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FOREWORD

Many individuals at the NASA Langley Research Center and AiResearch
contributed to this Scramijet structures program over the years. Mr. Hal Murrow was
the NASA project manager during the final years of the program, and
Mr. Bob McWithey before that. Additionally, Messrs. Paul Sandefur, Danny Bar-
rows, and Henry Elksnin provided important technical coordination during the final
phases of fabrication. The AiResearch program manager was Mr. Oscar Buch-
mann. The responsible program engineer during the full-scale fabrication efforts
was Mr. Mike Lundberg. Messrs. Vic Arefian and Mike Faust were responsible for
the earlier phases of the program and did much of the experimental work that pro-
vided the fabrication data base. Allthree also provided essential input to the original
documentation that was used to support the preparation of this report.
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1. INTRODUCTION

The NASA Hypersonic Research Engine (HRE) program (ref. 1), a major con-
tributor to Scramjet technology development, led to the use of rectangular offset-fin,
plate-fin coolant passages in hydrogen-cooled engine structures. This program
culminated in the successful design, fabrication, and test of the first lightweight,
hydrogen-cooled engine structure. The design life for the HRE cooled structures
was 100 cycles and 10 hours, limited by creep and low-cycle fatigue.

Subsequent research at NASA-Langley led to a lightweight, fixed-geometry,
modular, airframe integrated Scramjet concept promising high installed perform-
ance (net thrust) over a wide Mach number range. The Scramjet design study pro-
gram (refs. 2 and 3). This program was an extension of the preliminary thermal-
structural design of an airframe-integrated Scramijet study conducted by NASA
(ref. 4). That study established the structural operating environment for the engine
walls and the struts. A computer program for the transient thermal-structural analy-
sis of a strut was developed as part of this work and was used as a check on design
conditions. It defined an engine concept based on near-term metallic materials and
manufacturing technology, with a life of 100 hours and 1000 cycles. Emphasis was
placed on the engine thermal-structural design. Figures 1 and 2 show the general
engine configuration. Figure 3 and Table 1 show the nominal structural design con-
ditions for the engine and life cycle behavior as a function of cooling jacket AT.

The advanced fabrication techniques program for hydrogen-cooled engine
structures (ref. 5) was a direct precursor of this program and was undertaken to
evaluate key features identified in the Scramjet design study. Coolant passage ge-
ometries, material systems, and joining processes that will produce long-life hydro-
gen-cooled structures for application to a scramjet were developed. The results
were used to establish the final design details for the strut and the baseline fabrica-
tion processes for the current program.

The program covered in this report consisted of four tasks: Task 1 (strut lead-
ing edge design verification), Task 2 (heat transfer performance), Task 3 (fabrication
of fuel injection strut), and Task 4 (flat panel evaluation). Task 2 involved the design
of a heat transfer test specimen for evaluation of pin-fin and channel coolant pas-
sage geometries using air in lieu of hydrogen. Section 2 provides an additional
summary of each program task. In Task 4, the concept for a structural test panel
was designed. This test panelincorporated important, typical features of an engine
sidewall, including support structure, cooling jacket, and coolant manifolds. Its
mounting system accommodates simultaneous structural and thermal loading.
The main program activity, however, was in Tasks 1 and 3; discussion of these con-
stitutes the bulk of this report. Section 2 provides an additional summary of each
program task.
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TABLE 1

DESIGN CONDITIONS
Life 100 Hrs, 1000 Cycles
Deflections <5% Area, 0.4°
Metal Temperature <1600°F
Hydrogen
Inlet 1000 psia, -360°F
Outlet 750 psia, 1140°F
Coolant @ <1.0

A fuel injection strut was selected for fabrication development because the
struts are among the most critical of the engine features. The basic function of the
struts is the in-stream injection of fuel (hydrogen) at four distinct stations on each of
the three struts. Although they span the full engine height, from the top wall to the
cowl, they provide no structural tie between the two. The top wall serves as the pri-
mary support for the strut; the cowl allows free span-wise motion and restrains later-
al, axial, and twisting loads.

Figure 4 (taken from ref. 2) shows the design pressure loads used for the
struts, based on the assumption of an asymmetrical engine unstartatM = 5.1. This
condition was used because it is the most severe aerodynamic loading. The high
net load on the side strut led to its selection for this program. Figure 5 (from ref. 2)
shows the heating rates usedin the design, taken at the M = 10 operating condition.
This is the highest thermal loading and served to define the cooling requirements,
and the creep-rupture and low-cycle-fatigue performance. Although the heating
rates are somewhat lower for the side strut than for the center strut, the side strut was
judged the most severe combined-load case. Tables 2 and 3 list the heat loads and
fluxes for both kinds of struts.

The struts, therefore, were specified to combine severe structural and per-
formance requirements with severe volume constraints and complex mechanical
assembly. This combination of requirements places demands on design efficiency,
the fits and tolerances of detail parts, and both guided and constrained develop-
ment and detailed investigations. Table 4 lists the important concerns that result
from these requirements.

The development effort, as described in the report, extends through delivery
of one set of three major subassembilies: the Inconel 718 support structure assem-
bly and the forward and aft cooling jacket assemblies. Ni-201 is the pin-fin material
of the aft jacket and Ni-200, of the forward jacket.*

*Ni-201 is preferred because of its lower carbon content and the expectedincrease
in ductility (not verified on this program). Ni-200 was used because itis more readi-
ly available in small quantities.
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TABLE 2

STRUT HEAT LOADS
(Mo = 10, g o= 1500, 2-G TURN, ®; = 1.5)
Maximum Average Heat
Flux Flux Load
Location Btu/sec—ft? Btu/sec
Center strut 480 231 454
Side strut, center 400 184 548
Side strut, side 380 132 392
TABLE 3

LEADING EDGE HEAT FLUXES
(Mo = 10, q = = 1500, 2-g TURN, ¢ = 1.5)

Heat Flux, Btu/sec-ft?
Location 0.8 mm (0.030-in.) radius 1.3 mm (0.050-in.) radius
Side strut 1718 1331
Center strut 2313 1792
TABLE 4
DESIGN CONSIDERATIONS

Thermal
’ e Creep life and cycle life under high heat flux loading
e Transient structural AT's
Configuration
e Multiple fuel injection stations
e Separation of internal hydrogen flows
e Flow distribution and pressure drop

89-62543
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TABLE 4

DESIGN CONSIDERATIONS
(Continued)

Structural - long, slender body under severe loads

e Thermal
e Aero (unstart)
e Pressure containment
Manufacturing
e Sequenced multi-stage assembly
Dimensional control

o
e Process control
e Inspectability

Section 4 describes the various development efforts undertaken in support of
full-size strut fabrication, including a series of manufacturing investigations. Most of
the experimental work that used subelements of specific features of the strut have
been included in Section 4 to provide a common reference for subsequent discus-
sions. Many of the tests were derived from experience gained in fabricating two par-
tial-length struts. Some of the tests were generic or in direct support of the basic par-
tial- and full-length strut efforts, (e.g. development of tooling, definition of process
parameters and their application, and inspection requirements). As a result of this
grouping of activities, discussions in Section 4 sometimes precede the discussion of
the experiences in Sections 5 and 6 that were the cause of the investigations, asin
the case of the partial-length struts.

