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SECTION I
INTRODUCTION

A. BACKGROUND-
In reusable; high pressure rocket engines, high heat loads:are:imposed. .

uponithe thrust chamber walls, particularly at the nozzle throats: . For.such: -
engines regenerative cooling has traditionally been employed to meet:the: "

~cooling requirements..  However, in regeneratively cooled-chamberss:burnout: .
and thermal fatigue are serious problems that Timit the 1ife and chamber:
pressure capability of the engine. These problems can be overcome:by-the use..
" of transpiration cooling of the critical.regions of: the:thrust. chamber,: such: -

as the throat section. However, for transpiration.cooling certain critical

~technology issues must be resolved before this cooling method.can be -

successfully: applied.  These issues are related to fabrication; minimizing:
the coolant flow ratej-and coolant flow distribution to assure uniformg.,
consistent-wall temperatures.

In past. technology work on transpiration cooling; the porous. wall:
through which:the coolant flowed was usually a woven wire screen-and the -
entire inner wall surface was transpiration cooled. Difficultiesiwere:
encountered in. fabricating the chamber in:this manner, particularly: in:»
attaching the porous:-matrix to the supporting structure. In addition,"
performance.losses*wérevhigh‘because of the large surface area to be-cooled;.
and: coolant:: d1str1but1on was. difficult, part]y because of the:randotp poros1tyt:
character1st1c of the woven wire screen.

Recently,: technology improvements have been made in ssome of these areas:
applicabie to the:design ‘and manufacture of transpiration cooled chambéps.: .
For.example,. fabrication techniques, such as electroforming, photoeetchingy .
diffusion bdnding,land EB-welding, have. been advancéd.vuAlso, various:new: :

kinds of porous materials (called discrete porous media):haveﬁbeenuw




I, A, Background (cont.)

developed, utilizing processes like photoetching, Taser drilling, and other
proprietary methods, that provide more uniform controlled porosity; For
these discrete porous media, improved analytical models have also been
developed that are applicable to the design of transpiration cooled rocket
chambers. '

In order to reduce the perfokmance Toss associated with transpiration
cooling, it is necessary to minimize the coolant flow rate. This can be

accomplished in two ways: (1) by carefully controlling the coolant flow to
assure uniform distribution of the coolant over the cooled wall surface; and.

(2) by minimizing the surface area to be transpiration cooled. The
transpiration/regenerative chamber concept employed in this program was
evolved to meet these requirements. It provides: (1) positive coolant flow
control by utilizing discrete porous media and advanced fabrication
techniques; and (2) minimization of the cooled surface area, by the use of
transpiration cooling for the critical throat section only. Regenerative
cooling is used for the remainder of the chamber.

B. PURPOSE AND SCOPE
The feasibility of utilizing transpiration cooling in a rockef thrust

chamber is debendent upon the ability to: (1) fabricate a porous media hot
gas wall; (2) properly meter the coolant flow to accomodate a non-uniform

heat flux; (3) provide a Tong thermal cycle life; (4) minimize overall engine

performance loss; and (5) analytically model the design and coolant require-
ments.

The objective of this program was to experimentally evaluate a

transpiration-regenerative cooled rocket thrust chamber using hydrogen as the

transpiration coolant and to obtain design information and verification




I, B, Purpose and Scope (cont.)

of analytical models so that they may be applied in the future'to the design

- of high pressure (3000 to 5000 psia), reusable rocket thrust chambers.

C. GENERAL REQUIREMENTS

The basic design goals for this program were:

(1) Hot side chamber wall temperature not to exceed 900°F in either
the transpiration cooled or regeneratively cooled sections.

. (2) Specific impulse loss of less than one percent due to transpira-
tion coolng.

D. TECHNICAL APPROACH

To accomplish the program objectives, six discrete task'e1ements were
planned and implemented as follows:

1. Task I - Analyses and Preliminary Design

Task I consisted of the preparation of thermal and hydraulic

~analyses and a conceptual mechanical design. Three types of analyses were
.performed: heat transfer, hydraulic and performance loss. The results of

these studies were utilized for the preliminary design of the regenerative'
chamber p]até]et details and platelet stack assembly. The preliminary
designs were submitted to the NASA-LeRC Project Manager for approval at the
end of Task I. '

2. Task Il - Detail Design

This effort consisted or preparing mechanical designs and detailed
fabrication drawings from the preliminary designs established during Task I.



I, D, Technical Approach (cont.)
A critical design review was held at NASA-LeRC after drawing completion.
Copies of all detail design drawings were submitted to the NASA program

manager.

3. Task III - Fabrication and Bench Testing

Component fabrication began after the NASA program manager had
approved the fabrication drawings. Fabrication of the trans-regen components
was completed and the engine assembled and proof tested to 2200 psi inlet
pressure. The platelet and regen section thermocouples were installed and
external leak tests as well as cold flow calibration tests were performed.

4. Task IV - Thrust Chamber Testing

The test facility was setup concurrent with Task III and the NASA
engine was assembled in the stand for checkout. After approval of the test
plan, the engine tests were conducted. A total of eleven tests were con-
ducted: four with the NASA water cooled regen chamber and seven with the
ALRC designed trans-regen engine assembly.

5. Task V - Data Analysis

This task consisted of the analysis, correlation and evaluation of
heat transfer data and engine performance 10ss due to transpiration cooling.
The heat transfer data analysis consisted of two parts: transpiration cooled
wall temperature data analyses and regenerative cooling wall temperature data
analysis used to evaluate the downstream film cooling effects produced by the
transpiration coolant injected upstream of the throat.




SECTION II
SUMMARY

A. PROGRAM OBJECTIVES AND SCOPE

The overall objective of this program was to experimentally evaluate
the transpiration-regenerative cooled rocket thrust chamber concept, demon-
strate the feasibility and measure performance loss. A secondary objective
was to obtain design information and verify analytical models 'so that this
concept could be applied to future high pressure, reusable rocket engines.

The planned program consisted of six (6) discrete tasks: Task I -
Analysis and Preliminary Design; Task II - Detail Design; Task III - Fabrica-
tion and Bench Testing; Task IV - Thrust Chamber Testing; Task V - Data
Reduction, Analysis and Evaluation; and Task VI - Reporting Requirements.

The program was planned so as to evaluate the Trans-Regen concept by
designing and testing a water regenerative cooled thrust chamber which
included a gaseous hydrogen cooled platelet assembly upstream of the throat
as shown on Figure 1. An existing annular injector and water cooled b}ug,
supplied by NASA-Lewis, were used for these tests. In addition, an existing
regeneratively cooled thrust chamber (also supplied by NASA-Lewis) was
utilized in reference baseline performance tests.

The transpiration cooled chamber section was fabricated from OFHC
copper platelets stacked axially such that the hydrogen gas coolant is
injected at low velocities normal to the chamber wall. During testing,
thermocouples installed in the transpiration section and the downstream
regeneratively cooled section indicated the effectiveness of both
transpiration cooling as well as the downstream film cooling effects.

- Platelet design approaches used during prevfous ALRC programs were used
on this program except that coolant passage sizes are somewhat larger than
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II, A, Program Objectives and.Scope (cont.)

usual due to the lower density of the gaseous hydrogen coolant. Coolant flow
control (metering) is obtained by choking in an isothermal region removed
from the hot gas side. Platelets are installed in pairs, i.e., a thin
‘metering platelet containing precisesly sized channels and a thick diffusion

platelet to provide internal cooling and an injection channel as well as a
conductive heat flow path from the hot gas side to the coolant inside the
- wall. '

The cylindrical regeneratively cooled chamber design was patterned
after the éy]indrica] chamber fabricated and successfully used at ALRC during
the Combustive Effects Program, "Combustion Effects on Film Cooling", Contract
NAS 31-17813, NASA CR-135052, Aerojet Liquid Rocket Company, Feb. 1977.

1. Program Tasks

The work to be performed within the six identified tasks is

summarized below:
Task I - Analysis and Preliminary Design

Task I consisted of analysis and conceptual mechanical design, the
end product of which was the preliminary design of the platelets and the
trans-regen thrust chamber. The preliminary designs were submitted to the
NASA-LeRC Project Manager for approval at the end of Task I in December 1977.
Three types of basic analyses were performed: heat transfer analysis,
platelet hydraulic analysis, and performance loss analysis. Results of these
studies were utilized for mechanical design of the platelets and pre-
liminary design of both the regenerative chamber and platelet stack assembly.
These analyses are described below:




II, A, Program Objectives and Scope (cont.)
a. Heat Transfer Analysis

There were four separate heat transfer analytical tasks:
(1) transpiration cooling analysis, (2) regenerative cooling analysis,
(3) two-dimensional analysis, and (4) film cooling analysis. During the
transpiration cooling analysis, hydrogen coolant flow requirements were
calculated using the ALRC transpiration cooled nosetip model. The model was
simplified somewhat in that the internal wall heat transfer coefficient was
assumed constant and a fin equation was used to account for conduction
effects within the OFHC copper platelets. The output of the analysis was:
(1) a prediction of the thermal penetration depth to establish the minimum
allowable distance between hot wall and metering channels, (2) predictions of
transpiration coolant flow rate per unit area as a function of axial
position, platelet thickness, and gas side wall temperature, (3) axial wall
temperature distribution, and (4) transpiration coolant outlet temperature.

The regenerative cooling analysis consisted of two parts:
(1) determination of the water coolant flow rate required for the NASA
regeneratively cooled chamber which was utilized in the reference performanhce
tests (Drawing No. CF 622069) and (2) design of the cooling channels for the
regeneratively cooled portion of the trans-regen thrust chambers.

