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ABSTRACT

An analytical and experimental effort was completed to evaluate a baffle
type thermal conditioner for superheating 02 and H2 at supercritical
pressures, The thermal conditioner consisted of a heat exchanger and an in-

tegral reactor (gas generator) operating on 02/H2 propellants,

In compliance with the long life, fail safe requirements, the reactor
mixture ratio was set at 1.0 with cold gaseous propellant and hot gas
exhaust temperature was 750 R, Nominal operating conditions for the two

conditioners were:

2 22

Flowrate, lb/sec. 4,5 15.6
Inlet Conditions

Temperature, R 55 180

Pressure, psia 1600 1600
Qutlet Conditions

Temperature, R 225 400

Pressure, psia 1500 1500
Heating Rate, Btu/sec. 2800 1800

Primary emphasis was placed on the hydrogen conditioner with some effort
on the oxygen conditioner and a study completed of alternate concepts for

use in conditioning oxygen.

A hydrogen conditioner was hot fire tested under a range of conditions to
establish ignition, heat exchange and response parameters. A parallel
technology task was completed to further evaluate the integral reactor and

heat exchanger with the side mounted electrical spark igniter.
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INTRODUCTION

The National Aeronautics and Space Administration is currently engaged in
the development of a recoverable and reusable space transportation system,
commonly referred to as the space shuttle vehicle. As originally conceived,
the vehicle consisted of two separate manned elements, a booster stage and
an orbiter stage, each of which was individually recoverable. The space
shuttle vehicle was launched vertically on rocket thrust alone, with the
booster staging-off and flying back to the recovery site. The orbiter stage
proceeded to orbit under main rocket propulsion and, in orbit, maneuvered as
a true spacecraft. At the conclusion of its mission, the orbiter stage

reentered and flew back like a conventional aircraft.

The hydrogen-oxygen propellant combination was chosen for use in the main
propulsion systems of both the booster and orbiter stages because of its
high performance, relatively low cost, and nontoxic, noncorrosive nature.
These propellants were also selected for the auxiliary propulsion system
(APS) for the same Teasons plus additional benefits derived from commonality
between the main and auxiliary propulsion storage and feed systems. These
benefits include possible use of main engine boost residuals for auxiliary
propulsion requirements and potential flexibility in distribution of orbital
maneuvering propellant between the main engine and the APS to provide cap-

ability for a wide range of missions.

All of the requirements for auxiliary propulsion on the two stages were not fully
determined, The booster stage required auxiliary propulsion principally for
attitude control after staging and during the descent phase until the aerodynamic
control surfaces take over. The auxiliary propulsion requirements for the
orbiter stage were less clearly defined but included attitude control during

all phases of the mission from staging until returning to lower altitudes and

a variety of possible translation maneuvers. The space shuttle vehicle is to
provide low cost transportation to earth orbit to support a variety of missions,

including logistic resupply of a space station.



In order to achieve maximum cost effectiveness the space transportation
system will be designed for up to 100 flights (reuses) over a 10-year
operational lifetime and will be capable of relaunch within 2 weeks after
landing. The system will be designed to minimize required postflight
refurbishment, maintenance, and checkout. As a result the APS must provide
long life, high reliability, high performance, reusability, minimum com-

plexity, and minimal and easy system maintenance and refurbishment,

A variety of propellant feed systems were studied for the auxiliary
prbpulsion system. These systems differed greatly in configuration and
operating characteristics. One common characteristic, however, was the

delivery of gaseous hydrogen and gaseous oxygen to the thrusters.

Thermal conditioners were required in the auxiliary propulsion system to
convert {(at a maximum required flowrate) cryogenically stored propellants to
the gaseous state at a temperature high enough to minimize the possibility
of a phase change during use in the rocket engines. These conditioners

used hydrogen—oxygen as reactants to generate the hot gas required to heat
and vaporize the propellants. Conditioners consisted of a reactor and a heat
exchanger combined. The input cryogenic fluid was supplied by a pump, located
just downstream of the cryogenic stdrage tank. The output gas flowed into an
accumulator of sufficient size to store enough gas to operate the system
between the times that the propellant conditioner (pump and thermal con-
ditioner) are operating, A tradeoff is involved between accumulator size

and cycles of operation of the conditioning system. Also, conditioning

system response is a factor in the accumulator sizing.

The timing of the system sequence is a primary consideration because it affects
the size of the accumulator. The accumulator required to hold enough gas to
operate the system weighs nearly 1000 pounds per second of system operation.
(Assuming four thrusters operating). Typical time delay between the instant
the accumulator reaches its low pressure limit (about 500 psia) and the time
that the pump is supplying fluid tc the thermal conditioner is on the order of
1/2 to 1.5 seconds.



The thermal conditioning unit (hot gas generator and heat exchanger assembly)
used the same "on-off" signal as the pump (i.e., the low or high pressure
signal from the accumulator). This means that the thermal conditioning unit
can anticipate the flow of cold fluid by only 1/2 to 1.5 seconds. Likewise,
shutdown signal will provide warning of termination of the flow of cold fluid

by no more than 1/2 to 1.5 seconds.

On occasion, the filling of the accumulator will occur with all engines
"off", meaning that the conditioning systems will only operate for 2 to 3
seconds. Then, just as the accumulator fills and the conditioning system
shuts down, four thrusters can come on steady (for a translation maneuver)
emptying the accumulator within about 2 to 4 seconds at which time another
run period of the conditioner system is required. Therefore, the demand
intervals may be separated by as little as 2 seconds or as much as 24 hours.
Operation of the type described above is expected to be very demanding upon
the hardware in terms of reliability. It is easy to visualize hundreds of
cycles of operation in each mission. Failure of the control systems to
initiate the hot gas flow should not cause damage to the_conditioner unit.
Likewise, failure of the control system to initiate cold fluid flow should

not cause damage to the conditioner unit,

The environmental requirements for the propellant conditioner unit are

those to be encountered in assembly, checkout, launch, space flight,

reentry and landing of the shuttle orbiter stage. During all these situations,
the outer surface of the propellant thermal conditioner unit must not exceed
600 F as required by other equipments installed nmearby. This limit must be
maintained even though the interior of the compartment in which the unit is
installed may reach as much as 500 F, Essentially, this requires that the
thermal conditioner unit outer surface operate at 600 F or below even though

it is thermally isclated.



Cognizant of these very stringent requirements, NASA-MSC awarded Rocketdyne a
contract to analytically and experimentally evaluate a baffle-type thermal con-
ditioner designed to accomplish these requirements and to document the results.

This effort was to establish a technology base for this type of thermal conditioner,

eventually leading to a development and production program.

The results of this program are presented in this report.



SUMMARY

The objective of this program was to establish a technology base for a highly
efficient, compact baffle type thermal conditioner with an integral reactor
and heat exchanger. This was accomplished through the analysis, design,

fabrication and test of a heavily instrumental development type conditioner.

Criteria for the thermal conditioner were:

Minimum weight - hardware plus reactants

Long life - 100 missions over 10 years

Standard materials and manufacturing processes where possible
Simultaneous or individual operation

Unlimited duty cycle

1/2 to 1-1/2 seconds precondition time

Provide conditional fluid within 1/2 second after flow initiated

Cease to produce conditional fluid within 1/2 second after flow
terminated

s Hot gas flow only - unit could be safely shut down and could complete
mission

e Cold propellant flow only - no damage or degradation

s Outer surface temperature 600 F maximum - even with double failure

Nominal operating parameters as specified in the work statement were:

Cold Propellant Side LH, Lo,
Flowrate, 1b/sec 4,5 15.6
Inlet Temperature, R 55 180
Outlet Temperature, R 225 400
Inlet Pressure, psia 1600 1600

Hot-Gas Side
Flowrate, 1b/sec As Required
Mixture Ratio As Required
Inlet Temperature, R

H2 275 to 600
0, 375 to 600
Inlet Pressure, psia 375

The conditioner concept selected by NASA-MSFC to be evaluated on this program
consists of the integral reactor and baffle-type heat exchanger shown in

Fig. 1. Hot gases are generated at the forward end of the conditioner and
then ducted through relatively small passages between the slotted and formed
baffles through which the propellant to be conditioned flows. A baffle is

5



shown in more detail in Fig. 2. The heat exchanger and reactor shell used
channel wall construction and standard material and fabrication techniques
(Haynes-188 and stainless steel, electrical discharge machining, furnace brazing
and electron beam welding). The injector incorporated a trislot injection pat-
tern (where two fuel streams impinge on a central oxidizer stream). Ignition
was accomplished using a NASA-LeRC déveloPed torch igniter; valves are existing

ball valves. Nominal operating parameters are listed in Table 1.

Initial analysis on the conditioners consisted of establishing heat input require-

ments -to condition the hydrogen and oxygen to the specified valte.

Results showed the hydrogen conditioner had a required heat input range of 1500
to 5000 Btu/sec with a nominal requirement of 2800 Btu/sec. Nominal requirement

for the oxygen conditioner was 1800 Btu/sec.

The next step in the analysis was to establish nominal reactor mixture ratios
such that,under all conditions and failure modes discussed previously, the con-
ditioner would not be damaged should the reactor be on without flow of conditioned

fluid (i.e., hardware run uncooled).

A study of hydrogen/oxygen combustion temperature as a function of mixture ratio
and hydrogen inlet temperature (combustion temperature is virtually independent
of oxygen inlet temperature) resulted in a selected of a mixture ratio of 1.0

o/f for the nominal case of 275 R as shown in the table below.

Mixture Ratio 0.9 1.0 1.1

H2 Injection

T
T

275 R (nominal) 1890 | 2040 2200
600 R (maximum) 2200 2360 2520
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TABLE 1, CONDITIONER OPERATIONAL PARAMETERS

COLD SIDE
W, LB/SEC
PN, PSIA
Ty, R
Tour, R
AQ, BTU/SEC
BYPASS, PERCENT

HOT GAS SIDE
MIXTURE RATIO
W, LB/SEC
P., PSIA
Ty R
Too, R

HYDROGEN OXYGEN
CONDITIONER CONDITIONER
4.5 15,6

1600 1600
55 180
225 400
2800 1800

A 0
1.0 1.0
1.2 0.7
240 150
275 27
375 375




A trade study was completed to determine what reactant exhaust gas temperature
resulted in a minimum weight system. This was done for a system which conditions
5000 pounds of propellant at an MR of 3.5 to the values specified previously.

Both reactor propellant flow and heat exchanger surface area were determined for
the hydrogen and oxygen conditioners as a function of hot gas exhaust temperatures,
These were then combined to determine a minimum weight system assuming three con-
ditioners each for hydrogen and oxygen are used in the vehicle (as specified for
the Space Shuttle). These data, presented in Fig. 3, show that the minimum weight
System occurs at an exhaust temperature of 650 to 750 R. To minimize icing po-
tential at the baffle exit plane and downstream of the conditioners, the exhust

temperature was set at 750 R.

[
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Figure 3. Conditioning System Total Weight vs Hot-Gas
Exhaust Temperature

One additional parametric study conducted was to evaluate the use of bypass on

the conditioners. The advantages of using bypass are:.

1. Higher wall temperature at exit end, minimizing potential icing problems.
2. Allow for flow control to compensate for hardware fabrication tolerances.