Sections 5 and 6 review the manufacturing experience with the struts. As
noted, the partial-length struts identified many of the manufacturing subtleties that
characterize the strut and provided important input to the manufacturing investiga-
tions. The results described in Sections 4 and 5 led to many of the processing and
tooling methods that were applied on the full-length struts. The detail data provided
in Section 4 (and, to a lesser extent in Section 5) are used as a common reference
and are not repeated in Section 6. Instead, Section 6 provides a narrative of the
manufacturing sequences and shows where additional effort might be needed to fa-
cilitate fabrication.
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EDM
FL
LCF
- LE
PCM

1.1 Symbols

Specified heat at constant pressure, Btu/Ib°F

Young's modulus, Ib/in.2

Load or force, Ib

Yield strength, Ib/in.2

Ultimate strength, Ib/in.?

Stress reduction factor due to elastic constraint, dimensionless
Effective stress concentration factor in fatigue, dimensioniess
Theoretical stress concentration factor, dimensionless
Pressure, Ib/in.2

Time, hrs

Temperature, °F, and joint thickness, in.

Temperature difference, °F

Stress, Ib/in.?

Shear stress, Ib/in.?

Equivalence ratio, dimensionless. Engine ¢ (¢y) is actual fuel flow/fuel
flow for stoichiometric combustion; coolant ¢ (¢.) is coolant flow/actual
fuel flow to the engine.

Mass flow rate, Ib/sec

1.2 Abbreviations

Electrical discharge machining

Full length, with reference to a strut of full-size cross section
Low cycle fatigue

Leading edge

Photochemical machining

89-62543
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1.3 Abbreviations (Continued)

PL Partial length, with reference to a strut of full-size cross section
psid Pressure, Ib/in.2 differential

psig Pressure, Ib/in.2 gage

RT Room temperature

TPS Thermal protection system

89-62543
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2. SUMMARY

Results of the previous studies (references 2 through 6) indicated that the basic goal
ofincreasing the life of hydrogen-cooled structures two orders of magnitude relative to that
of the Hypersonic Research Engine could be reached with available technology. Esti-
mated life based on extrapolations of creep-rupture and low cycle fatigue tests (ref. 5), is
19,000 cycles for the channel coolant passage and 16,000 cycles for the pin-fin coolant
passage configurations, Figure 6, using Nickel 201. Additional research is required to
establish the fatigue characteristics of dissimilar-metal coolant passages (Nick-
el 201/Inconel 718) and to investigate possible embrittling effects of the hydrogen coolant.

The program described here focused on fabrication of a full-size fuel injection strut
based on the previously developed design (ref. 2) and fabrication techniques (ref. 5).

2.1 Task 1— Verification of Strut Leading Edge Design

The leading edges are exposed to stagnation line heat fluxes that range from 900 to
1800 Btu/sec-ft? (ref. 2). This is the most severe loading on any of the engine components.
By using direct impingement cooling with cryogenic hydrogen, a sharp, 0.050-in. radius
leading edge can be used atthese heat fluxes. Nickel 201, a high thermal conductivity ma-
terial, was selected for the leading edges primarily to obtain a life in excess of 1000 cycles.
Although this material has good low cycle fatigue performance, its creep strength is low.
As aresult, metal temperatures must be lower than temperatures for superalloys. The high
thermal conductivity of the nickel, on the other hand, minimizes AT inthe face sheet and al-
lows operation at coolant temperatures approaching those when using superalloys that
have much higher, allowable creep strengths but relatively lower thermal conductivities.

The objective of this task was to evaluate the fabricability and structural performance
of the selected leading edge design. The efforts included the following:

(@) Final definition of the detailed design of the impingement-cooled strut leading
edge.

(b) Fabrication of partial length specimens of the strut leading edge using the pre-
viously selected materials and fabrication techniques (refs. 2 and 5).

(c) Tests of the combined creep and thermal fatigue performance of the strutlead-
ing edge stagnation region using a structural model based on structural simu-
lation (see para. 4.3). This modelis simple and allows rapid, bench-top evalua-
tion of materials and processing effects.

89-62543
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2.2 Task 2—Heat Transfer Performance of Pin-Fin Cooling Jacket

The work of this task involved the design of a test unit for evaluation of the heat trans-

fer and pressure drop performance of the photoetched channel and pin-fin cooling

- passages selected for the engine cooling jacket. The task was terminated with the prepa-

ration of an engineering drawing. The coolant passages are formed by PCM, with channel

depths and/or pin heights inthe range of 0.02t0 0.03 in. Figure 3 shows typical test panels
incorporating these passages (fabricated under the ref. 5 effort).

ORIGINAL PAGE IS
OF POOR QUALITY

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

canmenhcanmas

.....

775495
- F-34927

Figure 6. Photochemically Machined Pin-Fin and Channel Coolant Passage Panels
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2.3 Task 3 —Fabrication of Fuel Injection Strut

The strut design used as the basis of this task was taken from the engine design
(ref. 2) and is suitable for thermal and structural testing in a hot gas wind tunnel at NASA-
Langley. The following design, development, fabrication, and test efforts were completed:
(1) the finalization of the design of the strut and the definition of interfaces for use with the
windtunnel, (2) the development of the tooling and fabrication procedures required to fab-
ricate a side strut (versus the center of the three struts) and a mounting adapter, (3) the fab-
rication and delivery to NASA of all components, including major subassemblies of a full-
size strut, and (4) the nondestructive inspection and testing of these components prior to
delivery.