During the two dimensional conduction analysis, the chamber
temperature distribution in the region of the upstream interface between the
regeneratively cooled and transpiration cooled sections was evaluated. This
analysis was performed using the SINDA computer program.

The HOCOOL computer program was used to perform the film
cooling analysis. This analysis was needed to estimate: (1) the performance
lToss due to transpiration coolant injection in the subsoni¢ region, and

e



II, A, Program Objectives and Scope (cont.)

(2) adiabatic wall temperatures downstream of the transpiration cooled
region. During this analysis, the coolant was assumed to be injected at the
midpodint of the transpiration cooled region.

b. Platelet Hydraulics Analysis

The platelet hydraulics analysis consisted of three parts:
(1) computer program modification, (2) metering platelet design, and
(3) platelet stack design. The DELPW computer program used to design the
ANTCAT transpiration cooled thrust chamber was modified to include low Mach
number gaseous hydrogen as a transpiration coolant. Compressibility effects
were accounted for by using the average density for each flow passage to
calculate the individual pressure drops.

The metering platelet design was based on the design used for
the ARES and ANTCAT chambers. The objective of the metering platelet design
task was to establish a basic design which can be used to meter the desired
coolant flow rate distribution (indicated by the transpiration cooling
analysis).

In the platelet design task, the transpiration cooled region
was defined and the specific metering platelet configurations were
determined. A prediction of transpiration coolant flow rate was made for
each stack and compared to the flow rate requirements calculated during the

heat transfer analysis.
c. Performance Loss Analysis

The engine performance loss due to transpiration cooling was
estimated for two preliminary designs. The Toss due to coolant injection

10
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II, A, Program Objectives and Scope (cont.)

in the subsonic region was calculated using the HOCOOL computer program using

‘entrainment fractions measured on the Combustion Effects Program and the
PTug Cluster Module Demonstration Program, Contract NAS 3-20107, NASA CR-135385.

d. Conceptual Mechanical Design

During Task I the mechanical designer interfaced with the
program analysts and created the following preliminary designs which were
documented on engineering drawings.

(1) Metering platelet design;
(2) Diffusion platelet design;

(3) Design assembly layout including an upstream regenera-
tive section platelet stack. '

Metering plate and diffusion plate thickness were determined
during the Task I des1gn and analysis work. The axial location and axial
Tength of the transpiration cooled section depends on the regenerative
cooling capabilities, performance loss, and metering capability.

Task II - Detail Design

This task consisted of preparing detailed fabrication drawings and
mechanical des1gns from the pre11m1nary designs established during Task I and
approved by NASA. A cr1t1ca1 design review meeting was held at NASA- _

LeRC in February 1978 pr1or to drawing release. Copies of all detail design
drawings were submitted to the NASA-LeRC project manager for review and
approval prior to fabrication under Task III.

The following detailed designs were prepared:

11



II, A, Program Objectives and Scope (cont.)

1. Top assembly drawing

2. Upstream regenerative section (inseparable assembly)
3.  Downstream regenerative section (inseparable assembly)
4, Platelet stack assembly |

5. Metering platelets

6. Diffusion platelets

7. Instrumentation platelets

Task III - Fabrication and Bench Testing

Component fabrication began after NASA-LeRC approval of the
drawings submitted in Task II. DUring this task, the components described
above were fabricated, assembled and flow testsed. The assembly was then
proof tested at an inlet pressure of 2250 psi, followed by external Teak
checks around the instrumentation and cold flow calibration. Prior to com-
p]etion of bench testing an engine test plan was prepared and submitted to
the NASA-LeRC project manager for approval. |

Task IV - Thrust Chamber Testing

Concurrent with Task III, the ALRC test facility was prepared so
that testing could start immediately after approval of the test plan. The
NASA supplied regenerative chamber assembly, see Figure 2, was instrumented
and assembled on the test stand. The first fbur tests used a range of
oxidizer-to-fuel-ratios to measure the influence of mixture ratio on engine
performance. The objectives of tests 101 through 104 were to check out the
ALRC test system and to measure engine performance without transpiration
cooling to be used as a reference for performance comparison. ‘

Engine tests 105 through 117 used the trans-regen chamber fabri-
cated in Task III together with the NASA-LeRC supplied injector and water

12
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II, A, Program Objectives and Scope (cont.)

cooled plug assemblies. Ignition wés accomplished with the external igniter
and power supply provided by NASA-LeRC. A Tist of the NASA supplied
components is shown on Table I.

Task V - Data Reduction, Analysis, Corre]ation, and Evaluation

This task consisted of analysis, correlation, and evaluation of
performance lToss and heat transfer data.

The experimental performance 1oss due to tranépiration coolng was
determined by a direct comparison of test results with and without
transpiration cooling. Heat transfer to the regenerative coolant and the
thrust of the plug coolant water was considered. —

The heat transfer data analysis consisted of two parts: trans-
piration cooled wall temperature data analysis and regeneratively cooled wall
temperature data analysis. '

B. TEST RESULTS

The test program was conducted in three parts:

1. Baseline regen cooling only - 4 tests

2. Trans-regen using hydrogen 3 tests

3. Trans-regen with helium 1 test -
with hydrogen _ 3 tests

The general results are summarized in the following paragraphs.
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TABLE 1
NASA SUPPLIED TEST COMPONENTS

Component ’ NASA Drawing Number
70 element GHp=L02 Annu]ar Injector CD 622347
Water Cooled Plug CF 621983
Regeneratively Cooled Chamber -
External Igniter -

Igniter Power Supply -

15




II, B, Test Results (cont.)

1. Baseline Regen Tests

A series of four hot fire tests, test numbers 101, 102, 103, and
104, were conducted with the NASA supplied regen chamber, drawing number
CF 622069. The test setup is shown in Figure 3. This testing provided
baseline performance data in addition to test stand checkout and calibration.

2. Trans-Regen Tests - First Series

0rigfna11y only a single series of three trans-regen tests were
planned using hydrogen as the transpiration coolant. The test series was
intended to progress from an overcooled chamber condition using a high
transpirant flow rate and a predicted wall temperature of 500°F to a low
transpirant flow rate and a wall temperature of 900°F.

The first trans-regen test, No. 105, yielded actual transpiration
section wall temperatures of 800 to 1200°F compared to a predicted
temperature of 500°F. It was decided to repeat the test at the same
operating conditions and coolant flow rate to determine if the indicated
temperatures would repeat. On the second test, No. 106, wall temperatures
were 800 to 1300°F. Prior to the third test, No. 107, the chamber was
rotated 60° counterclockwise to determine if the thermocouple orientation
with respect to the injector could be causing abnormal readings. On the
third test the temperatures were 1000 to 1500°F; somewhat higher than on the
previous tests. A complete temperature profile is shown in Figure 4.

The results of the first series of trans-regen tests indicated

that measured wall temperatures were running from 300 to 1000°F higher than
predicted. Possible reasons for the temperature disparity are:

16
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TC LOCATIONS

8l

TEST
NO. 12:00 | 1:30 | 1:40 | 1:50 | 3:40 | 3:50 | 5:30 | 5:40 | 5:50 | 7:30 | 7:40 | 9:40 | 9:50 | 11:30 | 11:40 |11:50
1 s [ N
105 | UPSTREAM - s - 645 1245
7 6 10 9
MID STACK - 835 - 1076 906
15
THROAT - 533 12| 135 ! 875 830'"
18 19 18 ) 17
BIV. NOZZLE 430 - - 451 - 838 410
2 1 S .
106 | UPSTREAM - - - - 669 1280
MID STACK - g3 | - ° 1230 *° 862 °
16 12 i 15 1%
THROAT - ® 550 151 940 806
16 19 18 17
DIV. NOZZLE 432 - 462 - 840 426
5 [y 3 2
107 | UPSTREAM - 1460
! 10 9 )
MID STACK i 1410 1080 - 1138
15 14 13 12 11
THROAT 1060 | 1005 - 667 154
19 18 17 16
DIV. NOZZLE 509 - 925 as’’| 522
d
o1 T.C. NUMBER
NOTE: 1)
& | TEMPERATURE

2) 12:00 IS VERTICAL CENTERLINE

Figure 4. Trans-Regen Temperature Data




II, B, Test Results (cont.)
a. An error in the cooling thermal models
b.  Non-uniform propellant mixing and combustion

c. Hot gas turbulence due to wall surface roughness caused by
platelet thermal growth and/or coolant slots

d. Hydrogen coolant reactivity with the combustion gases

e. Inadequate thermocouple to platelet heat transfer.
To answer some of these questions, prior to the second test series (test Nos.
107, 109, 111 and 113) new thermocouples were installed in the instrumenta-
tion platelets. Care was taken to maintain the thermocouple junctions flush
with the hot gas wall and the TC's were brazed into the platelets to ensure

good thermal contact.

3. Trans-Regen Tests - Second Series

The first test, No. 107, utilized helium, a non-reactive gas, for
the transpiration coolant. The results of this test were highly satisfactory
‘with measured wall temperatures on the order of 600 to 900°F compared to an ‘
analytically predicted temperature of 700 to 900°F.