3. Smaller, lower AP manifolds and reduced cross-section channels to reduce

conditioner weight.
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An additional and very significant potential advantage is that by proper selection
of bypass ratio it may be possibie to use the same size conditioner for the hydro-
gen and oxygen conditioners with  the attendant advantages in any application.
After considerable analysis,a 40 percent bypass was selected for tﬁe hydrogen comn-
ditioner. This same conditioner can then be used to condition oxygen with a by-
pass of ~5 percent,

The effect of bypass on the total weight of the conditioner, and thus on the hot-
gas exhaust temperature selection, must be considered in terms of reactant weight
and conditioner hardware weight. For a parallel flow conditioner as selected, the
exhaust gas temperature must be at least sufficiently high to prevent ice forma-
tion on the walls. In addition, the reactant exhaust temperature must be higher
than the conditioned propellant exhaust temperature, and the latter increases as
the amount of bypass increases. Up to a point, then, the amount of bypass has no
effect on the reactant weight, but when the bypass increases to the point where

it results in an increase in reactant outlet temperature, then the reactant weight
must increase. Once this happens, increased bypass will shift the total weight
curve upward and to the right, resulting in higher weight at a higher optimum re-
actant exhaust temperature. The second effect is that increased bypass results in
smaller channels, and thus lighter weight, of the conditioner. This would result
in slightly reducing the total weight and causing a somewhat lower optimum exhaust
reactant temperature. However, since the weight represented by the lands between
coolant passages is a small part of the overall weight, and this is the only

weight affected by bypassing flow, the overall effect will be essentially negligible,

At this point, a detailed thermal analysis was completed on the hydrogen condi-
tioner. Resulting nominal design point conditions for the hydrogen conditioner

are given in Table 2 as typical.

The conditioner baffles were fabricated by electrical discharge machining the
hydrogen flow passages intoc the Haynes-188 panels; furnace brazing the stainless
steel closure in place; forming to shape; and furnace brazing the internal structure,

closeouts, and manifolds in pace (Fig. 4 and 5).

11



TABLE 2. NOMINAL DESIGN POINT (HYDROGEN CONDITIONER)

HYDROGEN 5 IDE
W, LB/SEC 4.5
Py PSIA 1600
Pours PSIA 1500
Typp: B 55
Tour» * 225
AQ, BTU/SEC 2800

HOT GAS SIDE
MIXTURE RATIO, O/F 10
H, INJECTION TEMPERATURE, R 275
0, INJECTION TEMPERATURE, R 375
CHAMBER PRESSURE, PSIA 240
COMBUSTION TEMPERATURE, R 2060
EXHAUST TEMPERATURE, R 750
HOT GAS FLOWRATE, LB/SEC 1.2

Figure 4. Partially Formed Baffle Figure 5. Completed Baffle and
Details

12



The other components were fabricated in a comparable manner (Fig. 6) and then
welded together (electron beamor TIG) to form the conditioner (Fig. 7). The tri-
slot injector (two fuel stredms injected into a central oxidizer stream) was also
fabricated. A completed injector is shown in Fig. 8. The injector, conditioner
subassembly, valves, igniter, and associated plumbing were then assembled to com-
plete the conditioner (Fig. 9).

Figure 7. Completed Conditioner
Figure 6. Conditioner Subassemblies

and Details

Figure 8. Trislot Injector Figure 9. Conditioner Assembly

13




One complete hydrogen conditioner was fabricated along with details and subassem-

blies for two additional units.

The conditioner was heavily instrumented to allow for a detailed assessment of
hot-gas distribution, heat exchange to each baffle, and baffle wall temperature

and injector face temperatures.

After fabrication,the completed unit was pressure tested to verify structural in-

tegrity and hot-fire tested at Rocketdyne's Santa Susana Test Facility.

A total of 85 hot-firing tests were completed on this unit including 23 ignition
only tests and 62 heat exchange, response, and cycling tests (duration of 0.5 to
30.0 seccnds). In addition, a number of no-ignitions were experienced in which
the torch igniter did not light the reactor propellants. Investigation showed
this to occur at reactor mixXture ratios below 0,70, It is noted that during the
solid-wall conditioner test effort, the No. 1 injector ignited successfully on
every test, even with reactor mixture ratios as low as 0.50. The primary differ-
ence between the twa test series was the injector. The unit No. 2 injector used
on the conditioner tests was a modified version of the unit No. 1 injector used
in the solid-wall conditioner tests. This modification consisted of eliminating
the injection elements adjacent to the side wall and replacing them with fuel
film coolant slots, This change was apparently sufficient to preclude the igniter

effluent from reaching an ignitable mixture on the lower mixture ratio tests.

The test program is summarized in Table 3 and the test matrix is shown in Table 4.

Traces of typical tests are shown in Fig, 10 through 12.

TABLE 3. LH2 CONDITIONER TEST SUMMARY
¢ Total Number of Hot-Firing Tests 85
Ignition Only 23
Heat Exchange/Response Tests 52

Accumuldted Duration (reactor burn
time), seconds 197

[

¢ Range of Test Conditions

Reactor Mixture Ratio 0.70 to 0.95
Reactor Flowrate, 1b/sec 0.73 to 1.07
LH, Flowrate, lb/sec 2.32 to 4.08
Test Duration, seconds 0.6 to 30.0

14



TABLE 4. LH2 CONDITIONER TEST MATRIX
IGNITION/RESPONSE DATA. 19 TESTS
DURATION 0.5 se
MIXTURE RATIO RANGE 0. 'mt 0.93 o/t
LH, FLOWRATE 2, 36 to 2, 82 lb/sec
BASIC HEAT EXCHANGE DATA ? TESTS
DURATION 2.0 to 5. 0 sec
MIXTURE RATIO RANGE 0.90t0 0.94 o/t
LH, FLOWRATE 2,32 to 3.11 1b/mec
"WORST CASE" PULSE DATA P TESTS
DURATION 3 sec on/ 2 sec off
MIXTURE RATIO RANGE 0.70t0 0,92 oA
LH, FLOWRATE 2. 61 to 3.23 ib/sec (coutinuous}

NOMINAL PULSE DATA 19 TESTS.
DURATION 3 sae on/ 2 sec off
MIXTURE RATIO RANGE 0.93 to 0. 95 o/t
LH, FLOWRATE 2.92 to 3.79 1b/sec
BIMULATED MISSION DUTY CYCLE 11 TESTS
DURATION 3-5 sec on/ 5 sec-5 min off
MIXTURE RATIO 0. 80 to 0. 85 o/
LH, FLOWRATE 2.19 to 4,08 Ib/mec
DURATION CAPABILITY DEMONITRATION 1 TEST
DURATION 30  sec
MIXTURE RATIO 0.87 o/t
LH; FLOWRATE 3.40 1b/sec
. 62 TOTAL TEBTS
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Posttest evaluation of the hardware showed no signs of overheating; however, there

was evidence of some baffle distortion.

Disassembly of the hardware showed the center baffle, which had been instrumented
for the wall temperature measurement, had collapsed somewhat. The collapse occured
in the region where the internal honeycomb structure had been cut away to allow
installation of the thermocouples. Review of the test data showed this collapse
occurred during the worst-case cycling tests and has been attributed to a combin-

ation of pressure and nonsymmetrical thermal loads.

Posttest data analysis has shown the response of the conditioner to be quite good,
as shown in Fig. 13. The experimental data verified the heat exchanger design
values within 10 percent. This could be improved even more with a more efficient

injector. A typical case illustrating these results is shown in Table 5.

The pressure drop of the LH2 through the baffles was higher than calculated (due to
lower-than-design channel cross-section dimensions and higher-than-design surface
roughness in the channels)}. However, this had no apparent effect on determining
the heat transfer dates. In addition, due to manufacturing tolerance buildup, the
hot-gas passages were somewhat smaller than design, reducing the hot-gas flowrate
at the design chamber pressure. The heat exchange results of the program were

very satisfactory; however, experimental results did show the sensitivity of the

concept to reactor miXxture ratio and hot-gas flowrate.

An assessment of program accomplishment versus requirements is given in Table 6,

showing that a strong technology base was established for the baffle type conditioner.
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TABLE 5. POSTTEST THERMAL

TYPICAL HEAT EXCHANGE RESULTS (TEST NO. 213)

QPERATING

HEAT INPUT

CONDITIONS

DURATICN 5.0 SECONDS

T

0.973 LB/SEC

MR 0.910 o/f

AQupgygy = 2360 BTU/SEC

2130 BTU/SEC

AQ 2107 BTU/SEC

MEASHRED

HEAT EXCHANGE RESULTS

—_MEASURED _ gq 3 PERCENT

20
I
QDESIGN

=99.0 PERCENT

19
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W, = 2.767 LB/SEC
2
T, = S52R
H,
T = 230 R
OUT 1 xER

100 PERCENT)
97 PERCENT)
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100 PERCENT)
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TABLE 6. PROGRAM ASSESSMENT

REQUIREM.NT

RESLLT

ANALYTICALLY ESTARLISH GRAPH OF TOTAL WEIGHT VEASUS
REACTANT EXHAUST T{MPEAATUAE

ANALYSTS COMPLETED AND 740 R LXHAUST TEMPERATLRE
SELECTED FOR RIACTOR MINTURE RATID EQUAL TO 1.0

PROVIDE CINDITIONED FLUID WITHIN 1/2 SECOND AFTER
FLOW 15 STARTED

DEMONSTRATED ON HOT-FIRING TESTS, RESPONSE <G.5
SECOND

CONDITICKER HUST BE CAPRBLE OF STEADY- STATE IPIRA-
TION AND SHOAT INMTERMITTENT RuNS [ 2 SECONDS) WITH
QFF TIMES OF 2 SECGNDS TO 24 HJURS

TEST DURATICNS OF 0.5 TO 32 SECONDS ALCOMPLISHED,
HARDWARE ALSQ CYCLED:

1 SECONDS ON/2 SECUNUS UFF

) SECOwDS ON/5 SECDONDS OFF

3 SECON)IS ON/10Q SECCNDS OFF

5 SECONDS ON/IO SESONDS-2 MINUTES, § MINUTES

INLET PRESSURE, PSIA 375

DFF (MDC)
COLD FLUAD {LH, S10E)
Py PSIA 1102 TO 2100, 1600 (NOMINAL} Py PSHA 1350 TO 880
Pours PSIA RANGE NOT SPECIFIED, 1500 (NOM|NAL) Paups PSIA 1308 TO ¥638
LT 4 TO0 70 Towr B §2 TO 65 ALL TEST OF DURATION
>2 SECONDS EXCEPT
TEST 235
6F TO 106 TEST 235 (30 SECONDS
DURATIDK) DUE TO LOW
LEVEL OF LH, IN RYN
TANK
Toure B 200 TO 250 Tours ® 155 TO 206% LOWER THAN REQUIRE-
MENT DUE TO REDULED
n.s OF INJECTOR
(54 TO 95 PERCENT
VERSUS PREDICTED 398
PERCENT)
®ADJUSTED TO W = 4.5 LB/SEC
AP, PSI 100 {NOMENAL} AP, PSI 140 AP HIGHER THAN DESIGN OUE
TG REOUCED CHANNEL, CROSS-
SECTIUN 0IMENS 10 AND in- i
CREASED ROGUGHRESS in
CHANKEL
W, . LB/SEC  THROUGH CONOITIONER ' QLH , LBSSEC THROUGH CONDITIGNER
2 1.8 170°3.57 2 Z.3 10 0.7 LB/SEL
2.7 (HOMINAL)
OVERALL QVERALL
3.0 TO 5.95 Z.32 T0 4.2 LB/SEC {NO BYPASS USED)
4.5 - (NOHINAL)
REACTOR

520 {TYP}

EXISTING VALVE AP MUCH GREATER
THAN EVENTUAL FLIGHT VALVE.
ALSD INCREASED AP DUE TO FLOW
CIRCUITRY USED TO PROVIDE

FLOW MEASUREMENT

INLET PRESSURE, PSIA

INLET TEMPERATURE, R H2 = 275 TO 400

D2 = 375 TO 600
530 NOMINAL

AS REQUIRED-0.85 AT
530 R {NOMINAL)