The overall accomplishments or technological contributions from the program gen-
erally reflect the specific design features of the reference strut, but also include important
generic data. The broad areas in which the program provided valuable data include:

. Successful completion and delivery of the three major strut subassembilies:
the Inconel 718 support structure, and the forward and aft Nickel 201 cooling
jackets

° Development of design, materials, and manufacturing data for this type of
thermal-structural engine component, with much ofthe data derived in case-
specific investigations

° Development of forming and joining techniques that allow successful as-
sembly of sheet-metal-type components to essentially machining-type tol-
erances

° Manufacturing feasibility of this type of strut
3 Validation of the strut pressure containment concept

Figure 7 shows the full-size strut assembly.

2.4 Task 4 —Flat Panel Evaluation of Engine Sidewall

This task developed the design of a thermal-structural test panel. The panel is repre-
sentative of the flat surfaces and structure of the engine (ref. 2) and is composed of cooling
jackets, manifolds, and supporting structure. It was designed to allow experimental evalu-
ation of the transient thermal and structural performance of such cooled, flat panels. The
task was terminated with the preparation of an engineering drawing.
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3. TASKS 2 AND 4—-COOLED TEST PANEL DESIGN

Preliminary designs of two types of panels were prepared: one for use in eva-
luating the basic heat transfer and friction characteristics of pin-fin cooling jackets
(Task 1); the other, for evaluating the structural performance of a cooled, flat engine
panel under combined thermal and pressure loads (Task 4). The important design
considerations used in formulating the designs are summarized below.

3.1 Task 2—Heat Transfer Performance of Pin-Fin Cooling Jackets

The test unit is approximately 6 in. by 6 in. and features a single passage (of
known thermal characteristics) sandwiched between two pin-fin test surfaces.
Water and air are the test fluids. Large water flow rates are used in the known pas-
sage to provide a large thermal capacity rate (WCp) relative to the airflow used in the
pin-fin passages. By this means, the contribution of the water side to experimental
uncertainty is minimized. The water and air passages are oriented in a cross-flow
configuration to facilitate manifolding. The high-capacity rate of the water will also
minimize cross-flow effects on the data. Figure 8 shows the test unit. Figure 9
shows the arrangement of the fluid passages in the test unit.

The design Reynolds number for the air was matched to the nominal Reynolds
number for hydrogen in the strut at the design point (15,000). The design point was
taken from reference 2. Mach numbers were kept sufficiently low so that shock
losses and compressibility effects are minimal. On the air side, Reynolds numbers
are 5000 to 20,000 (in the turbulent regime) to enhance predictability. Table 5 lists
the test conditions formulated as part of this effort.

Following completion of the design, this task was terminated and no hardware
was built.

3.2 Task 4—Filat Panel Evaluation of Engine Sidewall

A cooled panel that is representative of an engine sidewall was designed with
the objective of assessing the transient thermal and structural performance of the
cooled flat panels. Pressure and thermal loads for an unstart condition (Figures 6
and 7 of ref. 2) served as the basis for the design. Pressures peak at 130 psia, witha
sidewall top-bottom average peak of 100 psia; heat fluxes peak at 350 Btu/ft?-sec,
with an average peak of 250 Btu/ft>-sec.
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WATER

IS

a4

“"KNOWN"” PASSAGE

r\< (PLATE-FIN)

TEST SPECIMEN PANELS
(MACHINED CHANNEL OR PIN FIN)

HIGH-TEMPERATURE AIR (TO 800°F)

B8-19643

Figure 9. Flow Configuration of Heat Transfer Performance Test Unit
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TABLE 5*
TEST CONDITIONS
ISOTHERMAL PRESSURE DROP TESTS
Test
Condition Air Side Water Side
Flow Rate | T\ Pin Flow Rate TiN Pin
(lbm/min) | (°F) | (psia) | (bm/min) | (°F) | (psia)
1 1.75 70 450 20 70 120
2 2.17 30
3 2.79 35
4 3.49 45
5 4.40 55
6 5.59 70
7 6.98 v v 90 ' '
HEAT TRANSFER TESTS
1 25 600 450 50 70 120
2 3.1 50
3 4.0 70
4 5.0 70
5 6.3 90
6 8.0 90
7 10.0 ' Y 90 1 '
*Tests were not conducted

The test panel design includes inlet and outlet manifolds, edge closures,
honeycomb stiffening members, and support brackets.

Thermal tests require a heat source capable of providing the typical operation-
al heat loads. The most suitable existing heat source at the time of the study was a
carbon filament heater, with a flux of approximately 190 Btu/sec-ft2, located at the
Structures Directorate of the NASA Langley Research Center. Alternatives that were
reviewed included surface combustors and gas burners. A review of past experi- -
ence, however, has shown the porous surface combustor to have much lower heat
flux capabilities than needed and to be unreliable and susceptible to flashbacks at
elevated temperatures. Gas burners were judged unattractive because of their
potential uncertainties in applied thermal loads and control and limited heat flux

capabilities.
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The design features a photochemically machined Ni-201 channel TPS surface
supported by Hastelloy X honeycomb sandwich structure. Figure 10 is a layout of
the test panel. The facesheet channels are 0.0255 in. high (0.0225-in. radius),
0.045-in. wide at the base, and 0.0615 in. center-center; the facesheet thickness is
0.0165 in., giving a total thickness of 0.042-in. The honeycomb sandwich is 2.25-in.
high, with 0.003-in. cell walls and 0.06-in. facesheets. The cooling jacket facesheet
is brazed directly to the honeycomb facesheet.

The mounting system for the panelis based on a series of pinned connections.
These allow free thermal growth. Coolant inletis provided by two manifolds, one on
each side, with the flow toward the single outlet manifold. This was done to permita
more clear-cut evaluation of the manifold region in mid-panel than is possible with
the edge effects associated with the end manifolds for flow across the entire panel
length.

After the conceptual design was completed, this task was terminated and no
hardware was built.
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4. FUEL INJECTION STRUT DEVELOPMENT

4.1 Configuration

The design of the full-scale side strut features a final assembly consisting of a
number of brazed subassemblies, as summarized in Table 6. Figure 11 shows the gen-
eral configuration of the strut; Figure 12 shows the sequence of brazing operations; addi-
tional details on the assembly operations are shown in Figures 13, 14, 15, and 16. Table 7
shows the temperature and pressure schedules used for strut brazing. Temperature histo-
ries from the furnace runs are shown in Figures 17 through 20. PL strut records are
included for those operations that were not performed on the FL strut. These records in-
corporate the modifications and refinements that resulted from the various development
efforts discussed in Sections 4, 5, and 6. Figure 21 shows a cutaway model of the strut.
Some of these figures show internal details that represent early strut designs, and they are
included to conveniently highlight the main features.