Testing then progressed into the hydrogen cooling tests with the
intent of duplicating the operating conditions of the earlier hydrogen
coolant tests. The thermal results are shown in Table II. Again the
indicated hot gas wall temperatures in the transpiration section were signi-
ficantly higher than predicted although less severe and more stable than
those of the first test series.
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Coolant
Weoolant
Temp A Nom.
Temp B Nom.
Temp C Nom.
Temp D Nom.
WwH20PLUG
WH20REGEN

TABLE I1I

TRANS-REGEN TEST RESULTS

#111 #113 #115 #117
He v H2 Ho Ho
.1554  .0743 .0606 .0468 1b/sec
853.0 844.0 980.0 1122.0 °F
860.0 898.0 1210.0 1370.0 °F
785.0 803.0 948.0 1115.0  °F
465.0 490.0 493.0 505.0 °F
13.4 13.4 13.3 13.3 1b/sec
10.9 10.9 10.9 10.8 1b/sec
PLUG
INJECTOR
TRANS-REGEN CHAMBER
-y
= A
—— B W COOLANT
=
\-D-——-—’
wHZO REGEN
wHZO PLUG
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11, Summary (cont.)

C. FINDINGS

The test program was successful in that it demonstrated the effectivity

of transpiration cooling the converging throat section (usually the area of

highest heat flux) of a rocket thrust chamber. In this case the heat flux
was on the order of 35 Btu/in.2-sec and the transpiration coolant was

gaseous hydrogen. A plot of hot gas-side wall temperature versus hydrogen
transpiration coolant flow rate is shown in Figure 5.

Based on the test results it has been determined that the thermal
cooling models used to predict coo1ant'requ1rements as a function of desired
wall temperature do not adequately characterize hydrogen transpiration
cooling. Phenomenon that.are not adequately accounted for are;

(1) The effect of coolant carryover - characterist1c of film coo]1ng
(2) The molecular weight of the coolant

(3) Coolant reactivity

(4) Wall roughness - physica1 versus épparent.

(5) Accelerating flow field having a negative pressure gradient.

An analysis of engine performance indicates that specific impu]ée
versus overall mixture ratio appears to increase with increasing coolant flow
rate. A plot of measured specific impulse and theoretical specific impulse
versus overall mixture ratio are shown in Figure 6. It should be noted
however that this apparent increase in Isp with decreasing overall MR
(increasing transpirant flow rate) cannot be considered to be a "real"
increase in performance. Physical laws preclude the possibility of a real.
increase in performance in a chamber of conventional design with an optimally
operating injector. The reason for the performance trend illustrated in
Figure 6 is not well understood at this time.
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HOT GAS-SIDE WALL TEMPERATURE (°F)
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Figure 5. Platelet Hot Gas-side Wall Temperature versus
Coo]ant Flow Rate
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I1, Summary (cont.)
D. RECOMMENDATIONS

Based on the findings kam this program and the known analytical/
empirical discrepancies, the following recommendations for further

development work are outlined below.

1.  Model Development

‘This activity would develop performance and cooling models for the
platelet surfaces using discrete injection in the boundary layer (as opposed
to uniform blowing). The model should address wall geometry (platelet
thickness, slot size), coolant and freestream properties, freestream
acceleration and pressure gradients, and film cooling carryover. While the
model would be of a generalized nature, it should be critically evaluated on
its ability to correlate the test data obtained in the current programs.

Data from the literature may'a1so be emp]dyed during model development and
evaluation. ‘ '

2. Monolithic Structure Fabrication Technology

There is reason to believe that a smoother surface and improved -
cooling effectiveness would result from the use of a monolithic bonded
platelet structure in place of a loose stack. To date, however, the'bonding
of copper platelets has been limited. In addition there has been little
bonding of highly porous structures of nickel or stainless steel. This task
would evaluate platelet bonding processes and subsequent porous-surface
machining to evaluate the feasibility of designing and fabricating monolithic -
platelet cooling structures. ' '
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'II, D, Recommendations (cont.)

3. Program Dec¢ision Point

Prior to proceeding into hardware design it must be ascertained .
that the heat transfer and performance models are adequate design tools.
This should be accomplished through a rigorous comparison of model
predictions with existing test data. If it is apparent that a more
fundamental understanding and additional test data are required to develop
satisfactory analytic design tools, the program should be directed toward
conducting additional laboratory-type testing. Otherwise the program might
proceed directly into the design of a more representative chamber geometry
high flux design.

4, Alternate Program

In the event that the cooling or thermal models are considered to
be inadequate design tools, this program would be specifically structured to

obtain the information required to successfully complete the model

formulation work and might be viewed as a detour in the basic program. This
activity would use the existing test system residual from NAS 3-21029. The
platelets may be modified and/or re-metered. '

5. Design of Feasibility Evaluation Hardware

The feasibility evaluation would be conducted using 0g/Ho
propellants with NASA supplied injectors and regen cooled chambers. The
nominal range of operating conditions would be pressures of 2000 psia or
gkeater and thrust Tevels of 20K or greater (limits partially determired by -
the capability of the NASA hardware). The transpiration cooled platelet
stacks would be designed to maximize data acquisition and testing flexibility
and not necessarily to simulate a flight type design. The selection of
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1I, D, Recommendations (cont.)

platelet materials and the use of a bonded or é]amped configuration would be.
influenced by the results of the earlier fabrication technology investiga-
tion.

6. Testing and Test Data Analysis

. Initial testing would emb]oy'a fégenérative]y cooled chamber to
obtain baseline performance data. Subsequent_testing'w0u1d be with trans-
piration cooled hardware over a range of coolant flow rates. Cooling
effectiveness, performance lToss, and cooling carryover data would be
acquired. Testing at higher presure levels (above 2000 psia) should be
considered as a means of increasing the incident heat flux. The performance
and cooling data would be evaluated and compared with predictions.

7.  Analytic Model Update/Alternate Fuel Evaluation

' The performance and cooling models should be updated, if required,
based on the test results. The updated models could then be used in the pre-
Timinary design of high flux thrust chambers using RP-1, CHg, and C3Hg
as transpirants. The purpose of this preliminary design activity would be to
assess the feasibility of using these fuels as transpiration coolants in
advanced high pressure engines and to identify areas of uncertainty where
experimental data are required.

8. Program Decision Point

~ Based on the program results to this point, a decision must be
made as to whether experimental data should be obtained to expand the
technology base to include hydrocarbon coolants. Considerations must include
the need for the techrology (are the applications real?), the state of the
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11, D, Recommendations (cont.)

ana1ytica1 mode1s, feasibility of using some of the LOX/Hp test hardware

“for hydrocarbon cooling work (e.g., hydrocarbon cooling with LOX/Hy combus-

tion gases, etc.) and program cost. Part of the decision would be the
specification of the fuels to be evaluated.

If it is determined that hydrocarbon transpiration cooling data is
desirable, then it should be determined which items of existing hardware can
be used in the hydocarbon testing without compromising the test objectives,
and designing new hardware where existihg hardware cannot be employed. The
hardware would be designed for the same rnominal thrust level and pressure as
the hydrogen cooled engine.

9. "Flight Type Hardware Design

The purpose of this task would be to establish the performance and
weight which might reasonably be expected of a platelet transpiration cooled
thrust chamber. A preliminary design of a flight type trans-regen cooled
02/Ho thrust chamber would be prepared using the updated analytical
models and the fabrication experience gained during the program. The thrust
level and chamber pressure for the design point would be selected by NASA.
The mechanical and analytical design activities should be conducted in suffi-

cient detail to allow a chamber assembly drawing to be made and predictions

made on coolant flow requirements, performance, wall temperature and weight.
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SECTION III
DISCUSSION

A. PROGRAM START

A program work plan was prepared and submitted to the NASA Project
Manager for approval on 13 October 1977. Thermal, hydraulic and performance
analyses commenced 14 October 1977 and mechanical design 17 October 1977,
‘The NASA supp]ied regeneratively cooled chambef,Ainjector and plug were
received in late October. The chamber was cleaned and flow tested to assure’
that packing material had not entered the coolant pasages.

B.  TASK I - ANALYSIS AND PRELIMINARY DESIGN

1. Objective

Task I consisted of analysis and conceptual mechanical design
work. The end product of this task was a preliminary design for a
transpiration-regenerative thrust chamber. Three types of analysis work were
performed: heat transfer analysis, platelet hydraulic éna]ysis, and perform-
ance loss analysis. '

2. Analysis

a. Heat Transfer Analysis

‘There were four separate heat transfer analytical tasks:
(1) transpiration cooling analysis, (2) regenerative cooling analysis,
(3) two-dimensional conduction ana]ysié, and (4) film cooling analysis.
During the transpiration cooling anaysis, hydrogen coolant flow requirements
were calculated using the ALRC transpiration cooled nosetip model. The model
was simplified somewhat in that the internal wall heat transfer coefficient
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IIL, B, Task'I --Rnhlysis and Preliminary.Design.(cont.)

was. assumed constant and a fin equation was used to account fior cenduction
effects within the OFHC copper platelets.. The output of the anmalysis was:
(1) a prediction: of the thermal penetration depth to determine the minimum:
allowable distance between hot wall and metering channels, (2) predictions of
transpiration coolant flow rate per unit area as a function of axial
position, platelet thickness, and gas side wall temperature, (3) radial wall
temperature distribution, and (4) transpiration coolant outlet temperature.
The heat flux distribution shown on Table LII (from REP Table 1) was used as
the unblocked heat flux boundary condition.

The regenerative coo]ingvanaTysis consisted of two parts:
(1) determination of the water coolant flow rate required for the NASA
regeneratively cooled chamber utilized in the reference perfonuance'tests
(Drawing No. CF 622069) and (2) design of the cooling channels for the
regeneratively cooled portion of the trans-regen thrust champers.