MIXTURE RATIO

560 (TYP} AMBIENT TEMPERA-
TURE AT SITE

INLET TEMPERATURE, R

G.70 TO 0.95 (TESTS 22 SECONDS

MIXTURE RATIO

DURATION)
W, LB/SEC AS REQUIRED-1.05 LB/SEL ™, LB/SEC - -~
AT 530 R (NOMIKAL) 0.73 TO .07 (TESTS > 2 SECONDS
DURAT10R)
TECHNOLOGY

DETERMINE SERIQUS PROBLEM AREAS

SOLID WALL COWDITIONER TESTED Sb TIMES TO VERIFY
CONCEPT

LIFE

MUST BE CAPABLE OF 100 FLIGHTS OVER 10-YEAR
PERIQE. N0 DEGRADATION OUE TO FAILURE OF
REACTGR QR COLD FLUIPS TO FLOW

LOW MIXTURE RATIOQ GPERATION (il.D) ALLOWS CONDITIONER
TO RUN UNCOOLED

IGNFTEON PHASE OFERATION PRECLUDES REACHIMG FiLL
COMBUSTION N REALTOR WITHOUT COLD FLUID FLOW
(DEMONSTRATED OH SOLID WALL COHDITIONER)
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DISCUSSION

The space shuttle vehicle as originally configured used oxygen/hydrogen
propellants for the auxiliary propulsion system (APS). These propellants
were to be stored as low pressure liquids in the main propellant tanks

and then pumped to high pressure, gasified and stored in accumulators until
used by the APS, This was accomplished by a propellant conditioning assembly
(PCA} which consisted of a turbopump, a propellant thermal conditioner (gas
generator and heat exchanger) and the associated valves and controls, As

the quantity of gaseous propellants in these accumulators diminished the

PCA was to be cycled on again to replenish the supply.

The PCA was required to operate many times during any one mission and as

such demanded high efficiency to minimize system weight and volume.
Cognizant of this NASA-MSC awarded Rocketdyne a technology program to evaluate

a compact highly efficient baffle type thermal conditioner for this application.
Conditioner design and operating criteria are set forth in Tables 7 through 9.
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TABLE 7. THERMAL CONDITIONER DESIGN REQUIREMENTS AND GOALS

e MINIMUM WEIGHT - HARDWARE + REACTANT
¢ LONG LIFE - 100 MISSION3 OVER 10 YEARS

¢ STANDARD MATERIALS & MANUFACTURING PROCESSES
WHERE POSSIBLE

® REALISTIC DESIGN. SPECIFICATIONS.

¢ SPECIAL OPERATING PROCKHDURES &/OR SUPPORT HARDWARE
DEFINED

TABLE 8. THERMAL CONDITIONER OPERATING REQUIRMENTS

SIMULTANEOUS OR INDIVIDUAL OPERA'ION

UNLIMITED DUTY CYCLE

1/2 TO 1-1/2 SECONDS PRECONDITION TIME

PROVIDE CONDITIONED FLUID WITHIN 1/2 SECOND AFTER FLOW STARTED

CEASE TO PRODUCE CONDITIONED FLUID WITHIN 1/2° SECOND AFTER FLOW
TERMINATED

HOT GAS FLOW ONLY -~ NO DAMAGE (R LIFE DEGRADATION
COLD PROPELLANT FLOW ONLY - NO DAMAGE OR LIFE DEGRADATION

OUTER SURFACE TEMPERATURE 600°F MAXIMUM (even with double failure)

22



TABLE 9,

THERMAL CONDITIONER OPERATING PARAMETERS

Cold Fliuid Side

Flowrate, lb/sec

Inlet Temperature, R

Qutlet Temperature, R

Inlet Pressure, psia

Qutlet Pressure, psia

Hot-Gas Side

Inlet Pressure, psia
Steady State
Start-Up

Inlet Temperature, R
Mixture Ratio, o/f

Flowrate, lb/sec

Hydrogen

Oxygen

4.5 Nominal
2.0 Minimum
5.95 Maximum

40 to 70
200 to 250

1600 (nominal) (at 4.5 ib/sec)
1100 (minimum) (at 5.95 1b/sec)
2100 (maximum) (at 3.0 1b/sec)

1500 (nominal)

375
375

275 to 600

As required

+10 percent
+20 percent

As Tequir

1600 (nominal)} (at
1160 (minimum} (at
2100 {maximum) (at

15.6 Nominal
11.5 Minimum
21.0 Maximum

160 to 2Q0
375 to 425

15.6 1b/sec)
21.0 1b/sec)
11.5 1b/sec)

1500 (nominal)

375
375

10 percent

+20 percent

375 to 600

as required
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SELECTED DESIGN CONCEPT

The thermal conditioner concept selected to meet these requirements con-

sisted of the integral heat exchanger and reactor shown previously in Fig. 1.

Hot gases are generated at the forward end of the conditioner and then
ducted through relatively small passages between the slotted and formed
baffles through which the propellant to be conditioned flows. The heat
exchanger and reactor shell uses channel wall construction and standard
material and fabrication techniques (Haynes-188 and stainless steel,
electrical discharge machining, furnace brazing and electron beam welding).
The injector incorporates a tri-slot injection pattern (where two fuel
streams impinge on a central oxidizer stream). Ignition is accomplished
using a side mounted NASA-LeRC developed spark igniter, and the valves are

existing ball valves.

The selected thermal conditioner design utilized a reactor supplying hot gas
(MR = 1) to a baffle type heat exchanger fabricated of a high temperature
alloy, Haynes 188, precluding hot gas leakage into the vehicle. An envelope
temperature of less than 600 F is maintained by actively cooling the hot gas
portions of the conditioner with the reactor hydrogen flow. With this design

the thermal conditioner is not duty cycle restricted.

Propellant flow is sequenced by a flow ladder sequence (similar in concept to
a pressure ladder sequence which ensures the capability of coping with the
propellant (for conditioning) "no-flow" situation (Fig. 14). A venturi is
placed in the propellant flow circuit and the pressure difference between the
venturi inlet and throat is used to actuate a valve to supply to the reactor
injector. With this valve closed, oxygen is supplied to the igniter and
reduced flowrate to the reactor giving a low mixture ratio. A latch on the
valve, actuated by igniter chamber pressure, precludes main oxidizer flow with-
out igniter operation. Thus, the heat exchanger cannot be heated to a high
temperature during a '"no flow' condition, precluding a condition which will

degrade life. Also, cold propellants are not normally introduced into a hot
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heat exchanger, thus minimizing the severity of thermal shock and cycling. The
cold propellant-flow-only-condition was also analyzed and it was established

that no life degradation will result.

The baffle type heat exchanger design allows a controlled heat transfer
profile and a more efficient heat exchange. Also, local temperatures can be
controlled to avoid icing. A square heat exchanger cross-section was selected
over a round cross-section (cylindrical package), since it allows more efficient
integration of the heat exchange surfaces into the pressure vessel and results
in better heat transfer control. The plate {or baffle) is quite stiff, thus
avoiding vortex generated flutter induced by the high velocity hot gas flow
around and by the heat transfer surface. The baffle construction is based

on standard techniques of high temperature brazing and forming. The baffles
are restrained only at one end and free to expand over most of their length.
Life analysis showed achievement of the specified life goals with a signifi-

cant margin.

The reactor is close coupled to the heat exchanger to provide a compact package,
simplifying the design by eliminating hot gas interconnects. A tri-slot
injector design was selected for this low mixture ratio gas generator
application., This injector type promotes recirculation, 2 desirable attribute
for a low mixture ratioc gas generator, and characteristically produces uniform
mixing. The spark igniter is similar to the air gap igniter developed

during the NASA-LeRC-sponsored ignition systems programs. The igniter is
mounted on the side of the reactor, and its effluent is impinged and mixed

with a row of elements to provide the proper mass flow and mixture ratio.

Existing values were used for propellant flow control.
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CONFIGURATION ANALYSIS

SUMMARY OF OPERATING PARAMETER SELECTION

Of all the operating requirements set forth for the thermal conditioner, the
one which had the greatest single influence on the design was the requirement
that no damage or l1life degradation would result with hot gas flow only. A
brief summary of the individual requirements and their effect on the design

is summarized below.

No Damage or Degradation of Life with Hot Gas Flow Only

Normally a design which minimized propellant consumption by operating at
mixture ratios in the range of 3-8 would be considered for this application.
As a result of this requirement Haynes 188, a high temperature conventional-
material was selected; in addition, the mixture ratio was limited so that

the wall temperature would not exceed about 1800 F under this failure mode,
with a 10 percent variation in mixture ratio. This resulted in a mixture
ratio selection of 1,0 at the nominal hydrogen injection temperature of 275 R.
In addition, the first 4 inches of the side walls were cooled with injector
GHZ’ so these walls would be cooled with or without the conditioned propellant
flow.

Life Requirements - 100 Flights over 10 Year Period

For a given material and design, the life requirements indicatedthe maximum
temperature gradient and thus the maximum heat flux level. This had a strong
effect on the conditioner size (surface area requirements). This constraint

in conjunction with the desire for low weight and fast response led to tapering

the hot gas passage for the first 5 inches from the leading edge.
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Avoid Tcing on the Hot Gas Side

Requires the minimum hot wall temperature and gas exit temperature be above

32 F. This in conjunction with the selected low mixture ratio for a failsafe
design limits the thermal effectiveness of the conditioner. Since icing is
most likely to occur at the exit end, the hydrogen outlet manifold was located
at this point so as to have the warmest possible hydrogen at this location.

In addition, 40 percent of the hydrogen was bypassed to further increase the
hydrogen temperature in order to avoid icing, with little sacrifice in pressure
drop or surface area requirements. This, in conjunction with a required mini-
mum total weight, resulted in a selected hot gas outlet temperature of 750 R

at mixture ratio = 1; this temperature can be increased at higher mixture

ratio.

Outer Shell Not to Exceed 600 F

All outer surfaces are cooled. The first 4 inches are cooled by irjector GHZ;

the rest by the conditioned propellant.

Separate Operation of the Hydrogen and Oxygen Conditioners

This requirement led to a selection of two separate conditioners, each with

its own reactor.

Fluid Response Within 1/2 Second After Initiation of Flow

This led to use of thin wall construction on all heated surfaces, with the
wall thickness determined by stress and manufacturing capability consistent
with reliability. This also led to use of the maximum heat fluxes consistent

with life requirements and available hot gas pressure.
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Duty Cycle With Minimum 2 Seconds On, and 2 Seconds - 24 Hours Off

This along with a simultaneous start signal to the pump and conditioner

negated use of a thermal bed in which hot gas is used to heat the bed, and
conditioned fluid is run some time later. Without an advance signal, the bed
may not be neated sufficiently by the time conditioned propellant is introduced;
if on the other hand the bed is always maintained at temperature, this results
in more propellant consumption with long off periods {or more insulation

requirements).

The above gives a brief summary as tc how the operational requirements
affect the conditioner design. These are covered in greater detail in

other sections of the report.

SELECTION OF OPERATING PARAMETERS

A number of parametric studies were conducted prior to the design of the
hardware. The purpose of these studies was to aid in selecting the operating
point of the conditioner and to determine the sensitivity of the design to

various operational parameters.

The following section discusses in detail the selection of mixture ratio and

hot gas outlet temperature.