TABLE 6

FABRICATION SEQUENCE FOR THE FUEL
INJECTION STRUT

INCO-718 Support Structure

Tool design and fabrication

Form and hot size skin

Fabricate leading edge insert
Assemble and braze strut body

Detail parts fabrication

Cooling jacket/support structure braze

Cooling Jacket Assembly

PCM pin-fin face sheets
Assemble and braze
Form and hot size

Support Structure Assembly and Braze

Final assembly and braze
Final pressure test/hold
Ship to NASA
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COOLING INJECTORS:

SUPPORT JACKET PERPENDICULAR
STRUCTURE (NICKEL) PARALLEL
(INCONEL 718) :
o |
~
p —_
~
INLET PARALLEL PERPENDICULAR  OUTLET
COOLANT INJECTION INJECTION COOLANT
MANIFOLD MANIFOLD MANIFOLD MANIFOLD
UNPRESSURIZED SECTION A-A
TOP WALL
 SURFACE

A A

AR 18 IN
FLOW 8 IN.

COWL SURFACE >
8 IN.

B-19642
NOTE: THERMAL BUFFERS NOT SHOWN

Figure 11. Side Strut Assembly
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*  SINGLE SANDWICH CONSTRUCTION

* PCM PIN-FIN COOLANT PASSAGE

*  Ni-201 PIN-FIN SHEET 0.035 IN.

*  Ni-201 BACK SHEET 0.010 IN.

* 50% Au-25% Pd-25% Ni (PALNIRO 1) 0.0015-IN. BRAZE FOIL
* BRAZE IN VACUUM BAG (2070°F)

* HOLOGRAPHIC PRESSURE TEST

FACE PLATE
WITH PCM PIN-FINS

BRAZE JOINT

! ,

JaRRARARRRN

BACK SHEET

B-19644

FORWARD COOLING JACKET AFT COOLING JACKET

Figure 13. Jacket Assembly
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gF POOR QUAL!TY

* INCONEL 718 BEAMS AND WALLS

* TYPE 347 STAINLESS STEEL BUFFERS

¢ 50 Au, 25 Pd, 25 Ni (PALNIRO 1) 0.001-IN. BRAZE FOIL
¢ BRAZE IN VACUUM BAG (2070°F)

* AGE HARDEN

* HOLOGRAPHIC PRESSURE TEST

% [ ——-1F _\\*2\_}.:,*
il =

= VIV4 I IIYI IV I Hden T it ot Ly d kb L

hoes

B-19640

Figure 14. Support Structure Assembly
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BRAZE JACKETS TO SUPPORT STRUCTURE
70 Au-8 Pd-22 Ni (PALNIRO 7) 0.001-IN. BRAZE FOIL

BRAZE IN VACUUM (1935°F)

Figure 15. Final Assembly, First Stage

B-19639
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BRAZE COVER PLATES TO JACKET-SUPPORT STRUCTURE ASSEMBLY
82 Au-18 Ni (NIORO), 0.001-IN. BRAZE FOIL (1800°F)

AGE HARDEN FOR SUPPORT STRUCTURE PROPERTIES
HOLOGRAPHIC PRESSURE TEST

ASSEMBLE INTERFACE HARDWARE

B-19638

Figure 16. Final Assembly, Second Stage

89-62543
Page 31



TLINANT 1Y3H ONTILMYLS 30439 SAWIL + 40 viOoL ¥

ANNAII0NA STHL LY¥3I343N "NOOMY HLIM ANMNSS3IMI INATAWY 0J4 1114XIvd ONY
O L0F “XOM44Y 01 IMOL3IM JIVNIVAZ ' 1M013M ONISOTD MAL4Y " L13AJVC
TINIIN HLIM LJYINOD NI € ANY S3ANL HONOMHL LNMLS IAISNI S3IHONI

d3NNILNOD

Z OUX0MA4Y SIANSN0I0WNIHL € FOVT4 CTIISYNMAAN ANV SO0 MIJVAS INISN
SANL LNOH4NS “3ALY T4 LHDA4NS ANY SHYA ¥AJVAS ANV LMY4 NIIML3g
TISYM4IN 3SN CLNNLS 40 39403 INITIVML LMO44NS 0L SMYT M30v4S 3SN

SH MY WIN

S WY
‘ON 1100

NOONY "H" 470 00§

B

L VINAM NIVINIVW 0L

1 V17130 NIYLINIYW 01

4008V - 406 T 4069Y - 404y TJ00CE 01 404C

TJ38 GE-/4+TNIW & INIL 404-/+008}
"NIW & -/+ &b INIL d0V-/+06%}
P10 APMASMIV 000G H'N
LBLY SWY

SMU MIADVAS ANV JLYTd 1MOA4NS FLIHAVMND
(88-53M)d IAVYMNI ' £88L-3-TTINW

1914 MIADI/LMMLS - JHUN

"H3NO1 og
THAPA LYS THATTY 6%
TADUNMNLS WANIVYA BY

TH3HIO0 LY
S3RWIL

CTON M3ILY3IH NOILDNANI
C1Y3IAML 3Zv¥dg 1504
$319Y MOd SYD

CTON JIYNMNNL T SOWLY
CALYM ONIT00D

"31VM ONILIV3H

1 v1L13d

cdW3Il 3ZvMA

“4W3l VOS

:34AL M3IANIA

$70348 A0V ONIZVNA
“8§M0113d 40 CON
"NOISSIAHAW0OD INIMAS
CSONINGS 40 TON

ON 1001
CNOTIVYIIHIO34S

M TN o
- e

d

O » C
R ol

-t T IN OO0

——— }-GEBYI WMNOA  ~m-emmmeemeeeees 3INAIHDS FZYMT - mmmmmm o ——————

S3TNA3IHOS 3ZvHA 1NY1S

Z378vl

89-62543
Page 32



TA3NIJ0 ST LMOL3N MILNA NIVINIVW ANY "9H ¢ 01 3INNSSIH4 3IHL

AiSNCAY "400814 LY TONTIZYME MILAY 40084 01 d3T003 SYH L1M¥Y4 TILNN
NIVINIVW GNY "OH 0% 01 3IMNSS3IMG 3JHL L1SNray " 400531 1Y 4008t 0L
ANITAWY WOMA NIVINIYW ANY "9H .t 01l 3MNLXI4 993 3INNSSIMNA I HIvd
TNOTLUNIWYINOD LINJAGNA 0L SAWTL TUMIAIS NOINY HLIIM 99d WNNIYA 1114
aNY 394N "NOINY HLIIM IHNSSIMA INIIHWY 0L 14M0v3 ONY "9H ,0f Ol

