the simplest (predominantly f{ilm ceooling) arrangement pro-
duced the smallest TOCW increase for the concepts evaluated. {onsequently,
film cooling was selected for application where nozzle structural integrity
was the prime design criteria. When lower surface temperatures are required
for reduction of infrured signatures, more complex approaches such as im-
pingement film should be utilized.

The cooling fiow source has a significant impact on cooling system design
due to variations in coolant flow pressures and temperatures. As an example,
cooling flow supplied by the .J85 turbine discharge and compressor bleed re-
quired four times the number of liner cooling slots compared tv a system de-
signed for a typical fan air source.

Three J85-~21 exhaust system layouts were completed predominantly using
film cooling and the pivoting hinge flap 2D-CD nozzle concept. These include:

Aspect Ratio Coolant Source
4.0 Fan
4.0 Turbine Discharge and

Compressor Bleed

8.0 Turbiliie Discharge and
Compressor Bleed

This study indicaces that the pivoting* 2D-CD is a viable and structurally
sound exhaust system. It is recommended that further design definition con-
tinue culminating in full-scale test hardware.

* "Gimbaled" is being replaced by '"pivoting" which more accurately represents
the vectoring motion.
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7.0 APPENDIX

7.1 COOLING METHODOLOGY

" Previous cooling experience and methodologyv in afterburner and exhaust
system cooling was utilized to analyze the three preliminary conceptual de-
signs. This analysis required estimating coolingy flows nceded to meet the
design point temperatures, determining off-design point coolant tlows, and
subsequent metal temperatures for these off-design point flows. Ixisting
time-sharing computer programs used in other successful cooling design pro-
grams (ADEN, F101X, JTDE) were used to improve the analytical efficiency of
the normally time-consuming calculations. The sections below describe the
heat transfer model, flow balance computer program, and heat transfer expres-
sions used to Jdefine nozzle cooling requiremenrs, and reach design objec-
tives.

7.2 HEAT TRANSFER MODEL

Each of the three conceptual designs was modeled in the time sharing

program, PORTENO, for calculacing metal temperatures. The exhaust system flow-

pach parameters, both hot gas and coolant, were modeled in this program at

5 ¢m (2.0 inches) axial increments starting at the plane of the flameholder:
downstream to the end of the exhaust system. (The last data poirt was actu-
ally beyond the end of the divergent flap.) The input parameters for each
data point required the area and perimeter of the hot flowpath and coolant
flowpath (liner gap).

The axial location of each film slot was also input 30 that the charac-
teristic dimension (x) for heat transter coefficients and film effectiveness
could be calculated for each data point downstream of the film slot.

Other fixed geometry input required in the cooling model included an
indicator for the type of preprogrammed cooling slot or screech hole pattern
for determining film effectiveness. Figure 33 shows the two types of film
effectiveness curves that were used for these conceptual designs. Any sub-
sequent calculations for the previously located slots or holes would use the
film effectiveness values for one of the two curves shown on Figure 33. All
slots of these designs used the film slot curve while the screen flow near
the flameholder used the scrcech hole curve.

The axial station location of the nozzle throat was used for calculating
the sinusoidally increasing gas temperature (Tg) distribution from the
flameholder to the nozzle threat.

The remaining input required to complete the cooling model involves J85-
21 engine cycle data for the design point or off-design point condition being
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analyzed. For each conceptual design, the asuumed design point was analyzoed
first to allow slot flow iterations to meet the design temperatures. The
following coolant and gas stream cycle parameters were input:

. Estimated coolant flow entoring the liner (WCT).

™ Gas stream flow and temperature at liner inlet station (wCT)' (TO).
® Gas stream temperature and location at nozzle throat (TS)‘ (XB)'

° Estimated cooling flow and temperature av each slot (wc). (TC).

. Fuel-to-air ratio and design metal temperature for radiation cal-

culations (FAR, (Tm):

The metal temperature outpur for every data point from the program must
be evaluated to verify meeting design temperatures. Any large discrepancies
from the calculated to the desiced metal temperature required rerunning the
" program. This iteration for obtaining the desired metal temperature was
accomplished by adjusting the coolant flows for the slct and slots affecting
the data point temperature. Further iterations were completed until satis-
factory metal temperatures were obtained.

7.3 FLUW BALANCE PROGRAM

The cocling flows required to meer design metal temperatures were then
input into the time sharing program, FLOCAL. This flow balance program cal-
culates the balance flows for a network of nodes and branches. Figure 34
shows the model used for the 2D-UD 4AR (Yan air cooled) conceptual desizn.
The nodes are shown from 1 through 12 along with the interconnecting branches
joining the nodes and simulating ccoling tlowpath geometrv, film slots, etc.
The nodes represent discrete locations in the coolant or hot gas stream.