Mixture Ratio Selection

Selection of the hot gas mixture ratio is based on the requirement that no
damage or life degradation result if either hot gas or cold flow is not
initiated.(l) Superimposed on this is the requirement that the conditioner

be capable of accommodating a situation where full hot gas flow is experienced

(l)It is noted that with the unique flow ladder sequence used in the design
concept, this can only occur after a double failure (i.e., oxidizer flow
control valve must fail open and pump system must fail to deliver cold
propellant.
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tion temperature cannot exceed the maximum allowable uncooled steady-state
wall temperature of the heat exchanger baffles. This maximum temperature
for Haynes 188 (the selected heat exchanger material) is about 2100 F. A
discussion of the rationale used to select Haynes 188 for the heat exchanger
baffles. is presented in a subsequent section. Combustion temperature as a
function of mixture ratio and hydrogen injection temperature is shown in
Fig. 15 . At the low mixture ratios under investigation, the oxygen injection
temperature has negligible effect on the combustion temperature. Another
restraint initially placed on the mixture ratio selection is that the
maximum combustion temperature should not be exceeded with a + 10 percent
control tolerance on mixture ratio. Subsequent analysis also explored the
system benefits of a tighter control on mixture ratio. For the analysis, a
nominal. mixture ratio of 1,0 was selected, giving the combustion temperature

range shown below:

!---.-I_l_._lnl_ﬂnﬂﬁ'-_ﬂmﬂnﬂ_._l—l I-l_l=:
' Mixture Ratio 0.9 1.0 1ol 1
! H, injection T = 275 R {nom. ) 1430 F 1580 F 1740 F |
| T = 600 R (max,) | 1740 F 1900 F 2060 F !
:-—I--—IEH-I—I_I_I—‘—‘—I—IL'_‘“‘ ._lm‘=l.

Selection of a nominal mixture ratio of 1.0 resulted in a nominal combustion
temperature of 1580 F and a maximum combustion temperature with maximum

hydrogen inlet temperature of 2060 F, This was considered an acceptable
design point.

The development conditioners to be tested on this program were to be tested
with ambient temperature propellants. As is shown in Fig. 15, testing with

hvdrooan
nyraro

o a+ KIN D —
6\/11 o LA

R results in a combustion temperature approximately 250 degrees
higher than that experienced with 275 R hydrogen when operating at the same

mixture ratic and chamber pressure.
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Therefore, two possibilities existed for selecting the mixture ratio for the
development conditioners - the same mixture ratio or the same nominal combus-
tion temperature can be maintained. If the same nominal temperature is

maintained, the resulting mixture ratio and combustion temperatures are:

P REED & MENR A PEDN 4 GEED 0 SN 2 SNAG F EEnD ¢ BEED P AP 4 Glan n Shan c o ¢ EEEF T TSN ¥ —._._.1 -—-_-1
| Mixture Ratio 0.75 W 0.83 0.91 l
! : ture = 275 R 1150 F 1290 F 1420 F -
: Hy injection temperature = 533 . e 1599 ¢ 150 F !
! = 600 R 1490 F 1620 F Lnso F
i.-—l—I_I—l—l-._l_._.- - I S S A IS - e " NNy = . S

The above numbers are based on a combustion efficiency of 100 percent. Lower
combustion efficiencies will result in higher allowable mixture ratios. For
example with a 96'percent efficiency and ambient hydrogen, the mixture ratio
can be raised from 0.83 to 0.93 while maintaining the same combustion tempera-
ture. To be conservative, total combustion was assumed, resulting in the
selection of MR = 1.0 for 275 R H2 and MR = 0.83 with 530 R H2. In order to
minimize propellant consumption, it is desirable to operate at the highest
combustion temperature which will satisfy the failsafe criteria; this indicates
the desirability of reactor flow regulators which can tompensate for the in-

jection temperature of the reactants.

Hot Gas Flow Requirements

The hot gas flow requirements were determined by the conditioned propellant
flowrate and enthalpy rise as well as by the hot gas injection temperature,
mixture rafib, and outlet temperature. The hot gas enthalpy change as a
function of temperature and mixture ratio is shown in Fig. 16 over the range

of interest. Below‘700 R, water condensation occurs, resulting in a steeper
slope to the enthalpy curve. The effect of the hydrogen injection temperature
on the hot gas flow requirements is shown in Fig, 17, For example, a hydrogen
injection temperature of 100 R requires about 50 percent more flow than with

600 R hydrogen, whereas 275 R hydrogen only requires about 30 percent more
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hot gas flow. For a 750 R outlet temperature and a 275 R hydrogen injection
temperature, the required hot gas flow is about 21 percent of the hydrogen

flow, again assuming perfect combustion.

The effect of the hydrogen enthalpy band specified (40 R-70 R inlet, 200 R-

250 R outlet) is shown in Fig, 18 . The effect of hydrogen pressure is

small; however, the difference between the minimum and maximum hydrogen
temperature rise specified in Table 9 is about an additional 50 percent

in hot‘gas flowrate. Due to the large differences involved, the heat input
requirements were based on the nominal hydrogen flowrate of 4.5 lb/sec and the
average enthalpy change of the hydrogen; the result is a required heating rate -
of 2800 Btu/sec. The total heat input for 1110 1b of hydrogen is 690,700 Btu,
The resulting required total reactor propellant requirements are shown in

Fig., 19 as a function of reactor discharge temperature, mixture ratio, and
hydrogen injection temperature. The biggest gain in reactor propellant savings
occurs around 700 R when condensation occurs. Around 700 R discharge tempera-
ture, an increase in mixture ratio of 0.1 results in a propellant savings of

30 pounds with 275 R hydrogen and 15 pounds with 600 R hydrogen. This is
equivalent to droppiﬁg the discharge temperature from 800 R to 700 R. These
weight savings are offset by the increase in conditioner weight as the dis-

charge temperature decreases.

It is noted that for the oxygen conditioner the propellant weight is only about

62 percent of that for the hydrogen conditioner.

Surface Area Determination

The weight of the conditioner is a function of the cohditioner surface area,

For an initial surface area determination, a maximum heat flux of 4.4 Btu/in.z—sec
was used to meet life requirements. A maximum hot gas mass velocity of 0.88
lb/in.z-sec was assumed, based on a chamber pressure of 240 psia, a 750 R
discharge temperature, and a mixture ratio of 1. In addition, a minimum wall

gas side surface temperature of 525 R was assumed. The resultant surface area

is based on the nominal heat input of 2800 Btu/sec. A typical curve of surface
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area vs hot gas exhaust temperature is shown in Fig. 20 . This curve is
applicable for mixture ratios of 0.9 to 1.1. For hot gas exhaust temperatures
in excess of 1500 R,.the surface area is essentially independent of exhaust
temperature since the heat flux can be maintained at a constant value by |
tapering the hot gas passage appropriately. For exhaust temperatures below
700 R, the hot gas temperature approaches the minimum wall temperature (525 R
assumed) with the result that the conditioner size is increasing very rapidly.
For example, if the exhaust temperature is dropped from 700 R to 650 R, the
size of the conditioner must be increased about 30 percent. This increase in

size shows up principally as an increase in conditioner length.

Hot Gas Qutlet Tenperature Determination

The hot gas (reactor) outlet temperature was based on minimizing total con-
ditioner weight (sum of hardware and propellant weights). Results of this
investigation are shown in Fig, 21 to 23 for mixturé ratios of 0.9, 1.0 and
1.1, respectively. The analysis indicates that the minimum weight with one
conditioner and 275 R hydrogen injection temperature occurs at a hot gas
exhaust temperature of about 600 R, However, if the weight is optimized
based on three conditioners, the minimuﬁ weight occurs at hot gas exhaust
temperatures of 650 R to 750 R, This is the case with or without a reactor
tank weight factor of 0.3 1b/1b of reactant included. In order to keep the
conditioner size as small as possible, 750 R was selected for the nominal hot
gas exhaust temperature. This also has the added benefits of minimizing

potential freezing problems and faster response times,.

The oxygen conditioner is required to transfer only 1800 Btu/sec compared to
the 2800 Btu/sec for the hydrogen conditioner. Since both the surface area
(and baffle weight) and the reactant flow requirements are proportional to the
heating requirements, it would be expected that the oxygen weight versus outlet
temperature curves would be proportionally lower than those for the hydrogen
conditioner. The only consideration which might change the shape of the curves
at the lower reactant exhaust temperature is that oxygen has poorer heat

transfer characteristics and its outlet temperature is nominally higher than
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for the hydrogen; this would indicate that the oxygen conditioner may optimize at
somewhat higher reactant exhaust temperatures. In addition, because of the higher
nominal oxygen outlet temperaturé, the weight optimization will be more sensitive

to bypass on the oxygen conditioner,

A similar conclusion would be expected from the oxidizer conditioner at the same
mixture ratios since both the conditioner size and the reactor propellant require-

ments are proportional to the amount of heat transferred.
CONFIGURATION ANALYSIS

This section covers the selection of the heat flux level, methods to prevent icing
including bypassing some of the conditioned propellant, selection of the coolant
circuit and channel geometry, and finally the design complete with the operating

conditions.

Many parameters affect the design of the hydrogen conditioner. On the gas side,
these include mixture ratio, combustion temperature, outlet temperature and

chamber pressure. On the conditioned propellanf,side, this includes flowrate,
inlet and outlet temperature, inlet pressure, and allowable pressure drop. In
addition, of major importance is the selection of material and the limitations
imposed by the failsafe réquirement, the life requirement, and the requirement that
the gas side be ice free. The finished conditioner must also meet the thermal re-
sponse requirement. A further consideration in the design is both the manufactur-

ing and the mixture ratio control tolerances.

The total heating rate is important since the required surface area of the con-
ditioner is directly proportional to this parameter. A nominal value of 2800
Btu/sec was selected based on a nominal hydorgen flowrate of 4.5 1lb/sec, a nominal
inlet temperature of 55 R, and a nominal outlet temperature of 225 R.
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The next most important parameters are the selection of the mixture ratio

and combustion temperature. In the previous section a mixture ratio of 1,0
was sglected based on the fail-safe requirement, using Haynes 188 baffles and
assuming a + 10 percent tolerance on mixture ratio control. The nominal
combustion temperature used in the design is 2060 R (1600 F), based on a
hydrogen injection temperature of 275 R and an oxygen injection temperature
of 375 R. It is noted that at this mixture ratio, the oxygen injection

temperature has a very small effect on combustion temperature,

The hot gas outlet temperature of 750 R (290 F) was also selected based on
a minimum weight (reactor plus hardware weight for three conditioners). Using
the selected hot gas outlet temperature, a hot gas flowrate of 1.2 Ib/sec was

determined.

Maximum Heat Flux

The maximum heat flux to which the baffles are designed is potentially a
function of three variables: chamber pressure affect the maximum heat flux
obtainable (not limiting); coolant pressure drop affects the maximum mass
velocity and determines the wall temperature for a given wall material as a
function of heat flux (not limiting); and the life requirement determines the
maximum thermal gradients for a given constraint and a given material (limit-
ing). Using the heat transfer correlations presented in subsequent sections,
wall temperature gradients were analyzed for a Haynes 188 baffle with a 0.015
in, gas wall thickness, an assumed hydrogen temperature of -300 F (typical

of the baffle leading edge), and using a hydrogen mass velocity of 3 lb/inz-sec
{near the upper limit for a 100 psi pressure drop if no bypass is utilized).
The resulting temperature gradients are shown in Fig. 24; the closeout
temperatures (not shown) are within 5 F of the hydrogen bulk temperature,

This figure also shows the heat flux as a function of the hot gas mass velocity
under various mixture ratio and hydrogen injection temperatures. Results

show that the injection temperature shift has a greater effect on heat
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flux than the selected mixture ratio shift. These heat fluxes vs hot gas
mass velocity wefe determined using the Bartz equation, as discussed in
Appendix D. The wall temperatures as a function of heat flux were deter-
mined using the DEAP program (Appendix C) with thermal conductivify varying
with temperature and with hydrogen heat transfer coefficients as a function
of coolant wall temperature. As will be shown later, these wall temperatures
are insensitive to the hydrogen bulk temperature and to the channel geometry,

mainly because of the low thermal conductivity of Haynes 188.