J3INNILNOD
LMO13Y JLIVNIYAI N3IHL ' "9H .0 0L 3HNLXIZ v INNSS3IN4 ILIYNIVAI

TONIZYNT INIMNG INIWIAOW LNIATMA 0J ANYSSIOIN SY IMO44NS ANV
HLI¥V3IH JOUNMNS 3A0AY 9 ATTHIVRIXOMA4Y JHNLXIS ANV 1MY4 NOILISOJ
S A MY W 3IN

"HIMOL
THLIYA 1VS THNY
S3IUNMNA WHONJYA

"M3H10

CSAWY C3WIL
CON 1103 STON M3LVY3H NOTLJNANI
SAV3NL 37ZvNA LS04
NODMY —~-"H 470 02-/+400% “319N M0O1d Svo
8 CTOM O 3IVYNNNA T SOWLY

TAMNLYMIANTL

WOOM 01 000 MIV " 4064 01 77000 3IJUNMNA “ALVYN INITO0D
S+l Y1730 NIVANIVW O4L S319N ONILY3IH
TAOLEHY - HO0ETH008) —405) T JO0TY 0L JOGT 1 vl173a
TIAS 0L-/+TNIW S AWIL 404~-/+086} TdW3L 3ZvNa
"NIW & ~-/+ Gt ELIY 404-/+008} “dW31l AYO0S
004 TN c3d4AL M3IANIA
8Ly SWY 2733485 AGTTIY OINIZYNAg

"SMOT1T139 40 CON

CNOISSINAWOD ININAS

“SONIMNAS 40 "ON

‘ON 001

(B88-SAM)AT FAYMI "£8B82~-I-11IKW "NOILYIY 412348

SLANJYC/7A309 LNMLS - IWYN

oc
64
8}
ra

maino
-

O ~ 4

M TNON DO -~

—w b GRBLE WM0d e JINAAHDS FZYME e o e e

(penunuo))
S3INAIHOS 3ZvH9 1NYLS

43719v1

89-62543
Page 33



"3A0AY (31410345 SAWYN INIZudE 3HL SV 3NV

3H1 39 01 SdWYN NMOG 007 ONY 4N LY3H “S3ILNNIW 0f ¥0d4 dT0H ANV
FANLYHIDWIL 40623 - 40023 LY DNIZudA Ol ¥OINd NV3TD NIIONAAH
MmN uan JUITAT ININVITD NIDOUAAH Husunsusnnnnn

"3A09V Q3LVIIANI
SY 3Zvid TUNIDIMO 3HL SY 3MNAIJ0Md IWYS - & ANV §"ON 3ZuNd3Iy

“319Ud INIIN3IANOD ANV LV 3INNLIYNI4WN3IL WOON OL 1000 306 WONd (Ef
T(TSMH 0Z SvN03I J00Zt SN4 1003 3ITYNANA SR

400¥1) Q3IHIVIY SI "S¥H OC 40 3WIL INISJY TWL0L ¥ TILNN d0H aNY
4GZ-/4+ 06T} 01 "HH/4001 ATILYWNIXOM44Y 1V 4GZ~/+ 00¥4 WOM4 100) (C
"SMH 8 N¥O4 QTO0H ANV

3SC~/+ 00F1 Ol WNWINIW "MNH/4009 LV  3uNLYNICNIL 3ZVH¥d WO¥4 100D ()
*SMOTT04 SY 3TDAD 3ZvHAa 3IHL HLIM ATLINIMMAONGD $2-1H M3d 1v3NL 1V3H

TINIZVMA N314V 40064 Ol

ST00D LMvd TILNN NIVINIVH ONY °"OH .0 01 3ANSS3IN4 LSNIQY 40003 LV

T30001 01 JMNIVMIGHIL AINITAWY WOM4 JUNLIXIS 993 INNSSINA NI "9M .0F

NIVLINYW “NOILYNIWYLINOD IN3A3MN4 0L S3WIL1 TWM3A3S NOOMYY HLIM 294

WNNJYA 14 ANV 398Nd "NOINY HLIIM 3dNSSIMd INIIAWY 01 1I4IvE

J3ANNILNOD

ANV "9H .O0F Ol LNMOL3Y 319vNIVA3 ' "9H .0f OL 3IMNLXI4 993 INNSSING

31VNIVAZ "INIZYMA INTMNA INIWIAOW INIFAIML OL ANYSSIOIIN SV 1¥044NS

THLMVIH 3IYNNNA 3A09Y .9 ANIIVRIXONAAY 3IMOLIXIH ANY L¥Y4 NOILISO4
SAMHMVYH3IN

“HI¥OL
THIVE LWS TWRTY
C3IYNNNS WANIVA

‘¥43HI10

Sany =L EY
*ON 7102 "ON ¥3LV3IH NOILINANI
Tl¥3INL 3ZvNA LS04
NOIMY -"H 37D O0C-/+00E “31vN MOd SV
8 S TON JJUNNNL " SOWLY

TINIWIFINOIY “IN3IL YIT3A IHL IAINN3A0

TIVHS IN3WIYIN Lv3IH ¥04 31v¥ NMOd 1003 $31vy¥ INIT00D
1 ¥1730 NVINIVW 01 $31IYY ONILV3IH
3020Z-405° 4696} 0L 4054 N3IHL' J400T) 01 40ST 1 vii3a
“J35 OL-/+ NIW § EL2 SN 404 ~/4080C ‘dW3Ll 3Zvdd
NIW §-/4+ SV 3NIL 401-/+596} dW3l NVOS
P10 APMASNIYV "00S "H°N “3dAL HIANIA
valy SWY $733dS AOTv INIZvNa