The initial model was set up with the branches simulating liner gaps and
film slots. The node input consisted of the gas stream static pressures and
design point liner inlec pressure which is representative of the typical
turbofan coolant driving pressure. The program then calculates the total
coolant flow ente.ing the liner and the discribution of this .:colant flcw
through the film slots, out the end of the liner, or to the Ag threcat slot,
These flows, which did not exactly equal :the flows required from the heat
transfer analysis, were iterated by adjusting the liner branch areas.

The final configuration of branch areas would be designed into the ex-
haust system during a detailed hardware design phase. During a detail design
phase, liner hangers, dams, restrictions, and other coolant flowpath para-
meters are accounted for and put into this analysis.

The cooling flows for the off-desiyn conditions were determined by in-
putting the coolan: inlet pressure and hot gas stream pressures into the flow
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balance program. The coolant inlet pressure was based on typical turbofan
praessure and the hot gas stream pressures were based cn the J85-21 cvcle con-
ditions. (See Section 5.3.3 for pressure ratios used.) Once the flow. for
these off-design points were determined, they were put back into the heat
transfer program "PORTENO" for calculatirg metal temperatures at these cvcle
conditions.

Af ter the technical redirection, the vemaining two conceptual designs
utilized only air available from the engine itsel! [or coolinmg. For these
designs, this flow balance program was not used. The existing J85-21 engine
known cooling flow (15.4% W51) at the design point (M = 1.0 at sea level) and
associazed coolant pressure ratio (PTC/PSG) were taken from the cycle data. The
off~design peint pressure ratios from the cvele data were ratioed to obtain
the off-desipn “lows. The design point and off-design peint flows for the
compressor biezd coolant were similarly ratioed and obtained. The existing
J85-21 liuer design is similar to these designs and, therefore, it wuas not
necessarv in this preliminary study to try to simu:late unknown hanger, block-
ages, restrictions, etc. '

The turbine discharge pressuve ratios and compressor bleed pressure
ratios are shown in Sections 5.4.3 and 5.35.3. The required individual slot
flows obtained in the heat transfer analvsis were ratioed by the overall
coolant pressure ratio to obtain off-design individual slot flows. Film
slots fed from the compressor bleed were obtained by raticing the overall
pressure ratios.

7.4 KEAT TRANSFER EXPRESSIONS

The following provides a brief summary of the expressions used in the
heat transfer analysis by the time sharing program PROTENO.

The initial step involved obtaining the film eifectiveness (ng) for each
data point downstream of a slot or screech section in order to determine
adiabatic wall temperature (Taw). The curves in Figure 33 were preprogram-
med to provide the effectiveness (nf) for a fiim slot or screech section as
selected by an input option. The adiabatic wall temperature with accumula-
tion eifects of multiple slots upstream of the discrete data point was de-
termined as follows:

n n T
* T.,., =T 7 (l - ni) + € (n fc.> i 1 - ﬂ-) &)
AW G 1 i=1 i L‘ =i+l ( j

The gas stream and coolant side coefficient at cach data pcint were cal-
culated using the turbulent correlations:

* Expression for T,y based on multiple slot correlation (Reference 12).
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The fluid properties in the above expressions are calculated or preprogrzmmed
as a function of the gas stream or coolant temperatures and nressures. Tae
characteristic dimensions, flows, and areas are extracted from the input

data to the program.

The radiuation heat flux included hot gcs stream radiation tn the flow-
path liner and the radiation from the liner to the outer wall of the cocolant
passage at coolant temperature. Also, the radiation of the hardware visible
to ambient surroundiugs was considered downstream of the throat.

e + 1
_ _m_ 3.0
(Upstream Throat) QG/L = o< p > ep TC 4)

€ 4+ 1
. - m e 1.5 2.5 _ 2.5
(Downstream Throat) QG/L o —————~> o Tc TC Tm (5)

/IC + 1
- LU
QL/C = ¢ k 2 (%m

Using the above relationships in the pregram, an initial metal tempera-
ture was calculated without the urknown {} L/C and then recalculated account-
ing for this radiation (QL/C) based on the {irst-time-through metal tempera-
ture. The primary gas emissivitv (ep) is calculated in the program as a
function of gas conditions, fuel-air ratic, and geometry. The liner emis-
sivity (ep) was a function cf miterial.