During the two dimensional conduction analysis, the chamber
temperature distribution in the region of the upstream interface between the
regeneratively cooled and transpiration coeled sections was evaluated. This
analysis was performed using the SINDA computer program.

‘ The HOCOOL computer program was used to perform the film
cooling analysis. This analysis was needed to estimate: (1) the performance
" loss due to transpiration coolant injection in the subsonic region, and »:‘
(2) adiabatic wall temperature downstream of the transpiration cooled region.
During this analysis, the coolant was assumed to be injected at the midpoint
of the transpiration cooled region. |

(1) Transpiration Cooling Analysis

A parametric study was performed using the Bartle and
Leadon correlation (References 1 and 2) to determine the amount and distri-
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*Statjon 0 is Iocated‘at the flange face that interface with the injector body.

TABLE III

TRANS-REGEN THRUST CHAMBER OPERATING CONDITIONS AND UNBLOCKED HEAT FLUX DISTRIBUTION

OPERATING CONDITIONS

A.
Injector Propellants: Gas H2/LOX*
Injector Element Type: Coaxial
Nominal Mixture Ratio (0/F): 6.0
Nominal Chamber Pressure: 600 psia
Regenerative Coolant: Water at ]560 psia inlet pressure
. (Plug and Regen Chamber) o
: Transpi}afion Coolant: Gés H2.at 1500 psia maximum inlet pressure* :
Maximum Hydrogen Flow Rate: 2.0 1b/sec
Nominal Water Coolant Flow Rate: 25 1b/sec
Nominal Injector GH2 Inlet Pressure = 1020 psia
Nominal Injector LOX Inlet Pressure = 650 psia
Nominal Injector Hydrogen Flow Rate = 0.67 Tb/sec
Nominal Injector Oxygen F]ow_Rate = 4.0 1b/sec
*Ambient inlet temperature hydrogen '
B.  HEAT FLUX DISTRIBUTION
Station No; Axial Position, in. Plug Outéide Dia.; in.
*0 (Chamber) - -4.074 1.600
1 -2.074 . 1.600
2 -1.757 1.600
3 . -1.400 - 1.630
4 -1.000 1.738
5 -0.586 1.933
.6 -0.350 2.041
7 -0.150 _ 2.089
8 (Throat) 0.000 2.100
9 +0.150 2.089
10 +0.292 2.058
n +0.500 2.000
12 +0.800 : 1.915
13 +1.200 1.803
14 +1.563 1.690
15 (Exit) +1.926 1.599
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111, B, Task I - Aralysis and Preliminary Design (cont.)

bution of coolant réquired in the transpiration=codled sections Figure 7
shows the Bartle and Leadér heat flux b]ockagé.cofFeTatidﬁ»f@ﬁ transpira=
tion cooled walls. To perforin the caleulations a €onputér progran was
written, désignated BLKGE; which incorporates the Bartle and Léadon equation;
the fin equation for the distribution chahnels, dnd various othér éleéments.

A description of the basi¢ parts of the program follews: The Bartle and

~Leadon correlation used to geneératé the parametric data s described by

A/by = (1)

where:
¢ = blocked heat flux
Gg = unblocked heat flux
p FC* /ST,
F (PV)e/ (V)1
€5 = Cpc/Cp1
STo = hg/(eV)1 Cp1
hg gas-sidé heat transfer coefficient

i

"

1}

i

n

A subscript of "¢" indicates the coolant properties while a subscr1pt of "1V

indicates the freesstream properties.

The unblocked heat flux in Equation (1) is the heat flux
that has been augmented by a factor which accourits for the roughness of the
wall (see Reference 3)¢ Thus

d0 = 9o, unaug. Kp (2)
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YQ/qo, RATIO OF BLOCKED TO UNBLOCKED HEAT FLUX - .

1.0

——"—’ (DV)]

* o a/q, = —+——
(1493 -1
A l(Ea L
1 q L ¢ = FCU /STy
=
= F = (pv)z/(DV)]
*-.-
% = Lo/

= hg/(pV)] Cp]

0.10

0.02 , - I

= vk
b= FC /ST

Figure 7. -Bartle and Leadon Heat Flux Blockage Correlation for
: Transpiration Cooled Walls
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111, B, Task I - Analysis and Preliminary Design (cont.)

where:
1 if Re k /5T, < 10
K, =<1+%Eogm (Rek/gT;)—] : 1f10<Rekv’§T;.<104
L31‘fRek/S_T;3_1O4
and

i

Re free stream Reynolds number

>
i)

surface roughness, inches

The wall temperature may be predicted by:

Tw ) EEQF? ¥ Tci (3)
where:
2
ry = -'g ¥ %' +B
= hL/(pV)C CpCt
B = h_/kpt
km = Wall thermal conductivity
t = Platelet half thickness
Tei = coolant inlet temperature
hL = Tliquid-phase heat transfer coefficient
q = rate of heat flow

The Tiquid side heat transfer coefficient for turbulent
flow is evaluated by:

-.57
k T
b 0.8 Py 0.4 wlL (4)

- Re
de b b Tb

h .023
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I1I, B, Task I - Analysis and Preliminary Design (cont.) -

where: ‘
ky = Thermal conductivity based on bulk temperature N
de = Equivalent diameter
Re = Reynolds number based on bulk temperature
Pr = Prandtl number based on bulk temperature

TyL = Coolant side wall temperature
Bulk temperature

—
o
]

For laminar flow h_ is evaluated by using Figure 8.

The BLKGE program iteratively solves the simultaneous
équations (1) through (4), using a table to look up the material properties
at their correct pressures and temperatures. The program will either solve
for wall temperature given the coolant flow rate or the coolant flow rate for
a desired wall temperature and is thus a fairly versatile program.

The various inputs to the blockage program were obtained
from several sources. The gas-side heat transfer coefficients and the
chamber geometry were provided by the customer. The hot-gas properties were
obtained from the TRAN-72 computer program. The rest of the inputs were
obtained after several design iterations to determine their best values.

Figure 9 is a plot of wall temperature as a function of
coolant mass flux for four different axial locations (and thus four different
heat fluxes). This graph may be used to determine the desired mass flux of
coolant along the transpiration-cooled surface for each of the three
specified wall temperatures of 500°F, 700°F and 900°F. It should be noted
that the transpiration-cooled section is limited to the first 0.50 inches of
axial distance directly upstream of the throat. This constraint was placed
on the design to simplify the selection of platelet thicknesses and channel
dimensions.
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111, B, Task T ~ Analysis and Preliminary Design {(cont.)

The temperatures of the platelets at various depths and

~ wall temperatures are shown in Figures 10 and 11. By making the distribution

channels in the platelets 1.25 inches long the heat penetration into the
metering zone is kept to a minimum level. This is deisrable to make the
coolant flow in the metering channel independent of any temperature effects
in the distribution zone.

Two of the options available in the platelet designs

" were the mefering platelet thickness and the distribution platelet thickness.

Figures 12 and 13 illustrate the tradeoffs involved in thermal efficiency for
varying platelet thicknesses. The distribution-p]ételet was kept twice as
thick as the metering platelet based on some preliminary calculations for the
flow in the metering channels. The ideal wall temperature in Figure 12 is
the wall temperature that would be attained if the convective heat transfer
coefficient in the wall was infinite (thus making the coolant outlet tempera-
ture equal to the wall temperature). The actual wall temperature divided by
the ideal wall temperatuke is thus a measure of the thermal efficiency of the
design (a value of one being ideal and values greater than one representing
less efficient systems) and is plotted on the ordinate as a function of
coolant mass flux.

The ratio of actual to ideal coolant mass flux at the
throat is plotted as a function of .wall temperature for the various platelet
thicknesses in Fngre 13, This figure shows more directly the affect of
platelet thickness on the performance due to the coolant being injected inte

. the chamber. It can be seen from both Figures 12 and 13 that there is a

considerable advantage in using thin platelets. They cause less performance

“loss than the thicker platelets because they require less coolant to be

injected into the chamber for a given wall temperature.
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Figure 10. Trans-Regen Wall Temperature vs Depth at X = 0
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I1I, B, Task I - Analysis and Preliminary Design (cont.)
(a) Validation of the Blockage Model

To check the validity of the Bartle and Leadon ‘
correlation some existing data from the TRANSPIRE thrust chamber program (see
Reference 4) was used. Thé data from the TRANSPIRE report which was used in
the calculations was from tests made with N2Og and AeroZINE-50 as propel- ' -
-lants with a chamber pressure of 100 psia. The thrust chamber was fabricated |
from stainless steel platelets with a fin height of 0.20 inches and used
N204 as the transpiration coolant. The unblocked heat transfer
coefficient ranged from 0.00036 to 0.00066 Btu/in.2-sec-°F and the coolant
mass flux varied from 0.0016 to 0.0023 1bm/in.2-sec. These two parameters
of the TRANSPIRE chamber were an order of magnitude Tess than these of the
TRANS-REGEN chamber. Finally, the N2Og coolant in the TRANSPIRE chamber
experienced a phase change from a liquid to a gas, which of course does not
~occur with the hydrogen coolant in the TRANS-REGEN chamber.

The Bartle and Leadon equatibn was used to
calculate theoretical wall temperatures which were then compared with the
measured wall temperatures. The results are shown in Figure 14. The two
values for the gas-side film coefficient represent two locations in the
thrust chamber.