:$M07734 40 CON

“NOISS3INAWOD ININGS

"SININLS 40 "ON

-ON 100t

(88-53M)3 3IAv¥D "£88L-d-1INW *NOILVIIAID34S

TAISSY TAQOd LNMLIS : INUN

--- V-S£B13 WMO4 —---mm--- ~===== 3INAIHIS IZYHE --————--—- mm—— e

(panunuo))
SIINAIHOS 3ZvHE 1NYLS

4319vL

14
-1
84
Ly

94
S
v
£

-

P
-

D -
- -

~MMETINO~ DO

89-62543
Page 34



"3NIA0 ST LMOL3IN TIINN NIVINIYW NV "DH .£ 01

AHNSS3I™G LSNCaQy 46964 LY TONIZUNMA MN3AL4AY 46964 0L d37000 SYH LNud

TILNN NIVINIUYW ONY "9H .0f 01 JMNSSIANG LSNray 459634 LV " 45968

OL INITAWY WOM4 NIVINIVW ONY "9H £ 01 3MNIXI4 999 IMNSSINA 1114

—®OYE CNOTLUNIWYLINOD LIN3AAMG 0L S3IHIL TYHM3AIAS NODMY HIIM Ivd 1714

ANY 39404 TNOIMY HLIM INNSS3MA LNITHWY OL TII430vd ANV "3H .08 0l

. dINNILNOD

1M0434 3LYNIVAT NIHL “"9H .0F 0L 3I¥NLIXI4 9vd I¥NSS3IM4 FLVNIVAI

TONIZUMA ONIMNG INIWIADH INIAIMA 0L ANUSS3IIIN SV 1H044NS ANV

HINVIH J2UNMNL JA0AY .9 ATILVYWRIXONA4Y IMNLIXIS ANV L¥Yd NOILISOd
ANV W I

*HIYOL
THIvE LTIWS WY

S 3IYNNNS WONJVA
"H¥3HLO0
" SdWY *3WIL
*ON 110D ©TON ¥31¥3H NOILINANI
$1¥3dL 3Zvdd LS04
NO9MY -"H™ 4] 0C-/+400% t31vM mMO4 SV
8 P TON 3JOUNYNA TSOLY
$.1 ¥1130 NIVAINIVW Ol TALYY INIT00D
S.1 91130 NIVINIYKW OL 234VN ONILV3H
T 40,00 - 405 48964 - 406y 4000 0L JOGC 1 vi3q
338 0E-/+ NIR & JWIL Joi-/+ 080C “dW3l 3Zviud
"NIW &-/+ GV NIl 404-/+ GP6) "dW3L NVOS
v 10 AVMASMIV 005 "E'N :3dAL M3ANIA
vBLY SHWY $70348 A0V INIZund

:§MO034 40 CON
"NOISS3INIWN0D INIAHLS
“SONIN4S 40 CON

*ON 1001
(88-5AMYA 3AYNI '£8BL-d-TIW NOILY3I4II3d4S

TATISSY LANJYE LdY CFHUN

~—= }-GEB1I WY0d - mmmee e IINAIHIS IZYHT ———=mmm oo

(penupuo))
S3TNAIHOS IZvHg 1NYILS

43719vl

oc
6}
81
L

N TINON D0

89-62543
Page 35



TAANAAD ST OLMOLAN TTIINN NIVINIYW NY "OH .£ 01
IMNSSINA LSNCAY 4696 1YV TONIZUME MAL49 46964 0L 317003 SYH 1yvd

TILNA NIVINIVH ONY "9H .0f Ol JIMNSSINL4 LSNrav

CAG96Y LY T 4G94V OL

INFIAWY WOMA NIPAINIVW ANY “OH & 0L ZMNNLXI4 9%d INNSSING 111144304
TNOTLYNIWYLNOD LINJAIMA OL SAWIL IWMIAIS NOOMY HLIM 2vd "SS344 1114
ANY 39404 TNOONY HLIIM 3INNSSANA ANITIWY 0L TI4MIvd ANV "OH L0f 0l

dQ3NNILNOD

LMDLIN FLVNOYAT NIHL ' "9H .0f 04 3IMNLXIH4 993 INNSSING FLYNIVA3
TONIZYME ONINNA LNIWAAOW LNIAIMA 0L AMUSSIOIN SV LH044NS ANV
HIMYIH JFOUNMNL JA0AY .9 ANZLVHIXOMA4Y JHNLXI4 ANV LNYd NOILISOd

S A ¥ 9 W I

P SdWY
CON 1100

NOOMY -"H"4'] 0T-/+400%

8

Sl ¥113d NIVINIUW O1

S.1 Y1130 NIVINIVW Ol

*40L08 - 306 46964 ~ 4084 H006CY 01 406T

I35 0E-/+7NIW & ELISN 404-/+ 08OC
"NIW &=/+ GV ELSS 401-/+ G961}

P10 AUNASHIV "00S TH'N
vBLY SWY

(88-5S4M)d 3AVHI " £88L-4-T1IW

ASSY LINIVUM ANYMNOL : JWHIN

“HOMO1 o2
THiIYG L9S THNOY 61
S3JVNAENG WNNDJYA 81
CM3HLO0 LY

TIRIL
PTON H3LV3IH NOTILONANI
CLvEML 3Z9NA 1504
T3LYN MOT4 SYD
CTON JOVYNMNS TSOWLY
T3L9H ONIN00D
T3V INILIV3H
:1 v113d
C4WIL 3Z9ud
“dW3L A0S
“34A1 H3QNIA
173348 A0V INIZvdd
*SMO0T39 40 TON
“NOISSINAW0T ININLS
CSONINAS 40 CON
“ON 1001
*NOILYIILIDZdS

MmTINO
- e

(&)
-

D -
- -

i< INOMN 00

—mm 4=GEB4T WHO4 —emmmmmmme e FINAIHIS FZYH oo e

(penunuo))
SIINAIHIS IZvHE LNYLS

Z318vl

89-62543
Page 36



TE3N3A0 ST LMOL3NY ILANA NIVINIVH NY "9H £ 0L

INSTIN4 LENCAY " 4008}
TIANN NIVINIVYW ANV " OH

ANIIAWY WOMA NIVINIVW
"NOILYNIWYLNOD LIN3IAIMAL

ANV 39404 "NOJOMY HLIIM

1V TONIZYMA M314Y J008Y 01 031000 SYH LMYA
«0f 01 3MNSS3INS LSOV ' 40083 1Y 40684 0L

ANV "OH o€ 0L 3INNLXId 993 3INNSSINL 1I1N3vd
0L S3IWIL "YHIAZS NOIMY HLIM 9vd "SS3IN4 114

FUNSSTIHG ANITAWY 0L TIIANIVE ANV "9H .02 01

TINNILNOD

LM0134 31VAIYAT N3IHL " "9H .0£ 04 3INNLXI4 399 ANMNSS3ING 3LVNIVAZ
TONIZYMA ONIMNG INIWIAOW IN3IAIMA 0L AMYSSIAIIN SV 1M0440N5 ANY
HLIMY3IH 3J0UNMNA JA0HY .9 ATILYWIXOMNA4Y INNLIXIS ANV 1MVd NOILISOS