Using the data generated in Fig. 24 and the specified life requirements,

a resultant curve of minimum hydrogen temperature (back wall temperature) as
a function of heat flux was generated (Fig, 25}. For hydrogen temperatures
typical of those found in the leading edge region for bypass ratios up

to 50 percent (-300 F to -250 F) the maximum heat flux is 4.5 Btu/inz-sec.
This was reduced slightly to a value of 4.2 Btu/inz-sec in the design. The
design value is predicated on the control system being able to maintain the
constant heat flux as injection conditions change. If this is not possible,
then the peak heat flux at nominal conditions must be.reduced to about 3.5
Btu/inz-sec (Fig. 24) so that the peak heat flux (predicated by the life
reduirements} is not exceeded under the most adverse injection temperature
and mixture ratio conditions. The effect of decreasing the peak heat flux
from about 4.2 to 3.5 Btu/inz—sec is to increase the surface area requirement

approximately 6 percent,

-Coolant Bypass

One of the next tasks was to select the amount of hydrogen to run through

the conditioner, and how much to bypass around it. First, two-dimensional
wall températures were determined using the DEAP program for both the case

.of no bypass and also 50 percent bypass, using a heat flux of about 4 Btu/in2~
sec. The resulting temperatures are shown as a function of hydrogen mass
velocity in Fig. 26 and 27, respectively. It is seen by comparing these

two figures that the effect of bypass on wall temperature is negligible. In
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addition, the effect of the hydrogen mass velocity is not particularly
strong; the effect of decreasing the hydiogen mass velocity from 3 to 2 lb/inz-
sec is to increase the mid-channel wall temperature about 70 F, while the
mid-land temperature only changes about 20 F. Consequently the hydrogen

mass velocity selected will have little bearing on the maximum allowable

heat flux nor on the overall conditioner size, It does, however, have a
strong effect on channel size (primarily channel height), as does the amount
of coolant bypass, as shown in Fig. 26 and 27. This will affect conditioner
weight and thermal response. It is noted that a further advantage of the
insensitivity of wall temperature to hydrogen mass velocity is that the wall
temperature, and thus the life, will be insensitive to variations in the
hydrogen flowrate, Thus the lowest flowrate case of 3 lb/sec will have
nearly the same life and the same heat input as the highest flowrate case

of 5.95 1b/sec,

Next, the effect of hydrogen temperature on the wall temperature at both the
maximum and minimum heat flux locations was studied. Using the nominal peak
heat flux and a hydrogen mass velocity of 3 1b/in2—sec,_the appropriate two-
dimensional wall temperatures were determined; these are shown in Fig. 28,
The wall temperatures are not very sensitive to the hydrogen tempeXature,
with a 100 F change in the hydrogen temperature resulting in about a 30 F
change in wall temperature, Consequently the amount of hydrogen bypass will
have little effect on the 1ife or wall temperature in the peak heat flux

range of the baffle,

In the low heat flux region at the baffle exit, the wall temperature is not

highly sensitive either to hydrogen mass velocity or hydrogen bulk temperature,
as seen in Fig. 29. The difficulty arises, however, in maintaining a wall

temperature above 32 F--the freezing point of water. If no bypass is used,
the hydrogen mass velocity would have to be less than 1 lb/inz—sec to meet
this condition. With a mass velocity of 0.5 lb/inz-sec, the wall temperature
would be about 70 F-whether the hydrogen inlet or exit manifold were located
at this point (due. to the relatively poor cooling capability of hydrogen at
low temperatures),
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Although a hydrogen mass velocity of 0.5 lb/inz—sec would provide a theoretic-
ally satisfactory design, a manufacturing requirement was introduced at this
point. This requirement specified that the combined gas wall thickness and
channel height should be held constant over the full length of the baffle.
This meant thaf the only way in which the hydrogen mass velocity could be
reduced was by either widening the channel or by branching the number of
channels (illustrated in Fig, 30). The latter is possible between the inlet
and outlet manifolds since normally only half the number of total channels
exist in this region. This would make possible a 2/1 decrease in mass
velocity. This latter method is more complex in manufacturing than changing
the channel width, and consequently was discarded in favor of the former
(channel widening) technique, At this point a stress restriction was intro-
duced, requiring that the ratio of channel width to hot wall thickness not
exceed approximately 6; this meant that the maximum allowable channel width
for a 0.015 wall was about 0,090 in. An additional manufacturing requirement
indicated that the land widths should not be less than 0.040 in. for ease

in making the EDM tooling, The channel width and land width could be split
50-50 to a value of 0,045 in, each upstream of the hydrogen inlet manifold.
However, the channel width was increased to 0.050 in,, holding the land to

0.040 in order to minimize channel height.

As a result, the hydrogen mass velocity change is held by geometry restrictions
to approximately 2:1. Thus selecting an injector-end hydrogen baffle mass
velocity of about 2 lb/inz—sec would result in a minimum mass velocity of

ﬁbout 1 lb/inz-sec. Returning to Fig. 29, it is seen that for a minimum
mid-channel temperature of about 70 F, a hydrogen bulk temperature of approxi-

mately -140 F (320 R) is required. Referring to Fig, 31, where hydrogen
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outlet temperature is shown as a function of the hydrogen flow through the
conditioner and as a function of the hydrogen temperature range, an outlet
temperature of 320 R would correspond to 40 percent bypass (60 percent of
the flow passing through the conditioner heat exchange baffles at the

i

nominal design point),

Theoretically, from a freezing point, the higher the bypass the better.
However, the higher the bypass, the higher the wall temperature and the
lower the heat flux at the exit. Since the lowest heat flux is at the exit,
reduction of the héat flux has a larger adverse effect on the surface area
than a proportional reduction at the injector end, where the heat flux is
about 4 times as high. Consequently to minimize surface area and weight, it
is desirable to maintain the maximum heat flux and the lowest wall tempera-
ture while maintaining an acceptable margin of safety above the freezing
point of water. In addition, as the amount of bypass goes up, the coolant
pressure drop increases due to the decreased hydraulic diameter of the
coolant passages. This is shown in Fig. 32, where pressure drop is shown as
a function of the hydrogen mass velocity and the amount of hydrogen bypass.
To stay within the hydrogen pressure drop limit of 100 psi at the 4.5 1b/sec
flow condition, the maximum mass velocity for 50 percent bypass is 2.3 lb/inz-
sec (Fig. 33). By comparison, a mass velocity of about 2.6 is possible with
40 percent bypass, resulting in less critical tolerance control of the
cocolant passage in order to meet the pressure drop limitation. In the other
extreme, reducing the percentage of bypass reduced'the exit wall temperature
and increased channel height (Fig. 33), resulting in a weight penalty with
no immediate advantage. As a result, a coolant bypass of 40 percent was
selected for the hydrogen conditioner. At the same time, the hydrogen
outlet manifold was located at the baffle exit, in order to take full advantage

of the bypass design.

Channel Dimension Selection

To keep the channel height down below 0.085 in. with 40 percent bypass, a
minimum mass velocity of 2.1 lb/inz-sec was required, with a land width of

0.040 in. and a channel width of 0.05 in. While the channel height could be
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reduced further by increasing the channel width, this was not desirable since this
made the low velocity region between the inlet and outlet manifolds difficult to
design (to obtain a 2:1 change in areas the wall thickness would have to be in-
creased in order to safely handle a wider channel). While this is possible, it
seemed preferable to aveid doing so. The final selected mass velocity was 2.2
lb/in.z-sec at fhé forward end, and a value of 1.25 at the exit end, with a 0.090-

inch-wide channel resulting in acceptable wall temperatures along the baffle.

The selected design required a surface area of 1010 in.2 {ignoring possible heat
transfer enhancement from condensation along the wall) and a baffle length of
17.2 inches, identical to that previously tested on the company-funded program,
Selecting a maximum hot-gas mass velocity of about .88 1b/in.2—sec commensurate
with a design chamber pressure of 240 psia, the hot-gas passage width was 0.046
inch (neglecting the baffle guide rails). For a baffle height of about 5 inches
and with two center guide rails 0.060 inch high and two edge guide rails 0.040
inch high, this was modified to a 0.048-inch gap in order to maintain the hot-gas
cross-sectional area. This results in a hydrogen passage channel height of 0.076

inch, and a combined channel height and hot-wall thickness of 0.091 inch.

The hot-gas gap was maintained at a constant value from the aft end of the baffle
forward to where the heat flux reached the maximum design value of 4.2 Btu/in.z-
sec. From this point forward, the hot-gas width was increased to maintain this

heat flux at a constant value. As a result, the hot-gas passage width at the for-

ward end of the baffle is 0.096 inch--twice the downstream value.

The effect of the tolerance on the hot-gas gap must be considered in terms of the
effect on a particular gap and, also, the effect of variations between the hot-gas
gaps in a given conditioner. Assuming first that all of the gaps in a given con-
ditioner are identical, a smaller gap at the leading edge will result in an in-
creased heat flux and somewhat reduced life; this is not a particular problem as
the baffles readily meet the life requirement. An increase in the leading edge
gap results in somewhat reduced heat fluxes but, again, the leading edge heat flux
has a small effect on total heat input, as discussed previously. At the exit end
of the baffle, a smaller gap will result in higher chamber pressure, whereas a

larger gap will result in reduced heat fluxes, with reduced wall temperatures and
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somewhat reduced heat inputs. If insufficient margin is left in the design, icing

may occur on the wall with a larger gap.

The effect of the gap-to-gap tolerance is more complex. In this case, a smaller
than nominal gap (compared to the others) will carry less gas flow, with a result-
ant reduced heat flux to the wall, a reduced exit temperature {both due to a re-
duced flowrate capability and both of which can lead to icing in that passage},
and an increased conditioned propellant flow through that baffle due to the higher
average dengity (unless compensated for by an adjacent gap--one of the advantages
of the U-baffle configuration). Consequently, it is highly desirable tc minimize

the gap-to-gap variations within a conditioner assembly.

The location of the inlet manifold is not critical. A point about 5 inches upstream
of the outlet manifold was selected in order to keep the thermal stresses and hy-
drogen pressure drops down. In general, the closer together the inlet and outlet
manifelds, the higher the hydrdgen temperature at the baffle leading edge, which
helps reduce thermal strain. However, the same condition also increases pressure
drop, particularly where the hydrogen is warm and thus at low density. If the man-
ifold is too far forward, the hydrogen at the leading edge is too cold and thus not
as good or as predictable a coolant; in addition,the baffle thermal strains will

be higher,

Operating Characteristics

The hot gas énd coolant geometry are shown in Fig. 34. The design point operat-
ing characteristics are shown in Fig. 35 and 36. Figure 35 depicts the hot-gas
heat flux and temperature profiles along the baffle. The heat flux is seen to be
nearly constant for the first 4.6 inches from the leading edge, in which range the
hot-gas gap tapers 2:1 (as was shown in Fig. 34). From this point aft, the heat
flux decreases steadily until the hydrogen inlet manifold, at which point the heat
flux drops due to the presence of fewer coolant passages and larger lands between

channels, resulting in a higher average wall temperature (Fig. 36).