It can be seen from the figure that the Bartle and
Leadon correlation provides a fair correlation to the TRANSPIRE data. The *
data scatter present in Figure 14 is not surprising after considering the
many differences between the two thrust chambers which were mentioned above.

. An additional check on the results of the Bartle
_énd Leadon equation may be obtained by comparing its .results to those
obtained from a simple energy balance of the transpiration cooled section.
The uncooled heat flux into the wall is given by:
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I1I, B, Task I - Analysis and Preliminary Design (cont.)

/A = h  (Tp - Ty) , (5)
where:
qg/A = heat flux
h = gas~side film coefficient
Ty~ = hot gas recovery temperature
Tw = wall temperature

The enthalpy of the coolant as- it exits the wall may be calculated by:

hy = a/A (p;I/)c oy , (6)
where: :
hy = coolant exit enthalpy
b = percent of heat flux that is blocked
(oV)C = coolant mass flux -
h{ = coolant inlet enthalpy

Equations 5 and 6 are solved simultaneously for hw and the coolant outlet
temperature (equal to the wall temperature) may be obtained from a table of
properties for hydrogen. The wall temperature for blockage ranging from 20
- to 60 percent is plotted as a function of coolant mass flux in Figure 15.
The same curve as calculated using the Bartle and Leadon equation is also
showh along with a table showing percent of blockage for the various wall
temperatures.

It can be seen from the figure that blockages of
from 30 to 50 percent from the energybalance method corresponding to
blockages of from 50 to 80 percent from the Bartle and Leadon equation. The
difference is primarily due to the fact that the energy balance method .
assumes the coolant outlet temperature to be in equilibrium with the wall
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IIT,B, Task I - Analysis and Preliminary Design (cont.)

temperature while the Bartle and Leadon correlation produces a coolant outlet
temperature which is significantly lower than the wall temperature.

(2) Regenerative Cooling Analysis

The NASA supplied spoolpiece (regen chamber) shown in
"Figure 16 was analyzed to determine the safe regenerative coolant water flow
rate required, using the ALRC-HEAT computer program. The results are shown
on Figure 17 for both parallel flow and counter flow cooling. As can be seen
counteflow cooling yields a slightly higher safety margin, ratio of burnout
heat flux to heat flux, hence counterflow will be used. A water flow rate of
approximately 15 1b/sec gives a safety margin of 2 (100% over design).

Heat tranfer coefficients used for input were obtained
by using‘the heat flux values of Exhibit A of the NAS 3-21029 contract, see
Table III, together with a gas-side-wall temperature of 1350-1450° Rankine as
per verbal agreement.i These values obtained were slightly higher than
NASA measured values for 98%C*, especially upstream of the throat, hence were
considered to be conservative.

The regen section of the trans-regen assembly was also
analyzed, for various water flow rates, and the regen section analytical
design was determined to contain 72 channels formed by a standard .063 + .002
inch saw cutter, .053 + .002 inch deep with a wall thickness (bottom of
channel to gas-side) of .050 inch of copper. This is shown on the sketch,
Figure 18. A thicker wall is used (.050 instead of .035 in. on the NASA
chamber) which will be capable of higher pressure operation, if desired, for
the future.
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Figure 16.

NASA-LeRC Regeneratively Cooled Chamber
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ITI, B, Task I - Analysis and Preliminary Design (cont.) ,
(3) Two-Dimensional Conduction Analysis

Results of a two-dimensional thermal analysis at the
upstream (X = 0.5 in.) and downstream (X = 0.0 in.) junctions of the platelet
stack assembly and regenerative sections are shown on Figurés 19 and 20. It
should be noted that a significant "temperature spike" had been expected to
exist at these junctions hence the two-dimehsiona] thermal analysis (which
does not include ahy downstream film cooling effects) was conduéted;_

The maximum calculated wall temperature at X = -0.5 in.

~ was 955°F and the maximum wall temperature at X = 0.0 in. was 1134°F. The
surrouinding material gas side wall temperatures in the regen sections at X =
-0.5 in. was 676°F and at X = 0.0 in. was 855°F while the adjoining platelets
were nominally 900°F. The less than approximately 300°F temperature
difference, which is not a significant "spike", may be partially attributable
to the use of the high thermal conductance OFHC copper material as opposed to
steel for chamber construction.

b. Platelet Hydraulic Analysis

The platelet hydraulics analysis consists of three parts:
(1) computer program modification, (2) metering platelet design, and
(3)-platelet stack design. The DELPW computer program used to design the
ANTCAT transpiratioh cooled thrust chamber was modified to include Tow Mach
number gaseous hydrogen as a transpiration coolant. Compressibility effects
“were accounted for by using the average density for each flow passage to
calculate the individual pressure drops.

" The metering platelet design was based on the design used for
the ARES and ANTCAT chambers. The basic platelet configuration for the
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I111,B, Task I - Analysis and Preliminary Design (cont.)

transpiration-regenerative chamber is shown on Figure 21. The objective of
the metering platelet design task was to establish a design capable of
metering the desired coolant flow rate distribution indicated by the tkans-
piration cooling analysis. To accomplish the desired metering the design
included the following variables which could be changed from one platelet
pair to the next: (1) primary metering channel width, (2) secondary metering
length, (3) secondary metering channel width, and (4) primary metering
channe] length (clocking position). '

Coolant passage hydraulic design and behavior was modeled
with an existing hydraulic computer model which had been used to design
transpiration-cooled devices and predict hydraulic behavior on the ANTCAT
thrust chamber, Reference (4). The model was formulated for discrete

- pore injection and has been used to accurately predict flowrate over a

wide range of Reynolds numbers.

_  The steady flow energy equation used for data correlations
and flow predictions, which applies for both Taminar and turbulent flow, is:

i = AL APk + K+ LD, + (DN (7)
" where: ' |
- AP = total pressure loss, psi _
g = gravitational constant 32.174 ft/sec?
o = fluid density 1bm/ft3
w = weight flowrate lbm/sec
A = channel cross sectional area, in.2
fKC = contraction loss coefficient
Ke = ‘"expansion loss coefficient
f = friction factor
(L/D)e = equivalent length/diameter ratio for bends, tees, etc.
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111, B, Task I - Analysis and Preliminary Design (cont.)

i

channel length/hydraulic diameter '
hydraulic diameter = 4A/wetted perimeter

(L/Dp)
Dh

n

The friction factor correlation was defined for laminar flow

in rectangular channels by curve fitting the data presented in Reference (8).

The correlation thus obtained was:

f = (95.47 - 118.238Y + 127.95v2 - 48.73Y3)/Re (8)
where:
Y = channel aspect ratio (height/width)
Re Reynolds number M T
w = fluid viscosity, 1b/in.-sec
D = hydraulic diameter
A = cross sectional area

For laminar flow in circular tubes, the Hagen-Poiseuille
equation is used for friction factor definition. This equation reduces to

‘the following familiar relationship:

—h
it

~ 64/Re
For turbulent flow:

0.316 Re=0+25 for (2500<Re<30,000) from Blasius

0.184 Re~0-2 for (Re>30,000) from a simplification
of the Karman-Nikuradse equation

T -h —h
oo

The turbulent friction factor does not differ significantly between tubes'and
rectangular channels, thus the above correlations are used for both.

Use of this computer program allows both taminar and
turbulent flow metering to be evaluated and accurate predictions may be made
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11T, B, Task I - Analysis and Preliminary Design (cont.)

for both heated and unheated coolant. Although the model was based on
incompressible flow, minor modifications to the model allow consideration of
the Tow Mach number compressible flow behavior expected in the proposed test
hardware. The possibility of flow starvation due to coolant density changes
was minimized by using the hydkau]ié and thermal models to properly locate
metering passages and adequately size passages so that all gross coolant
density changes occur in a Tow pressure drop zone near the chamber wall.

Results of the platelet design and hydraulic analyses are
shown on Table IV. This shows dimensions of two metering platelet designs
which are employed at the axial Tocations shown on Table V. In addition there
are three instrumentation platelets, each 0.020 in. thick to accommodaté
0.010 in. dia thermocouples, which are located at the forward, midpoint and
aft end of the platelet assembly.

Mass flux as a function of axial location from the nozzle
throat (X = 0.0 in.) is shown on Figure 22 for the three platelet nominal
wall temperature designs, 500°, 700° and 900°F respectively. Two curves for
each temperature are shown marked actual and nominal. The 900°F wall
temperature is used as the design point and thus the best correspondence
between the actual and nominal curves are shown. The maximum difference (at
X = -0.5 in.) is less than 7.0 percent. As the platelet gas side wall
temperature deviates from the design point the wall becomes progressively

more overcooled and the fit between the actual and nominal curve degenerates.

For the 500°F wall temperature at X = -0.5 in., the actual mass flux is about
. 36% greater than the nominal mass flux.

Also shown on Figure 22 is a table that gives the supply

pressures and the integrated total mass flow rates through the transpiration
cooled platelet section for the three wall temperatures of 500°F, 700°F and
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METERING PLATELET DESIGNS

Number of Primary Channels
Width of Primary Channels
Length of Primary Channels

Number of Secondary Channels

~ Width of Secondary Channels

Length of Secondary Channels

Thickness of Platelet

TABLE IV

Design.
No. 1

e ——— .

6
0.032
1.395

24
0.016
0.750

0.004

Design

No. 2

0.038
2.291

24
0.016
0.750

0.004

Note: These dimensions do not include instrumentation platelets.