S HMHMYWIN

“SdWY
"ON 110D

NOIMY ~"H™ 470 0C-/+00%

8

S.1 91730 NIVINIYW 01

S.1L Y113d NIVINIVW 01

"40£6) - 40§ 40081 - JO&GY 400CY 0Ll 406G
O3S 0L-/+NIK § IWIL 404-/+ 0L6}
TNIW G-/+ Gb JWIL 401-/+ 0081

PO AUMASHIV Q0L THTN

P8L¢ SWY

"3Yd TIOVA GC9 OONI LCYOT ANV JLIHAYMND T/}
(88-5dAMY3 3qVNI) "£88L-d-1TIW

ASSY L3NV dNUMMOZ  3HUN
STIVvY MO4 3Zvyd3y

“HOMOL oc
CHAVE LYS "WNTIY 64
“3JUNMNS WNNJYA 8%
“HIHLIO LY

C3WIL

“TON M3LV3H NOILINANI 9V

SlyIML 3ZvNd LS04 &
“3LYY MO1d SYD &

“TON 3IDVYNNN4 "SOWLY £}
:319M¥ INITI00D 2

©3494 IONILV3H 43

1 Y4730 o

“dW3IL 3ZvNa

tdW3l AVO0S

“3d4AL MAANIA

273348 A0V ONIZvMH
“§M039 40 TON
TNOISS3IHAWOT INIMNLS
“SONIMNLS 40 "ON

*ON 001
*NOILVYII4I03dS

-tiMmeTInor~ o0

o b-5EB8L3 WN0d e - FAINUIHIS FIZYHT — =~ e e

(ponuRUOY)
S3TINAIHOS 3Zvdg LNYLS

Z31gvl

89-62543
Page 37






£6v61L-9

00rL
008

r.[]l

00rL

008

|

¢
|

0S8

oGy
i

Jo

05¥L
1

058,

Jdo

A

3

mm,qmmoz_ ELL S .I.Iw_

I,H

006

00st

006

A

0051

T

Wl

056

01

0GGL

056

Y

b

i
.
0ooL

0ooL

oogt

il

0
Pt

0504

0691
2
b
YN

0SOL

0581

A
b
Ao

0014
q
Y
DLt

00} L

04

00LL

f

e

o

& —

’f

4u01L

061y

0S/1

0S/1

e
1L
W)

U
M)

- d

|

M
ud

»

0081
Y

oosi

0021

|

Y
K

|

A

0S2L

0S81

0S¢t

0s8L

0L

e d

i

00elL

1«

DOS |

/
AN M

006t

opel

104

M
lilg%¢

0561
nGeL

SB1

0sel

2YESR

M

q
LM

HEyL

0002
0oL

0okt

]

0t

0502
0SpL

/A

Lil

HH 4

3

N"

il

|
]
0051

DFLZ

[ —

B3-)

—(S31vd

ram——

*31LON) 37VOS SIHL WOHI —==

HNIVHIdW3L Qv3Iy

0G|
0SS1

022,

0081

|
#Qm M

NG dooy 4
2 T

kS

21 IR0a104







Yurwer w

JRp—
© = 3  —— > e s T ¥ =I ¥ +
5 te) T + = ¥ o
~40 (=1
1= [+ -
== L a7
JenT"2 —.9 z [
o™ 2" LS
- < >
3ISVIHONI WL —» & = =
lm (=)
3 (=)
= i = [
= o n — b
== 2 & = < g
: I
o amm~
S,
= =
S =) = 2 @
=T 3 8 3
p— I = =] S
X !‘ » » =
—
ff N k. "
T - =
BS 3 g g
- o ~— 2 =
= ==
=
~
/’ 3\ A, — o
A 2V ~ > ]
- Ehwss 2 = 3 8
N S E —
h  ad = =
. E ] Y
== ———— - per] o b :
=1 S R N A > z 2 e —
: ™ - . “ih N BN (= g z
- 4 —= ' g Ra'd =
NI l’nf“ﬂ =
= = =
N ~_3 > -
= = B S CEE=
S =) a
— e, =
— = -
T T
= I
_—r ~ — s
/.”’ o R m
. e E Py 9»1
{ov) —n o
g s —— <
<
N -
N . — ~ m -3
— ry
Q =T 8 D i
o - ¥, Vi S
o ’ﬁﬂ‘l =
Y e - -
" £ " >
- 1 % N.'”. -
2 g T s ‘ &
vy
~ = =S N —
(=] -
= ——
g & ~ === <
— v o ﬂ
=] T Al —yey
Ny =
A —3 rs " -
S31VOS LNIHI41a I3UHL =T, 3 — —
3 :3LON) 3TvIS SIHL WOHS = =
(1.) IHNIVHIJWAL gvay = =
. N — — b 1 N
o=% S== = = 3 S=TE
S=d& S=¢ ¥ S—=5R
@ @ o8 2y =
T ||..u
T 3=
— - - y - f—
S 7 s s 5 E
& 7 1Y [,
v (=]
— 35
o &~ b= — N
> 03 = [= 5T N
- S S = 1 S—.F
— ,

F 9 T 5o

’
T
a2y v

4 An0C104

T A% E oS






ORIGINAL PAGE IS
OF POOR QUALITY

o - =)
S
b o of——
~ - =1 S——
[=)
O = 2
w N
o~ READ TEMPERATURE (°F) <
—— FROM THIS SCALE (NOTE: =
8—¢% — THREE DIFFERENT SCALES) o5
==& < x=9
o~ X4
et ho=d
8 O
< -
& - e
o
-
o - S
S = g
(38 —
i X N
N § h
N I
~ ~ :
2 PR =
——" E——— ~—— ]
o -t —
Ry "~
= C 9 .
= n
B =)
S = S=
hard —
= -
- . —
S e
s ofF—
@ rs] —
— =
- {o¥]
O
oF—
2 S=
b - N
& < =2 S
= sl I
— a , o -
=2 S =
%
=
= = SE
- =i
~— =
o o
0o X o
© wr
" ——2f
~t
g —
h = SF
E (=] =l
> o u
- E 'c_) ‘g’
o ~
3 o s (=)
O
e St
ul
£+
==
ey -
-—o o —8
> it @
- | <«+—— TIME INCREASE
e
-
o d o
= - =]
8-19492

Figure 19. Braze Cycle Temperature History for PL Cooling Jacket-to-Support
Structure with Palniro 7 Filler Alloy
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The design provides for independent fabrication of the cooling jacket and support
structure as the forward and aft sections. Fabrication of the formed support structures
involved grinding the material blanks flat to final thickness, brake forming to the general
shape of the wall contour, and hot forming the rough shaped walls into the precise shape
for brazing the walls and bulkheads (wire EDM was used to generate the hot forming
mandrel). After final machining, the Inco-718 support-structure elements were braze-
assembled in a single operation.