The hydrogen bulk temperature and the wall temperature profiles are shown in Fig. 37.
Assuming the hydrogen enters at its mean temperature of 55 R (-405 F), the predicted
hydrogen temperature at the baffle leading edge is about 180 'R (-280 F), and the
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exhaust temperature is 330 R (-130 F), with 2.7 1b/sec of hydrogen flowing through
the conditioner. Predicted maximum wall temperature at the forward end is 400 F
above the center of the channel and about 440 F midway between channels. This
drops to about 110 and 130 F, respectively, at the hydrogen inlet manfiold. Down-
stream!of the manifold, where half the number of channels exist and where the
channel width has been increased to 0.090 inch, the temperature rises to about

150 and 240 F at mid-channel and mid-land, respectively. This drops to 65 and

130 F, respectively, at the hydrogen exit manifold. It is concluded that the wall

temperature is sufficiently high at all pointsto prevent ice formation,

The pressure drop and Mach number profiles on both the hot-gas side and the con-
ditioned propellant side are shown in Fig, 37. On the hot-gas side, the exit is
choked at nominal conditicns, and the chamber pressure is running approximately
twice as high as the exit total pressure (220 psia)., While this chamber pressure
is about 10 percent lower than the design value of 240 psia, this gives some margin
in terms of tolerance control of the hot-gas gap as well as in control of the hot-
gas flowrate. It is noted that the allowable design chamber pressure (for a given
mixture ratio and outlet temperature) determines the maximum achievable hot-gas
mass velocity, and thus the maximum exit heat flux attainable. This exit heat flux

value has the greatest effect on the conditioner size.

The hydrogen pressure drop at nominal conditions is seen to be 75 psi (25 psi less
than the 100-psi limit). This gives some margin for tolerance during manufacturing.
It also leaves some extra pressure drop for mixing the conditioned hydrogen and

the bypass hydrogen downstream of the conditioner.

Flowrate Variation--Conditioned Propellant

Three steady state analyses were conducted over the specified range of hydrogen
flowrates (3.0 to 5.95 1lb/sec), while maintaining a constant bypass of 40 percent.
The hot gas was held at the nominal mixture ratio and flowrate for each case. The
resultant numbers given below are conservative, for although the computer program,
as currently structured, predicts the correct local heat flux, it appears to under-
estimate the average heat flux. The result is that the heat input apbears to be

slightly low. The results are summarized in Table 10.
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TABLE 10. H2 BAFFLE OPERATING CHARACTERISTICS, STEADY STATE

Reduced Nominal Maximum { Minimum
Parameter MNex Design Flow Flow
Hot Gas Side
MR 1.0 1.0 1.0 1.0
w, lb/sec 1.2 1.2 1.2 1.2
N ok 98 100 100 100
Tc, R 198Q 2060 2060 2060
T .., R 770 797 757 871
exit .
AQ, Btu/sec 2590 2710 2800 2540
Cold Side
WH (total), lb/sec . 4.5 4.5 5.95 3.0
2
Tinlet’ R 55 55 55 55
T ., R 308 319 261 427
out
Mixed T, R ’ 207 213 179 278
Maximum Wall Temp, F 390 420 380 490
Minimum Wall Temp, F 75 90 40 190

The range of hydrogen flowrates has some effect on wall temperature. These range
from a minimum of 380 F to a maximum of 490 F (420 F nominal)} at the forward end
of the baffle. At the baffle exit, these temperatures range from an average value
of 40 F at the high flow to 190 F at the low flow (90 F nominal). While the wall
temperature at the highest flowrate couditioﬁ is approaching the freezing point of
water, it still remains about 8 F above it. The lower flowrate case may have a
slight reduction in life, though this should be minor since the higher wall temper-
ature is nearly offset by the higher hydrogen bulk temperature. While hydrogen
pressure drops will exceed 100 psi at the highest flowrate case, this has not been
considered limiting from a design or operational standpoint since this is the condi-
tion of minimum pump discharge pressure. The important conclusion is that the wall

heat transferred is not very sensitive to the hydrogen

'

temperature and the total
flowrate and that all témperatures appear acceptable. In addition, there is addi-
tional freedom with the bypass design, where the amount of hydrogen bypassed around
the conditioner could be varied as a function of the hydrogen flowrate, or even

from the unit to unit to account for tolerance differences.
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The preceding analysis assumed a combustion efficiency of 100 percent which should

be attainable with the trislot injector and the high contraction ratio (~7.3) used
on the hydrogen conditioner. However, a nominal design point was evaluated to de-
termine the effect on conditioned hydrogen outlet temperature for a reduced combus-
tion efficiency. Results shown in Table 10 indicate that for a 98-percent combus-
tion efficiency, the outlet temperature of the conditioned hydrogen is reduced approx-

imately 4 percent, well within the specified range.

Baffle Edgg Heat Transfer

A two-dimensional steady-state heat transfer analysis of the top and bottom edge

of the baffle was conducted to determine the effect of the larger land between the
edge channel and the top/bottom of the baffle. Neglecting possible edge effects,
and neglecting the top/bottom baffle guide rail, which does not exist in the highest
heat flux region of the baffle, maximum baffle wall temperatures were determined

as a function of the spacing between the channel and the baffle edge at nominal op-
erating conditions. The results are shown in Fig. 38, It is noted that the lowest
distance shown, 0.02 inch, is essentially the same as that between the other chan-
nels, since it represents half a land width. While the mid-channel temperature is
not particularly sensitive to the distance from the channel to the edge, the maxi-
mum temperature at the edge is quite sensitive (assuming that the baffle does not
have thermal contact with the outer walls of the conditioner). Maintaining a mini-
num edge distance at the downstream end of the baffle of 0.040 inch for reliable
brazing, and accounting for the 0.020-inch change in this dimension as a result of
the channel narrowing from 0.090 inch to 0.050 inch, the resultant distance from

the channel edge to the edge of the baffle is 0.060 inch. The corresponding maximum
predicted wall temperature is seen to be 720 F. As shown in Fig. 38, these maximum
temperatures decay toward the downstream end of the baffle due to reduced heat fluxes.

In actual practice they may decay even faster due to the presence of the guide rails.

Reactor Shell Cooling

The 2-1/2 inches between the injector face and the upstream end of the baffles
is cooled by the reactor hydrogen. The inlet manifold is located just up-

stream of the baffles, and the hydrogen flows in a single pass toward the
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injector face, Since all of the injector hydrogen is used to cool the four
walls in this area, the hydrogen injection temperature should be uniform
‘across the injector face., At a mixture ratio of 1.0 and nominal operating
flowrates, the predicted hydrogen temperature rise is 12 R. The cooling
passages ére designed for a hydrogen mass velocity of 0.5 lb/inz-sec with a

resulting pressure drop in the cooling jacket of about 5.5 psi (Fig. 39)}.

There are 19 channels in each side wall and 14 channels in each of the
other two walls,for a total of 66 channels. A channel width of 0,156 inch
(5/32 inch) results in a channel height of 0.117 inch (Fig. 40).

Between the baffle leading and trailing edges, the side walls of the reactor
are cooled in exactly the same manner as the U-baffles, while the top and
bottom walls are cooled by hydrogen flowing from the inlet manifold to the
leading edge through channels located above each baffle, while the hydrogen
flowing toward the exit manifold passes through channels located directly
over the hot-gas gap between baffles. This region is cooled entirely by
conditioned hydrogen flowing in parallel to the baffles. This coolant flow
is in addition to the 2,7 1lb/sec utilized by the U-baffles and side walls
(at the nominal 4.5 1b/sec flowrate).

Baffle Closeout - Reactor Shell Interface

Several configurations for the top and bottom cooling passages were studied

in an attempt to keep temperatures within reasonable operating limits and also
prevent ice formation on both the baffle and the top/bottom surfaces, which
could in time result in deforming the hardware, Two heating conditions were
analyzed for each geometry and location. The first assumed no hot gas

between the baffle and the top/bottom surface (insulated case); the second
assumed the same heating conditions here as on the adjacent baffle side
{heated case). Four locations were analyzed as being representative of the
most critical regions: (1) just upstream of the exit manifold, (2) just

upstream of the hydrogen inlet manifold, (3) baffle leading edge at the
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tangent point of the hot-gas ramp and, (4) the downstream end of the hot
gas ramp (about 5 inches from the baffle leading edge--also referred to as

the D/S taper point).

The four geometries are shown in Fig. 41 and 42, and the results of the
analysis are shown in Table 11. Since the results were analyzed using the
HEATING program, they are only approximate, as this program is not capable
of handling variable thermal conductivity versus wall temperature or variable
hydrogen heat transfer coefficients versus wall temperature. In addition,
the hydrogen temperatures in the top/bottom walls are only approximate,

and require a hand integration along the length. The hot gas and the baffle
coolant boundary conditions are based on the more exact baffle analysis. In
spite of the approximations involved, the analysis is useful for determining

problem areas and for selecting a design configuration,

By studying the comparative results for the four configurations in Table 11,
it is seen that configuration 1 has the least icing problems of any; however,
it has high maximum baffle surface temperatures {(at the heated corner
farthest from the hydrogen coolant passages) because of the 0,180 inch
distance to the closest coolant passage. Configuration 2Z has no advantage
since its minimum temperatures are lower (more icing) and the maximum

temperatures are higher,

Configurations 3 and 4 are nearly identical except for the location of the
uppass HZ coolant passage in the top/bottom wall. As a result, the tempera-
ture limits are almost the same for each. The principal difference between
the first two configurations and the last two are (1) in 1 and 2, the baffle
is in thermal contact with the top plate at the baffle center, while in 3
and 4, the baffle is only in contact with the baffle spacer lip from the D/S
taper point to the baffle exit; and (2) the maximum edge distance from the
nearest coolant passage to the heated corner is 0.180 inch for configuration

1, 0.210 inch for configuration 2, and 0.070 inch for configurations 3 and 4.
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TABLE 11,

TOP WALL/BAFFLE INTERFACE TEMPERATURES*

Configuration 1 2 3 4
Location Insulated | Heated |[Insulated | lleated |[Insulated | Heated [Insulated | Heated
H2 Exit Manifold
Baffle Interface 22/220 -260/280 -78/16 190/290 -113 200/260 -110 200/260
Top Interface -100/-60 70/220 | -115 75/260 -129 90/280 -130 90/280
Top Exterior -65 227 -115 230 -133 238 -130 250
Baffle Surface Maximum 230 275 275 290 101 194 101 194
H2 Inlet Manifold
Baffle Interface 7/370 | 460 -230/30 340/478 -250 360/450 -250 360/450
Top Interface -290/-110| 140/360 | -300/11 140/340 -390 75/170 -390 100/ 380
Top Exterior -180 85 -180 85 -180 102 -200 116
Baffle Surface Maximum 370 460 459 478 190 350 190 350
D/S Taper Poiﬁt
Baffle Interface 260/830 | 970/1015| -140/315 | 830/1010] -160 860/1000| -160 830/1000
Top Interface -300/120 420/850 -350/-250} 430/830 -390 A430/870 -390 470/890
Top Exterior -320 335 " -330 340 -340 374 -345 460
Baffle Surface Maximum 880 1015 1010 1030 590 840 590 840
Leading Edge
Baffle Interface 420/1210{1410/14901 -230/800 |1240/1490 -87 1130/1460 - 87 1120/1460
Top Interface -270/-100| 400/1180 ] -320/-80 500/1140 -350 470/1210 -390 480/1220
Top Exterior -280 560 -305 560 -310 600 -310 600
Baffle Surface Maximum | 1210 1490 1480 1560 880 1300 880 1300