METERING PLATELET LOCATIONS

Axial Distance
Range

0.00 to -0.048
-0.048 to -0.384
-0.384 to -0.504

TABLE V

Design No.
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900°F. The actual GH2 flow rate was varied through egch platelet pair with
axial station. Individual platelet pair (metering and diffuser) flow rates
were plotted and are shown on Figure 23 as a function of axial distance for
the three nominal wall temperature designs. The corresponding GH2 coolant

outlet temperatures are shown on Figure 24.

c. Performance Loss Analysis

The engine performance loss due to transpiration cooling was
estimated for this design. The loss due to coolant injection in the subsonic
region was calculated using the HOCOOL computer program using entrainment
fractions measured on the Combustion Effects Program (Ref. 7). In one of the
transpiration-regenerative configurations (trans-regen #1), transpiration
coolant was injected in the subsonic nozzle region. The performance loss for

this subsonic region coolant was calculated using the method of Stromsta
and Husack.

There are two possible approaches for predicting the per-
formance loss due to transpiration. coolant injection in a trans-regen chamber:

1. A simplified semi-empirical stream tube model, and
2. The JANNAF BLIMP J computer program.

The simplified stream tube model was proposed for this program because it was
the most economical approach. This approach consists of combining two
existing performance loss models: the entrainment stream tube performance

Toss model, Reference 7, developed with NASA-LeRC funding for film coolant

injected in the subsonic regions and the supersonic injection region model
developed by Stromsta and Hosack, Reference 9.
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ITI, B, Task I - Analysis and Preliminary Design (cont.)

The entrainment model is contained within the HOCOOL computer
program which is in the ALRC library of computer programs. It is
characterized by an entrainment fraction which controls the rate of
coolant/core gas mixing. Since the model was designed for film cooled
- chambers, all of the coolant is assumed to be injected at one discrete axial
location. The entrainment model is applied to the trans-regen chamber design
by taking the midpoint of the subsonic transpiration section as the effective
injection point.

The supersonic region model was developed for subsonic
injection of coolant through porous mesh into the supersonic flow region of a
rocket nozzle. The model was greatly simplified by assuming: (1) the
‘effects of turbulent mixing between the primary and secondary streams are
negligible, (2) the presence of the secondary (coolant) flow does not affect
the primary stream performance loss factors, and (3) the wall static pressure
is unaffected by the secondary flow. For this program, these assumptions
appear reasonable in view of the small amount of coolant flow injected at the
nozzle throat.

Transpiration cooling performance 1osses were calculated
using the HOCOOL program (Ref. 7). These runs initially used an assumed
entrained fraction, based on past experience, of 0.03. A plot of predicted
performance loss (AIgp) versus GHp coolant to fuel flow ratio is shown on
Figure 25. Superimposed on this figure are lines for the three platelet flow
rate designs to obtain nominal wall temperatures of 900, 700 and 500°F. As
can be seen, the calculated performance loss for the 900° wall is
approximately 3 sec. This would represent a loss of less than 1% for a 2:1
expansion ratio nozzle with a theoretical vacuum specific impulse of approxi-
mately 350 1bg-sec/Tbm. For a nozzle with an expansion ratio of 30:1,
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III, B, Task I - Analysis and Preliminary Design (cont.)
vacuum Isp would be approximately 454 Tbp-sec/1bm and the transpiration
cooling performance 1oss would be Tess than 1% (0.77%) for the nominal 900°F

cooled wall.

3. Preliminary Design Review

, A Preliminary Design Review (PDR) was held at ALRC on 2 December
1977 in which thé drawings and supporting analyses were reviewed prior to
finalization for shipment to the NASA project manager. Several useful
suggestions resulted. Foremost of these was a recommendation to prepare a
copper platelet stack samp]e.for material handling familiarization and to
demonstrate machining and electro-polishing technique feasibility, using thin
copper p]ateTet materials. These fabrication experiements were accomplished
prior to the actual fabrication of the pTate]et stack in order to assure a
high probability for manufacturing success.

The transpiration cooled test section is fabricated by stacking
and clamping together etched platelets made from 0.004 and 0.008 inch thick
OFHC copper material. In order to provide the porous stack internal diameter
required, the platelet stack ID is match machined to the regen section
diameter, then the surface is electro-polished to open up the passages.

C.  TASK II - DETAIL DESIGN
1. Objective

The purpose of this task was to develop the Trans-Regen chamber
and platelet design details. |

64




IIl, C, Task II - Detail Design (cont.)

2. Detail Design

[t had been previously determined that the required variation of
GHo mass flux could be accomplished with two platelet designs differing
only in the primary channel widths and lengths used. The graph used to
choose the precise channel dimensions is shown in Figure 26, which shows a
grid of flow rate vs pressure ditop for various platelet designs.
Superimposed is the desired flow rate and pressure drop. As can be seen, the
desired curve is essentially dunlicated by two primary designs over a
pressure drop range of 150 - 250 psi. Hence primary channe] design dimen-
sions in inches were chosen ask0.032/1.395 and 0.038/?2291 for width and
length respectively for metering platelet designs 1 and 2.

Instrumentation platelets are used at three axial positions within
the stack assembly, forward at the center and the downstream face ending at
the nozzle throat. These correspond to axial distances (inches)of -0.5, -0.25
and 0.0 respectively. Each instrumentation platelet contains four gas side
thermocouples and one metering zone thermocouple to verify the calculated
thermal penetration pattern. Metal sheathed chromel-alumel thermocouples
were used capable of accurate temperature measurement up to 2400°F. The
smallest commercially available T.C.'s however are approximately 0.010 in.
0.D. necessitating that an instrumentation platelet thickness of 0.020 in. to
accommodate TC's as well as metering and diffusion channels. Figure 27 shows
the instrumentation platelet details. Since these platelets have a larger

gas side heated area they require commensurately larger metering f]ow‘areas

to accommodate the higher GH2 flow.
Platelet Radial Deflection
Concern was expressed regarding losses from boundary layer

tripping because of differential thermal expansion of the copper platelet
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I1I, C, Task Il - Detail Design (cont.)

stack resulting in separatioh and increased heat transfer. A differential
thermal expansion analysis was conducted to determine radial deflection of
the platelet stack in the thrust chamber assembly. The stack is sandwiched
between steel closures containing the fore and aft regen sectioné and pinned
together near its 0.D. The pins are secured to the aft steel closure
restraining the stack from outward (away from centerline) thermal growth.
Calculated therma] gradients'through the platelets at the design point (900°F.
wall temperature) were used in an axisymmetric finite element computer |
program that allows the use of nonlinear material properties (ABS5U). The
maximum thermal expansion calculated resulted in the stack closing on its
internal radius approximately 0.0058 in. This is the same order of magnitude
as the value assumed for the porous plate assembly surface roughness in the
heat transfer calculations (thermal enhancement). Hence an additional
boundary layer heating analysis was not necessary.

Artwork for the ‘copper platelets to be used on the fabricatibn
experiment was prepared. A fixture for electropolishing was designed and -
fabricated and platelet etching has been started. The purpose of this
experiment was to demonstrate finish machining and use of the
é]ectropb]ishing technique to remove machining burrs on the copper platelet
stack I.D. '

A thermal and fluid dynamics report has been prepared to summarize
the analyses of the transpiration cooled section of the thrust chamber.
These data have been presented in several of the previous monthly reports. A
copy of this report togethek with a set of detail drawings was forwarded to
the NASA-LeRC program manager for review prior to the CDR.

In order to measure the bulk temperature rise of the water in the
aft regen chamber it is preferable to take the measurement after reasonable
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III, C, Task II - Detail Design (cont.)

mixing of the water emerging from the channels through upcomer tubes has
occurred; i.e., in the manifold or downstream. This analysis was conducted
to determine the error involved in measuring coolant temperature at the

entrance of the crossover tube instead of inside the manifold at the exit of
“the aft regen section. The advantages of measuring the bulk temperature at
- this location include easy placement of the thermocouple and assurance that

the fluid is more thoroughly mixed. Heat loss from the fluid to the
surrounding hardware was calculated to be 14.2 Btu/sec resulting in a 1.6°F
temperature deérease. The analysis assumed a constant inlet fluid
temperature of 91°F and a constant wall temperature of 70°F. This assumption
of a constant wall temperature is conservative, actual measuremént error
should be somewhat less than 1.6°F.

An analysis was conducted to determine the pressure drop in the

'distribution'plate1et between the primary and secondary metering channels.

This channel has been blocked off in six sections to provide the metering
with more isolation in the circumferential direction. - In the instrumentation
platelets, which use a 0.500 in. long primary channel, coolant has to travel
further than in the other platelets that take into account the pressure drop
in the intermediate channel. Instrumentation platelets with the 0.500 in.

- long primary.channel require the fluid to travel the extra distance between
inlets of adjacent secondary channels resulting in the increased pressure

drop.- This additional pressure drop has been calculated to be less than 9
psi for the worst case of the 900°F wall. This is less than 3% of the total
pressure drop in the platelet and was not considered to be excessive.

3. Critical Design Review

The trans-regen program CDR was held at NASA-LeRC, Cleveland on 8

Feb. 1978. The program status was summarized and the detail designs of the
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III, C, Task II - Detail Design (cont.)

platelet stack and regen channels and their assemblies were presented along
with the analytical backup material.

The remaining program work was described using the program:
schedule and milepost chart and the test program sequence described in the _
program work plan. There'weré several comments and recommendations which are
summarized below.