The cooling jackets have photochemically machined (PCM) Ni-201 pin-fin surfaces,
0.035-in. thick overall, that are brazed in the flat to a 0.010-in.-thick Ni-201 back sheet. The
brazed subassemblies were pressure tested and holographically evaluated for braze
voids under pressure load prior to delivery. The holography technique employed uses a
double exposure of the test item at two different internal pressures. With this technique,
discontinuities in the resulting interference fringes are used to locate braze voids
(deflection differences).

The strut final assembly includes the assembled support structure and cooling
jackets, mounting pins, and top and bottom cover plates. The assembly is boited and
mechanically sealed against the wind tunnel wall. Figure 22 is a layout of the strut
installation and shows the design of the mounting system.

The strut will be installed for the wind tunnel tests such that the tunnel walls are
approximately 0.50in. from the first set of fuel injectors at the top and 0.34 in. from the bot-
tom fuel injectors. If forms a clearance fit with the top and bottom wind tunnel walis; the top
is attached with pins. Tunnel wall seals (ltem 7 in Figure 22) are clamped on each side, top
and bottom (ltems 2 and 3), and they restrain the strut laterally. The bottom is not fixed in
the span-wise direction to allow it to expand and contract and to accommodate installation
tolerances. Since the bottom surface is shielded from the hot gases, the bottom cover
plate need not be cooled, and a simple solid plate can be used instead of a cooled plate.

The mounting pins at the top have a diameter of 0.92 in. and 1.4-in.-diam. collars,
which are brazed to the support structure (see sketch under para. 4.2.2). These pins are
large enough to accommodate and distribute the induced loads into the strut structure
through the strut bulkheads. To improve the load carrying capability of the support struc-
ture in the area of mounting pins, the thicknesses of the bulkheads of the parallel fuel injec-
tor manifold were locally increased from 0.08 to 0.17 in., for a length of 1.00 in. Figure 23
(Drawing 195588) shows one of these bulkheads. The increased bulkhead thickness
almost doubles the section modulus of the structure at the mounting pin attachment
points.
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4.2 Design Investigations

The basic design of the strut was defined as part of a previous study (ref. 2). Design
activity in this program was limited to modifications to facilitate manufacturing, to accom-
modate interfaces with the planned NASA-Langley wind tunnel, and to selectively reex-
amine critical design features.

4.2.1 Sealing. —High temperature seal material is required for the gasket that forms the
seal between the strut and the seal retaining block that bolts to the wind tunnel wall. Since
some seepage through the seal was judged acceptable, commercially available, square-
braided ceramic fiber, 0.25-in. by 0.25-in., was selected.

4.2.2 Strut mounting. — The strut mounting pin design accommodates the thermally and
aerodynamically induced loads on the strut, and forms an important interface with the tun-
nel. The plate that provides sealing at the strut-tunnel wall interface supports the strut
loads and substitutes for a pin and ball mounting system at the bottom of the strut. The
seal plate is sized to allow unrestrained spanwise movement and to resist lateral and
airstream direction loads.

The loads imposed on the strut are defined in ref. 2. These loads represent upper
limit values that were obtained with an analysis that considered the top pin support to be
rigid. Hinge action and the flexibility of the adjacent engine structure were ignored.

The loading on the hinge pin, as shown below, will result in bending and shear
stresses at the braze joint. Fromref. 2, the resultant of the vertical and horizontal loads is:

F = (42000 + 19000%)"

F = 46,700 Ib
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The pin reaction is:

TOP VIEW
0.8 BULKHEAD

P = (46,700) ( 1.75) = 21,350 Ib ) / sy
PARALLEL

— | —L FUEL
T | / ] INJECTION
// MANIFOLD

-

Bending moment at plane AA is:

14
0.92
|
T
|
1
;

I

=
!
7
)

M = (21,350) (0.37) = 7900 in.-Ib

Stresses at plane AA: 0.37 le—
-

M 7,900 | | e
=~ 7  (0.0982)(1 = 29,30 bend
- (0.0982)(1.4)3 300 psi (bending)

21,350
(/4) (1.4)2

= 13,870 psi (shear)

Equivalent stress:
oe = |29,300% + (3) (13,870)2 * — 37,900 psi

Since the braze joint strength will approach parent metal strength (over 100,000 psi),
the simplified analysis above was judged sufficient to indicate that the hinge pin design can
support the imposed loads. Specifically, the seal analysis in ref. 2 considered hinge rota-
tion and engine top wall flexibility. The resulting strut deflections from that analysis were
considerably lower than had been previously obtainedin the rigid pin analysis, as indicated
by the seal gap changes. The lower deflections obtained with the more inclusive model
correspond to lower actual loads on the hinge pin than the ones used above.

The strut mounting design is shown in Figure 22. The pinis free to move spanwise,
and the lateral loads will be carried by the top and bottom seals and seal plates. Contact
stresses of a few thousand psi can be expected and will be borne by solid regions of the
cooling jacket assembly.

4,2.3 Coolant flow distribution. —Flow distribution within the cooling jacket was another
critical design area that was reviewed. The analysis covered: (1) side-to-side flow distribu-
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tion and (2) top-to-bottom flow distribution. The preliminary analysis of flow distribution
and manifolding is reported in ref. 2, pp. 63-87.

4.2.3.1 Side-to-side distribution: Flow distribution, pressure drop, and heat transfer
analyses were conducted on the side and center passages, which have different heating
rates and heat loads, to estimate the maximum metal temperatures. Uniform spanwise
(t