*Minimum for insulated case, maximum for heated

case; all temperatures in degrees Fahrenheit




As a result, the maximum surface temperatures of the baffle are considerably
less for the last two configurations, which was the reason for their
selection. However, the insulated temperatures at all locations along the
baffile will result in ice formation. To aveoid this, the baffle is designed
to permit the hot-gas to freely pass between the baffle and the top/bottom
wall in the region between the inlet and outlet manifolds. Upstream of the
inlet manifold, transverse ribs will be used to limit the gas flow and thus
the heat flux to the wall, thereby maintaining a reasonable balance between
avoiding ice formation and avoiding overheating. It is noted that even if
the full hot gas heat flux is assumed to exist in the interface region, that
the exterior temperature of the shell meets the design requirements of 600 F
or less, and even then the average exterior temperature is lower. The
fourth and final configuration consisted of a 3/16 inch nickel closeout.
This closeout design is theoretically capable of operating satisfactorily at
a MR=3,

High Mixture Ratic Operation--Hydrogen Conditioner

Hot gas flowrates were determined as a function of mixture ratio and hot gas
outlet temperature, using ambient propellants and based on a fixed heat
rejection rate of 2800 Btu/sec (constant conditioned hydrogen discharge
temperature). The results are shown in Fig. 43, along with the combustion
temperature as a function of mixture ratio. It is noted that with ambient
propellants, the required hot gas flow at a MR=3 is about 60 percent of that
required at the design mixture ratio of 1.0. An additional savings of ~10
percent can be realized by going to a mixture ratio of 8.0. It is noted
that the hot gas discharge temperature becomes sensitive to the hot gas
flowrate; this not only determines the gas temperature in the overboard

dump system but also determines whether ice formation will occur at the exit

of the conditioner,

In terms of control requirements, this means that higher mixture ratio

operation requires good control of the overall flowrate; the exact mixture
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ratio and propellant injection temperature are not critical since neither
has a strong effect on heat rejection, maximum gas temperature, or wall
temperature at mixture ratios of 3-8. On the other hand, the overall hot
gas flowrate affects not only the exit conditions but also the local heat
flux, and thus the wall temperatures and life as well as hydrogen exit

temperature.

Using the required hot gas flowrates as a function of mixture ratio as shown
in Fig. 43, the maximum baffle heat flux as well as minimum and maximum hot
wall temperatures and conditioned fluid exit temperatures are shown in Fig., 44,
The peak heat flux is seen to increase from 4.1 to 6.5 Btu/in2~sec going

from a mixture ratio of 1.0 to 3.0, Very little increase in heat flux

occurs as the mixture ratio increases, since the higher combustion temperature
is offset by both the hot gas specific heat reduction and the reduced hot gas
flow requirements at higher mixture ratio. This is reflected in the maximum
gas wall temperature, which increases from 880 R at a mixture ratio of 1.0

to about 1220 R at a mixture ratio of 3. This range of temperatures is

well within the operating capability of the baffle. The minimum wall tempera-
ture at the baffle exit decreases with increasing mixture ratio, for an
approximately constant hot gas exit temperature, due to the reduced exit heat
flux resulting from both reduced flowrates and specific heats, This would
indicate that a thin layer of ice may start forming on the baffles at

mixture ratios in excess of 2; this can easily be remedied by an increase in
hot gas flowrate, which would increase both the exit hot gas temperature and

the exit heat transfer coefficient,

Transient Response - Failure Mode

A transient start analysis was performed at mixture ratios of 1, 3, and 5, This
analysis assumed that the hot gas flow was initiated at time 0, and the
hydrogen flow was uniformly ramped starting 1 sec later and reaching full flow
in the next half second (1-1/2 sec after hot gas initiation). This is a double

failure mode operatjon, since the system as presently conceived cannot operate
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at high mixture ratio with no coolant flow unless the flow control valve
fails open, The results for mixture ratios of 1 and 3 are shown in Fig. 45
and 46 respectively. The transients for a mixture ratio of 5 are nearly
identical to those at a mixture ratio of 3, as is to be expected from the
similarity in the steady state results, At a mixture ratic of 1, there is

no problem in this failure mode, since the maximum wall temperature is

1700 R at the leading edge after 1 sec of uncooled operation., The hot gas
temperature at the exit is only 1400 R, so that there is no problem in

terms of the exit end of the conditioner nor in the overboard dump system.

In addition, it is seen that the conditioned hydrogen exit temperature
reaches its design value half a second after the flow reaches its nominal
value, so that the thermal transient requirements are easily met, even in a
failure mode situation. At a mixture ratio of 3, the Haynes would start to
melt in approximately 3/4 seconds of uncooled operation, Again, the flow
control valve would prevent this situation from ever happening. It is

noted that even after 1 second of uncooled operation, the hot gas exit
temperature is only 1500 R, which is still compatible with the heat exchanger
exit and probably also with the dump system. In this case because of the
resultant higher hardware temperatures, it takes the hydrogen slightly longer
to reach equilibrium exit temperature once the hydrogen flow has been estab-
lished--about 0.7 sec; this would be faster with a 'normal' start. It is
noted that if the baffle were to be designed towithstand this type of
transient at high mixture ratio, several design changes could be made., These
could include the use of a higher thermal conductivity material to prevent
the hot wall from heating at such a fast rate, and/or reducing the peak heat
flux, which will slow the wall temperature transient, In addition, it is
noted that this analysis was performed with the assumption that there was

no hydrogen in the coolant passages at the start; under most conditions there
would be hydrogen at about 200 R in the channels at the start, and this would
absorb some of the heat, resulting again in a slower hot wall temperature

response.
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Thermal Start Transients

Study of the start transients of the hydrogen conditioner was conducted to
determine baffle maximum wall temperatures and conditioned propellant tempera-
tures as a function of time. Four cases were run using the nominal mixture
ratio (1.0) at a combustion temperature of 1600 F in addition to the nominal

conditioned propellant flowrate of 4.5 lb/sec H,, with 40 percent bypass.

s
The study assumed that the hardware initial temﬁerature was equal to the
average conditioned propellant temperature of 200 R, and that the hot-gas
flow was initiated at the nominal value at time T=0, The conditioned
propellant flow was assumed to increase at a linear rate from O at time T1=0
until the full value was reached. The coclant transient times were assumed
to be 0, 0.5, 1.0, and 1.5 seconds, The resulting transients are shown in
Fig. 47.

For a simultaneous hot-gas and coolant start on the H, conditioner, the

conditioned propellant reaches an acceptable temperatire in 0.4 second (200 R
mixed temperature), whereas the maximum wall temperature reaches the steady-
state value in about 0.1 second. For the other start transients, the
conditioned propellant temperature exceeds the nominal target value during
the transient, reaching a maximum mixed temperature for the 1,5 second start
of about 370 R (580 R out of the conditioner, 370 R out of the mixer), with

an associated maximum wall temperature of 1210 R (750 F).

Oxygen Conditioner

The analysis for the oxygen conditioner consisted of determining the heat
input requirements, the hot gas outlet temperature, nominal operating
characteristics using the hydrogen conditioner, high mixture ratio operation,
and transient operation., The same analytical techniques were used for both
the hydrogen and oxygen conditioner. No analysis was performed on a separate
optimum oxygen conditioner. It is noted that one of the advantages of

having designed the hydrogen conditioner to bypass some of the flow around
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the conditioner is that the design is better suited for use as a common

oxygen or hydrogen conditioner, with ﬁo bypass used with the oxygen., This

is possible since (1) freezing is not as severe a problem with oxygen since

the average exit temperature is 400 R and oxygen has poorer heat transfer
characteristics; and (2) the oxygen pressure drop can be held to approxi-

mately the nominal 100 psi level. The main effect of using a common conditioner
is that the oxygen is not capable of handling as high a heat flux as the
hydrogen, resulting in higher wall temperatures when the hydrogen design is
operated with oxygen. A study of alternate oxygen conditioner concepts was also
performed. Results are presented in Appendix B.

Selection of Operating Conditions. The specified operating range of the

oxygen flowrate and inlet and outlet temperatures is given in Table 9. As
shown in Fig. 48, this covers a range in the required heat input from 1000
to 2900 Btu/sec, with a nominal value of about 1750 Btu/sec. The nominal
value was used as the design point. Also, as in the case of the hydrogen
conditioner, the nominal pressure drop was assumed to exist at the nominal
operating point, with the result that lower pressure drops would result at
higher inlet pressure and lower pressure, while the reverse would also be

true.

A mixture ratio of 1.0 was selected as the nominal operating point, for the
same safety oriented reasons as for the hydrogen conditioner. A high

mixture ratio may have been safer with oxygen, since no combustion could
occur in the event of a leak; however, a high mixture ratio of the same
combustion temperature results in much higher hot gas flowrates. Furthermore
this would require an injector redesign due to the tremendous difference in
oxidizer and fuel flowrates at a mixture ratio of about 110, as shown in

Fig. 49.
An analysis of the minimum weight requirements (exclusive of tankage)

indicates that the minimum weight with one conditioner occurs with an outlet

hot gas temperature of 600-650 R, With three conditioners, the optimum outlet

35



-

T

DT T =

a0

i

SSURE, PIiA

P
T f

l

|

c&

-

[

i

75

20

- OXYCEN. - FLOWRATE .- LELSEC ...

S Ce

MNP

e B g
e .

T3
S SRR

Figure 48,

s
L L OKYGEN. FLOWRATE, LBASEC

Oxygen Conditioner Heat Input

86




IUETLI O T

| T
L87°%E

<

7;01' .“ :
A_Gilo)‘_-:, 750 a/r:A'zc.
S u/o._._- /.s" ¢ z_e/rz:c,

AT

booT

‘t.l:...ii... P

T | R
CAS FLOWRATE,

S ST

" Hor

7.5'@ R

.30

7o,

"fz:if

LS00

z Mgéarrw

/MJCG!’M

2.0

. MIXTUIE  RATIO. ..

S~ 275‘/?“‘””
; =_ HooR

Figure 49.

H1gh Mlxture Ratlo Gas Requlrements for O2 Condltloner

87



temperature is 700-800 R, as shown in Fig, 50. As in the case of the hydrogen

conditioner, 750 R was selected for the nominal operating point.

Thermal Analysis - Common Conditioner. Results with a mixture ratio of 1.0

indicate that the conditioner should work satisfactorily and still be able

to condition the oxygen to the desired 400 R outlet temperature. The result-
ing fluid and hot wall temperature profiles are shown in Fig, 51, along with
the heat flux. The maximum predicted wall temperature is 995 R, corresponding
to a heat flux of about 2.5 Btu/inz-sec {about 20 percent higher than would
have been designed for if a separate design had been generated). Exit wall

temperatures are about 600 R--well above the freezing point.

Stability Analysis, A stability analysis of the conditioned fluid was

performed for both the hydrogen conditioner and for the oxygen conditioner.
The analysis was performed at the nominal flow and temperature conditions,
using Friedly's criteria (Ref. 1). The results of the analysis indicate
that both designs should be stable (Fig. 52).

The pressure drop ratio (y) in Fig. 52 represents the ratio of stabilizing to
destabilizing pressure drops. The abscissa represents the Nyquist loop size

parameter {(c¢).
The requirement for stability is that ¥ > o, It is noted that this stability

criteria has been successfully applied to heat exchangers on the J-2 and

other heat exchangers with considerable success (Ref. 2).

High Mixture Ratio Operation. Due to the interest in exploring the possi-

bilities of higher mixture ratio operation with its higher performance
potential, an analysis was conducted using a reactor mixture ratio of 3,0,
maintaining a fixed oxygen flowrate at the 15.6 1b/sec nominal value and

varying the hot gas flowrate to determine what operating point, if any,
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appears attractive, The effect of reducing the hot gas flowrate is principally
to reduce the leading edge heat transfer, and thus reduce the maximum wall
temperature., Additional effects include reducing the conditioned oxygen
outlet temperature and reducing the wall temperature at the conditioner exit.

These are shown in Fig. 53.