1. Use of an uncoated water cooled centerbody (NASA-GFE) was
recommended in lieu of the Zr0» coated plug éupplied. This was recommended
since the coating could "spall-off" during testing changing the geometyic
throat area.’ An uncoated plug wds shipped from NASA and received at
the ALRC physics lab.

2. NASA had on hand and supplied .375 dia, high strength A-286
stainless steel bolts of the required lengths. A box containing 18 ea,
EWB0420-6H-74 x 5.3 in. long and 2 ea, EWB0420-6H-48 x 3.6 in. long bolts

with matching A-286 nuts were supplied for use on this program. The assembly. .

drawing B/M has been changed to reflect use of this hardware.

3. Thermal instrumentation will be Tocated along the Trans-Regen
‘chamber to avoid effects of two P taps approximately 180° apart Tocated in
the outer row of the GFE injector. NASA'S experience with this injector
showed that the P taps resulted in a downstream cold streak. Thermocouple
Tocations were verified by layout which §howed their centerline radial
locations were approximately half way between P ports.

4. The use of copper (OFHC) material for the platelets in this

program were questioned. This was verified to be the most coolant efficient
material to reflect their (NASA's) future mission requirements for high heat
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I1I, C, Task II - Detail Design (cont.)
flux. The coolant mass flux vs gas side wall temperature was calculated to
cool the throat station using three platelet materials, OFHC copper, Nickel

200 (or 201) and type 347 stainless steel.

Two sets of curves were determined for two heat flux rates of 35

- Btu/in.Z2-sec (this program) and 70 Btu/in.2-sec (future high Pc program

requirement). These are shown on Figure 28. It can be seen that for the
Tower heat flux rate (35 Btu/in.Z2-sec), copper platelets at a gas side wall
temperature of 900°F would require approximately the same coolant mass flux
as Nickel "at 1500°F and considerably less than stainless steel at 1800°F. At
the higher (future requirement) heat flux (70 Btu/in.2-sec), copper

p]ateléts were shown to be the most coolant efficient, requiring less coolant
mass flux than either the Nickel or Stainless platelet materials at their
higher operating temperatures.

D. TASK IIT - FABRICATION AND COLD FLOW TESTING
1. Objective

The purpose of this task was to fabricate, assemble and flow test

‘the Trans-Regen chamber. Photos of the completed forward and -aft regen

chamber sections are shown in Figures 39 and 40.
2. Fabrication

A fabrication experiment was conducted to investigate the use of
the electropolishing technique to remove machining burrs and open the OFHC
copper platelet passages cjosed during the finish machine operation. The
finish machining operation is required to match machine platelet stack I.D.
to regen chamber I.D.
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111, D, Task III - Fabrication and Cold Flow Testing (cont.)

A short stack of platelets (5 diffusion and 5 metering) were

‘prepared and mounted (pinned) between two heavy stainless steel plates and

the I.D. machined on a lathe. For the first attempt, depth of cut and
forward feed speed used were too large which tended to deform the copper
around the diffusion platelet openings. Subsequent attempts reduced machine
feed and'speed to avoid material deformation.

After machining, the shipment was assembled for electropolishing.
The assembly used is shown on Figure 29, a cyanide solution was used as the
electrolyte. Platelets were left in the electrolyte solution longer than
necessary. This assured that all machining burrs were removed and material

. removed from the diffuser platelet openings. However, in so doing,
‘individual platelet edges were rounded more than expected. After electro-

polish was complete electrolyte drained, and the assembly rinsed with
deionized water; a photomicrograph was taken at 22 times magnification. This
is shown on Figure 30. As may be seen, the rounded edges give the diffuser
channel outlets a "bellmouth" appearance; this will not adversely affect

GHp flow. The measured surface roughness across lands of the diffusion and
metering platelet stack was RMS = 12, using precision "Taly-Surf" measurement
equipment.

3. Heat Transfer Correction

A correction was made to the blockage computer program, used to

calculate coolant mass flux requirements, reducing the requiked coolant flow

vs wall temperature curve. This changed curve.is shown at the throat
station, x = 0, on Figure 31, together with thebprevious results. This
smaller flow necessitated reducing the primary channel widths (in inches) of
the two metering platelet designs from .032 to .026 and .038 to .030.
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II1, D, Task.III - Fabrication and Cold Flow Testing (cont.)

Revised metering channel flow rétes are shown in Table VI for the
instrumentation platelets. Channel dimensions and stacking sequence are
shown on Tables VII and VIII for the metering platelet designs 1 and 2.

The desirable mass flow rates for the instrumentation platelets
were based on calculations of platelet wall temperature for various flow
rates. Wall temperature calculations are essentially two-dimensional heat
transfer problems. However, upper and lower bounds on the true wall
temperature may be obtained by performing two one-dimensional analyses. The
first provides the lower bound by assuming that the coolant flow out of each
platelet cools only the section downstream of the outlet. The second anaysis
provides the upper bound by assuming that the mass flow rate from each
platelet is split equally between the sections upstream and downstream of the
outlet.

The results of these two analyses for the nominal 900°F wall are
shown in Table IX. Ty des is the actual wall temperature of the platelets
surrounding each instrumentation platelet and Ty aye is the arithmetic
average of the upper and Tower bounds on the wall temperature. It can be
seen that the desired wall temperatures at each of the three locations lie
within the temperature bounds as calculated above.

Actual and nominally required mass flux values for the revised
metering platelet djmensions are compared on Figure 32 for nominal wall
temperatures of 500, 700 and 900°F. It can be seen that at the design
cohdi'tion3 1.é., the 900°F wall, mass flux va]des are closely matched.

These same metering platelet dimensions, however, will result in -

higher than required mass flux which will give successively more overéoo]ing
for the 700 and 500°F nominal wall temperature curves. The supply pressures
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TABLE VI
INSTRUMENTATION PLATELET METERING DESIGN

Primary Primary Actual Desired

Axial Dist. Platelet Thickness Width Length - Flow: Rate Flow Rate Error

0.00 in. 0.004 in. 0.090 in. 1.395 in.  .002959 1bm/sec . .002811 1bm/sec  5.27%

-0.25 in. 0.004 in. 0.090 1in. 1.395 in. .002516 1bm/sec  .002376 1bm/sec  5.89%

-0.50 in. 0.004 in. 0.090 fn. 2.291 in.  .001904 1bm/sec  .001900 1bm/sec 0.21%
TABLE VII

FINAL PLATELET DESIGNS

Design Design
Number of Primary Channels 6 )
Width of Primary Channels, inches 0.026 0.030
| Length of Primary Channels, inchés 1.395 2.291
Number of Secondary Channe]s 24 24
Width of Secondary Channels, inches ~0.016 0.016
~Length of Secondary Channels, inches 0,?50 0,750

Thickness of Platelet, inches © 0.004 0.004



TABLE VITL
STACKING SEQUENCE OF PLATELETS

Axial Distance Design No. Dwg No.
0.000 to -0.427 in. O 1188636-6
-0.427 to -0.500 in. 2 1188636-7

TABLE IX

INSTRUMENTATION PLATELET WALL TEMPERATURE BOUNDS

Xy T

inches w’des Tw;min Tw,max Tw,ave
0.0 865°F 856°F 932°F 894°F
~0.25 900°F 889°F - 976°F 933°F

-0.50 846°F 845°F 949°F 897°F
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111, D, Task III - Fabrication and Cold Flow Testing (cont.)

used and the total mass flow rates for the transpiration cooled section are
shown in Table X.

Platelet wall temperature versus coolant mass flux were recal-
culated for various nozzle axial stations, i.e., at the throat and at X
=-.2, -.4 and -.5 respectively. The curves are shown on Figure 32. A
diffusion platelet is shown in Figure 33.

Transpiration coolant performance loss for the new (revised) flow

rates were determined. The percent loss (AIS/IVac x 100) is plotted on

Figure 34 versus the GH, coolant to total fuel flow rate ratio for various

expansion ratios. As can be seen, the performance loss is well below the
program 1imit of 1% for the nominal hot side wall temperature test condition

o = - :
of 900°F. Note that AIs (Ibase]ine)vac (Itrans-regen)vac and (Ibaseline)vac
is simply denoted Ivac' Note also that the coolant ratio is a function total
fuel flow, i.e., wf = winjector + Wcoo]ant'

4. Cold Flow Testing

The cylindrical regen chambers were water flow calibrated to
determine flow rate versus pressure drop. The forward and aft chambers were
flow tested separately, then assembled with the bypass connections, as shown
on the 1188636 assembly, and water flow calibrated. This was followed by
water flow calibrating the NASA-LeRC supplied cylindrical spool CF 622069 to
assurevitsypressure_drop characteristics Were similar. The results are shown

" on Tog=log ¢oofdinates on:FigUre 35.. As.was'expected'on‘the longer channel

Tength, the NASA regen spool had a higher AP than either the forward or aft
regen chamber but less than the equivalent length trans-regen assembly with _
the forward and aft chambers in series connected with the bypass tubing. The o
maximum water inlet pressure used on these tests was 1050 psi because of the
facility pumping limits. ' |
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TABLE X
SUMMARY OF COOLANT SUPPLY PRESSURES AND' MASS FLOW RATES

Test, Wall Supply Total Mass

No. | Temperature Pressure Flow Rate '
5 500°F | 996 . psia 0.07466 .1bm/sec
6 700°F 748 psia  0.04958 Tbm/sec
7 900°F - 627 psia ' 0.03587 Tbm/sec
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ITI, D, Task III - Fabrication and Cold Flow Testing (cont.)