(6)

pas
o
]
~
[g]
=~
o
Sa——

The followirng sketch summarizes the major expressions involved in solv-
ing the overall heat balance in order tc determine the data point metal
temperature,

78




Conv

Based Q
(on Hc) L/c

Includes
— T Heat
Pick Up
pr—
\ Film ()

( Includes )
Accumulavion

: e 4

Data T
Point m

Film)

G Conv Q G/L
Various (Bascd on HG) N

Sinousnidally
to 7. Maximum
3

79




8.0 REFERENCES

1. Berrier, B.L. Palcza J.L., Richey, G.K., Zakanycz, S.: “Nonaxisymmetri-
Nozzle Technology." Report of Ad Hoc Interagency Nonaxisymmecric Nozzle
Working Group, AAF, DOD, NASA, Navy.

d 2. Hiley, P.E. and Wallace, H.W.: '"Investigation of Augmented Deflecrtor
. Exhaust Nozzles Installed in Tacticai Aircraft." AFFDL-TR-75-61, U.S.
Air Force, June 1975,

3. Sedgwick, Thomas A.: "Investigation of Augmented Deflector Exhaust
Nozzles Installed in Tactical Aircraft." AFFDL-TR-75-42, U.S. Air
Force, May 1975.

4, Maiden, Donald L.: 'Performance of an Isclated Two-Dimensional Variable-
Geometry Wedge Nozzle with Translatiag Shroud and Cellapsing Wedge at
Speeds LP to Mach 2.01." NASA TN D-7906, April 1975.

5. Capone, Francis J.: "A Summary of Experimental Research on Propulsive-~
Life Concepts in the langley 16-Foot Transonic Tunnel." AIAA Paper Nu.
75-1315, 1975.

6. "Airframe Studies of V/STOL Vectorable Nozzle for Twin Engine Aircrafc."
Grumman Report No. PDR 623-6, September 1973.

7. "Airframe Studies of V/STOL Vectorable Nozzles for Single Engine Air-
craft.” Grumman Report Nc. PDR 623-10, May 1974.

8. McGrath, J.M. and Speir, D.W.: '"'Nonaxisvmmetric Nozzle IR and RCS
Studies (U)." GE Reporc R74AEG34 (Liinited Rights Data), January 1975.

9. "y/STOL Exhaust System IR Studies (U).'" GE Report R75AEG432,

October 1975,
10. "Advanced V/STOL Propulsion Componen: Development - Nozzle/Deflector.'
GE Report R77AEG441, August 1977,

=
P

. Willard, C.M.W. and Struble, W.T.: "Experimental Evaluation of Nonaxi-
symmetric Exhaust Nozzles - Phase i - Interim Report." McDouneil
Douglas Corporation Report MDC A5208, February 10, 1978.

12, 3ellers, J.P., Jr.: "Gaseous Film Cooling with Multiple Injection
Stations." ATAA Journal, Volume I, Page 2154, 1963.

- | Preceding page blank

81




IR
K
(L/H)p

T/R

e ettt s avn e & e e

9.0 LIST OF SYMBOLS

Area

Cooled Surface Area

Dry Taroat Aspect Ratio

Gross Thrust Coefficient

Resultant Gross Thrust Coefficient
Specific Heat Ratio

Hydraulic Diameter

Incremental Engine Weight Related to Cooling Syvstem Components
Incremental Engine Weight Related to 4Cpg
Fuel/Air Ratio

Grcss Thrust

Flame Holder '

Net Thrust

Height

Heat fransfer Coefficient

Infrared Radiation

Thermal Conductivity

Projected Boattail Length/Height Ratio
Mach Number

Mass Flow Ratio

Prandtl Number

Total Pressuré

Static Pressure

Gas Stream Static Pressure
Compressor Bleed Static Pressure
Gas to Liner Radiation

I.Liner to Coolant Radiation

Radar Cross Section

Slot Height

Static Tewmperature

Trailing Edge

Takeof{ Gross Weight

Thrust Reverser
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LIST OF SYMBOLS (Concluded)

Ty Total Temperature °K
T/W Thrust/Weight Ratio
W Weight Flow
’ Wer Coolant Flow at Liner Exit
“ WeT Gas Stream rlow
W85 J85 Engine Weight
) Wo Engine Inlet Flow
X Distance
§ Thrust Vector Angle
€ Metal Emissjvity
£G Gas Emissivity
ny Film Effectiveness
e Gross Effectiveness
u Viscosity Coefficient
G Stefan - Boltzman Constant
SUBSCRIPTS
AW ‘Adiabatic Wall
C Cooling Flow
CL Liner Cooling Flow
CS Secondary Flap Cooling Flow
i Ideal .
Max Maximum
m metal
S Static
SG Static Gage
0 Freestream
6 Liner Inlet Station
8 Nozzle Throat Staticn
9 Nozzle Exit Station
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