During cold flow testing it was noted that several of the 10 mil
dia thermocouples in the 1188639 instrumentation platelets had broken at the
corner of the EDM slot. In addition, several others were inadequately staked
into their slots and after brazing were protruding above the surface of the
platelet. In order to dress these flat (below the slot surface) the metal
sheath material of several thermocoup]és would be removed exposing the -
insulation and the T.C. wires. Since good intrawall temperature measurements
~are of extreme importance to this program it was decided to make new T.C.'s,
rework the instrumetnation platelets and modify the thermocouple installation
by changing the braze from Nioro (Gold) to electroless nickel per sketch
2216~SEC-2 shown on Figure 36. This allowed plating of the T.C. sheath with
electroless nickel prior to staking the T.C. in the slot, before brazing, and
resulted in a much more satisfactory installation. In addition, since the -
heat penetration zone of the copper platelets has been shown to be within 0.5
inches from the I.D., the braze was confined to this zone and the slots
(grooves) sealed for leakage at the 0.D. with a free flowing cement. To
avoid breaking the 10 mil diameter thermocouples by sharp bends such as
resulted during handling and in shipping, the EDM slots were rounded at the
platelet 0.D. such that a minimum 10 T.C. dia bend radius on the T.C. wire
would result.

The trans-regen chamber was assembled with the piatelet stacking
sequence as shown on drawing 1188636 sheet 2. To facilitate handling the
three instrumented diffusion platelets (-2 and -3) were replaced by spare
(=1) diffusion platelets for cold flow. These were replaced after comple-
tion of the cold flow testing prior to the hot fire tests.

In order to conduct the cold flow tests, seals were fabricated for

the forward and aft end of the trans-regen assembly internal diameter. The
aft end plug included a chamber pressure measurement tap and an orificed
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III, D, Task III - Fabrication and Cold Flow Testing (cont.)

outlet which was connected to a pressure regulator. The stack inlet was -
connected to a high pressure GNo source which included a filter, a pressure
regulator and an instrumented, calibrated sonic orifice for flow rate
measurement. The stack inlet and outlet pressures and the orifice pressure
and temperature and the source gas inlet temperature were recorded. The
measured flowrates through the assembled platelet stack and the corrected
values for a 70°F nitrogen gas inlet temperature are shown on Figures 37 and
38 together with the predicted curve calculated for a 70°F gas inlet
temperature. As can be seen the actual pressure drop through the stack was
Tess than predicted. Hence, this stacking (clocking) sequence was used for
hot fire tests with the hydrogen gas coolant inlet pressures adjusted to
obtain the desired flow-rate.

Prior to assembly of the trans-regen chamber, several of the
component and subassemblies were photographed. The forward and aft regen
chamber assemblies are shown on Figures 39 and 40.

Partial stack (Section 1 only) and total stack cold flow test
results are presented on Tables XI and XII respectively. The partial stack
(Section 1) measured and predicted GN, flowrates vs pressure drop are shown
on Figure 41 for comparison. As can be seen fairly good correspondence was
obtained, measured and calculated values are within 10% of each other.

Circumferential flow distribution cold flow tests were also
conducted with the plate]et stack, in the Trans-Regen chamber assembly, using
a pie shaped rubber plug to seal over 290 - 300 degrees circumferential arc.
This allowed GN2 to flow through the platelet stack only over an approxi- -
mate 60° segment at a time. Thus separate tests were conducted for each
segment. Results are shown on Table XIII. As can be seen, circumferential
flow distribution was quite uniform. The maximum variation in segment flow
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TABLE XI

SECTION T ONLY COLD FLOW TEST RESULTS - TRANS REGEN CHAMBER

Test No.
Pin]et - PSia
Pchamber - psia

T (inlet) - °F
T (at venturi) - °F
GN2 Flowrate, ]b/séc

AP (across stack) - psia

Corrected Flowrate, 1b/sec

1 1A 2 3

4

5 6 7 8

620.6 621.9 629.3 633.3
569.2 552.5 534.7 491.9
75.2 72.9 71.8 679
66.0 65.3 64.7  63.8
.0691 .0810 .0960 .1170
51.4 69.4

94.6 141.4

.0697 .0814 .0963 .1165

624.9 1006.4 990.6 987.9 980.5

383.8

65.4

63.6

.1460

241.1

.1447

656.4 585.8 482.7 423.9
64.7 59.4 59.6 59.1
55.3 47.3 49.0 50.6
.2506 .2728 .2940 .3000

350.0 404.8 505.2 556.6

.2481 .2674 .2883 .2938
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TOTAL STACK COLD FLOW TEST RESULTS - TRANS REGEN CHAMBER

Test No.
Pin]et - psia
Pchamber - psia

T (inlet) - °F

T (at venturi) - °F
GN2 flowrate, 1b/sec
AP (across stack) - psi

Corrected flowrate, 1b/sec

633.1

585.5

64.1

56.6

.0838

47.6

.0828

TABLE XII

10

628.8

530.7

60.1

55.3

.1184

98.1

L1162

11
634.5

478.6

54.4

49.7

.1478

155.9

.1434

12

623.1

431.5

53.1

48.98

.1595

191.6

.1544

13

994.9

575.0

53.0

.2867

419.8

.2819

997.4

531.3

44.8

.300

466.1

997.8

486.8

54.4

41.4

.309

511.0

.299
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Segment No.

TABLE XIII

MEASURED CIRCUMFERENTIAL FLOW DISTRIBUTION

1A* 1B*
P vent, psia 413.4 413.4
T vent, °F 80.5 80.3
“p in., psia 97.8 97.8
T in., °F 73.4 73.3
W, 1b/sec .01088  .01089
AP, péia 83.1 83.1
Sig., - .05760  .05584
KW, /TE;QET' .00505  .00506
Six Segments
Flowed One at a Time
with P{é ghaped Plug

*Note: Suffix letters A&B indicate original and repeated segment tests; repeated at random.

**Note: Using the mean X = .005095 as an estimate of the true segment flow coefficient, we can
state with a probability of 0.99 that the maximum circumferential variation in kW will
be .000178, or within 3.5%, for this platelet stack.

! |

TRANS-REGEN PLATELET STACK COLD FLOW

421.8
79.9
96.4
72.6
011

81.7
.05557
.00521

X

w
"

!

1A-68B _
n

Y = —1A-6B

= %.005

3

114.5
79.6
96.0

72.3

.01092

81.3

.05557
.00514

S/vn = 3.25 .000173//T0 = .000178** (Standard Error)

4A
412.5

81.5
100.1

74.2

.01085 -

85.4

.05646
.00494

.005095 (mean)

.00173 (Std Deviation)

48
417.0

81.4
100.9

74.0

.01097

86.2

.05706
.00495

414 .1
81.8
101.1
74.8

.01089

86.4

.05656
.00493

412.3
79.9
92.0
72.8

.01086

77.3

.05289
.00537

412.1
79.8
92.0
72.7

.01086

77.3

.05296
.00537



‘111, D, Task III - Fabrication and Cold Flow Testing (cont.)

distribution Was quite uniform.. The maximum variation in segment flow
coefficient was within 3.5%, from one segment to another, over the full 360
degrees of platelet stack internal flow area (circumference).

E. TASK IV - THRUST CHAMBER TESTING

1.  Objective

The objective of this task was to empirically measure by hot fire
testing the hot gas wall temperatures in the transpiration and downstream ’
regen sections of the trahs-regen chamber and to determine the associated
performance loss. The basic test matrix, regen and trans-regen tests, is
shown in Table XIV. '

2. Test Facility Preparation, NASA Engine Installation and
: Checkout _ '

The NASA supplied main injector, regenerative cooled cylindrical
spoo],'and the water cooled center plug (uncoated) were installed and the |
test stand preparations were completed. The thrust carriage assembly, lines
valves, measurement equipment, etc., are installed in the test bay as seen on
Figure 42. A mounting separate from the engine stand was fabricated to hold

the igniter assembly, mounted to the deck and not connected to the main

engine thrust carriage. The ignition system plus associated plumbing was
installed with the igniter exit oriented normal to the'méin f]ow:centerline.
Existing GHp.and GO2 flow control orifices weré.used with slightly less
flow area than those used previously at NASA. The igniter was installed o
sufficiently away from the main engine exiting gas so as not to be heated
during the firing. This distance can be seen on Figure 43. Igniter check-

. out tests were conducted. These tests showed the igniter to be an excellent

torch throwing the flame well across the gas path from the main engine exit.
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TABLE XIV

TEST MATRIX

_ Core Transpiration
Test Type Test No. MR Coolant
Regen 101 5.9 None
Regen o 102 6.2 None
Regen 103 5.6 None
 Regen o 104 5.8 None
Trans-~-Regen 105 5.8 Hydrogen
Trans-Regen 106 5.8 Hydrogeh
Trans-Regen 107 5.8 .Hydrogen
Trans-Regen 111 - 5.5 Helium
Trans-Regen 113 5.6 ~ Hydrogen
Trans-Regen 115 5.9 Hydrogen
‘ Trans—Regén _ 117 5.8 Hydrogen
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IIT, E, Task IV - Thrust Chamber Testing (cont.)

The thrombone shaped lines connect the cylindrical spool dual
inlet and exits. An orifice was fabricated for installation in the regen
spool exit water line to maintain a back pressure of approximately 300 psi.
The water cooled plug and regen spool water flow circuits were flow checked
on the stand. Water flow rates were measured as 14.8 and 15.0 1b/sec f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>