From the standpoint of keeping the maximum hot wall temperature as low as
possible, it would be desirable to test with a hot gas flowrate of about

0.25 1b/sec (at MR=3.0) resulting in maximum wall temperatures of approxi-
mately 700 F. At this point the conditioned oxygen outlet temperature would
be 320 R and the hot gas outlet temperature would be 620 R. However, the
minimum wall temperature predicted at the trailing edge or the baffle would
be about 380 R, indicating that ice formation on the rear part of the baffle
could be expected. A better compromise at a mixture ratic of 3.0 is a hot
gas flowrate in the range of 0.32 to 0.35 lb/sec, resulting in a maximum
wall temperature at the leading edge of 900 - 1000 F, and a minimum exit wall
temperature of about 440 - 475 R--probably close enough to the freezing
point that any layer of ice formed would be thin enough to have little effect
on the overall operation of the conditioner. The resultant conditioned
oxygen outlet temperature is 360-380 R--in the range of the lower specified

oxygen discharge temperature of 375 R,

It is noted that when operating at higher mixture ratio, it is necessary to
reduce the hot gas flowrate; otherwise the conditioned propellant will

be heated more than is desirable, and furthermore it causes an unnecessarily
high heat flux at the forward end of the conditioner, resulting in higher
temperatures and reduced life., The required flowrates for the required heat
rejection rate of 1800 Btu/sec are shown in Fig. 54 for ambient hydrogen and
oxygen injection conditions., It is seen that the hot gas requirements at a
tio of 2 is about 2/3 that at a mixture ratio of 1, for an outlet

temperature of 750 R,

92



TEMPERATURE, R

1600 MAXIMUM HOT WALL
(LEADING EDGE)
]
: .
}
1400 ¢ ‘
1200 -
1000 .
, 4 HOT GAS OUTLET
800 - b
600 -
» MINIMUM HOT WALL
e 2D (TRAILING EDGE)
400 ~ 02 OUTLET
200 b
-r wox = }5.6 LB/SEC, NO BYPASS, T|N = 180 R
ST
0 . H ] _._
0 0.1 0.2 0.3 0.4
HOT GAS FLOWRATE, LB/S‘EC
Figure 53. Oxygen Conditioner Temperatures Versus Hot

Gas Flowrate, MR = 3

93



HOT GAS FLOWRATE, LB/SEC

1.0

0.8

0.6

0.4

0.2 )

AQ = 1800 BTU/SEC

INJECTION TEMPERATURE = 540 R

HOT GAS OUTLET TEMPERATURE

1500 R
1000 R

750 R

2 b 6 8
MIXTURE RATIO

Figure 54. Oxidizer Conditioner Hot Gas Flow Requirements

Versus Mixture Ratio

94

10




Thermal Start Transients, To determine the effect of a delayed oxygen

flowrate on the transient baffle hot wall temperatures, a series of transient
solutions were generated assuming that the oxygen flow ramped up in a linear
manner over a 0, 1/4, 1/2, and 3/4 second period. The resulting oxygen
outlet temperature and baffle hot wall maximum predicted temperature is shown
in Fig. S55at the nominal MR=1 design point. The initial hardware tempera-

ture was assumed equal to the average conditioned oxygen temperature of 290 R,

Results of the analysis indicate (1) that conditioned oxygen at the required
operating temperature can be supplied with the required 1/2 second; and (Z2)
that the hardware can easily sustain a condition where the oxygen ramps

over 3/4 second period with the hot gas running at nominal mixture ratio.

The oxygen conditioner attains an acceptable conditioned outlet temperature

in 0.2 to 0.4 second, depending on the start transient., The instant LO2 flow
response results in the longest time to reach the minimum outlet temperature

of 375 R. The maximum overshoot at the 0,75 second transient is only 430 R,

and the value for the 0.5 second start is only just above the upper limit (450 R
versus the limit of 425 R).

STRUCTURAL AND CYCLIC LIFE ANALYSIS

Effort on this task was concerned with:
(1) Establishing design criteria,
(2) Evaluating candidate materials,

(3) Generating parametric cyclic life data for use in the

thermal analysis,
(4) Structurally analyzing the design, and

(5) Predicting the cyclic life capability of the selected design.
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Design Criteria

The structural criteria set forth for each component included a yield safety
factor of 1.1 and an ultimate safety factor of 1.4, using minimum guaranteed

material properties.

Rocketdyne's approach to evaluating the cyclic life capability of long life
components is predicted on the fundamental theory that failure depends on the

accumulation of creep damage and fatigue damage.

The life analysis is based on a definition of the stress-strain-time-
temperature history during each operating cycle, Creep damage is evaluated
from the stress-time-temperature cycle and fatigue damage from the strain-time-

temperature cycle,

The increment of c¢reep damage, A¢C, is determined by the ratio of time spent
at a particular stress level, t, to the time-to-rupture at that stress level,

t

r
_ t
A¢c = Z( T ) o]
r
A¢C = creep rupture damage

t = time at stress, o

t.= time to rupture at the stress, O

The total creep damage, ¢c’ is given by:

¢lc - ZA¢C

Fatigue damage, ¢c, is determined by the ratio of the actual number of cycles
(starts and stops) applied at a particular strain range to the number of cycles

which would cause failure at that strain range.
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In the absence of experimental fatigue data on the material of interest, the
Method of Universal Slopes is used to obtain isothermal fatigue design values

for cycles to failure,

The method is given by:

F
.. e’t( tu )Nf-.lz . DOy =46

t E f
where
€ = total calculated strain range
Ftu = material ultimate strength

E = Young's Modulus

100
100-RA

RA = percent reduction-in-area

D = Fracture Ductility, Ln[

The basic properties are used at the temperature of interest while the strain-
ing process with varying temperature is considered incrementally, Cyclic life
for the strain range is based on values for Ftu/E and RA obtained over the

temperature range of the strain cycle.

Ultimately this is replaced by isothermal fatigue data generated en the
material (s} of construction over the predicted temperature and strain range.
A plot of fatigue life vs. temperature for the specific strain range of
interest is the key element in the incremental technique. The number of
allowable cycles, Nf, for the strain range, s is determined by graphically

averaging the value of Nf over the operating temperature range.

A generalized life equation is used to consider the total damage caused by

the interaction of low and high cycle fatigue and creep rupture,

The equation takes the following form:

4¢fL + 4¢c + 10¢fH = 1,0
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where

¢fL = low cycle fatigue damage
¢c = creep rupture damage
¢fH = high cycle fatigue damage

[}

Safety Factor = 4 on low cycle fatigue and creep rupture

10 (on high cycle fatigue)

Evaluation of Candidate Materials

To maximize cyclic life capability of the conditioner heat exchanger baffles,
it was desirable to evenly distribute the thermal strains in the hot gas wall
and the closure, Since the hot gas wall will operate at a temperature level
of several hundred degrees while the closure operates at a temperature nearly
equivalent to the propellant bulk temperature, it is appropriate to use
dissimilar materials on the two surfaces with the weaker material used as the
closure. Analysis showed that use of Haynes 188 or the Armco alloys 21-6-9
or 22-13-5 on the hot gas wall in conjunction with 304L or 347 stainless
steel on the closure offers a good combination from a cyclic life standpoint
{Table 12). The allowable strains are relatively close and can be made
nearly equal by selective variation of the appropriate wall thickness as
operating temperatures become finalized. Evaluation of these material
combinations from a fabrication and processing standpoint (discussed in a
later section) led to the selection of Haynes 188 for the hot gas wall and
304L stainless steel for the closure. Additional discussion is included in
the DESIGN AND FABRICATION section.

Parametric Cyclic Life Data

With the selection of the Haynes 188 stainless steel material combination,
an analysis was completed to determine allowable temperatures for use in the
thermal analysis. This data, shown in Fig, 56 for a life capability of
42,000 cycles, is predicted on the cyclic life ground rules and procedures

summarized earlier,
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TABLE 12.

EVALUATION OF CANDIDATE MATERIAL COMBINATIONS

1 1
HOT GAS WALL CLOSURE TEMP ULTIMNEQCD YTELD C> REDUCT%%% ALLOWABLE
MATERTAL MATERTAL F STRENGTH STRENGTH OF ARFA | STRAIN RANGE
KST KST PERCENT IN/IN
Haynes 188 - Loo 123 53 57 005k
- 600 117 48 55
Armeo 21-6-9 - L00 90 L2 65 _00L8
- 600 86 38 60
Armeo 22.13-5 - Loo 101 Ly 6 0053
600 o8 L6 63
. 30LL S8 -300 180 L5 53 0069
«200 154 Lh 56
_ 347 88 =300 190 51 65 0075
~200 160 kg 67

(i) Typical material properties.

(é) Baged on Universal Slopes equation, a required cyclic capability

of 42,000 cycles, and a thickness of 0,015 inches
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Cyclic Life Capability of Selected Design

Thermal cycle capability of the hot face of conditioned hydrogen channels
was evaluated and is presented in Table 13 below, Creep damage is negligible

since hydraulic stresses are very low for nominal operating conditions,

TABLE 13. HOT WALL THERMAL CYCLE CAPABILITY--HYDROGEN CONDITIONER

Nf

Location Station* | Cycles**

Baffle 0.0%** 35,000
5,0%x** 35,000

12,0%*** 58,000

Side Wall 0. O**x* 7,400
5.Q%*x* 7,500

12.0Q¥%** 58,000

*Inches from baffle leading edge

**Cycles to initiation of cracking
***50-percent thermal restraint
****]00-percent thermal restraint

SYSTEM BALANCE ANALYSIS

A system balance analysis was undertaken to establish regulator requirements
for contrelling reactor propellants flowate over the specified range of inlet

temperatures.

Results, presented in detail in Appendix A, showed that regulating gaseous
hydrogen inlet pressure on the basis of inlet temperature provided acceptable
control with a regulation accuracy of + 3 percent. However, the oxygen
should be regulated on the basis of hydrogen and oxygen inlet temperatures

to assure satisfactory reactor operation,
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To eliminate the need for this complex oxygen regulator, study was also done
on a system which incorporated thermal equalizer upstream of the regulator
such that the gaseous hydrogen and gasecus oxygen propellant are supplied at
the same temperature., The results showed that regulating inlet pressure on
the basis of inlet temperature and assuming a + 3 percent regulator accuracy
produced satisfactory reactor conditions. Nominal values (add 2800 Btu/sec
to LH2) for reactor operation as a function of reactor propellant inlet

temperatures are tabulated below.

Inlet Inlet Pressure, psia Flowrate

Temp, R GO2 GH2 psia |[Lb/sec MR (o/F)
275 306 292 245 1.25 1,16
450 325 306 236 | 1,17 1.13
600 324 310 222 1.09 1,00
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DESIGN AND FABRICATION

The basic conditioner design approach and some of the major design features
and operating conditions were based on the overall goal of obtaining long
life, high reliability with high performance, and minimum weight. These
goals, with the exception of minimum weight, which was compromised for ease

of manufacture and reduction of cost, were maintained throughout the program.

The requirements and operational parameters for the hydrogen propellant

conditioner as set forth in the Work Statement were presented previously in

Tables 7 through 9. Nominal design parameters are shown in Table 14,

BAFFLE MATERIAL SELECTION

The early heat transfer analysis and the requirement that no damage or life
degradation would result if either hot gas or cold flow is not initiated

dictated a need for a material which could:

1. Afford high resistance to oxidation and hydrogen embrittlement at

variable temperatures.
2. Have high strength and ductility at elevated temperatures,
3, Meet the NASA requirement of standard materials.

4. Be readily fabricated, brazed and welded.

Some of the materials evaluated to meet the above requirements included:

Haynes 188 Armco 22-13-5
Haynes 25 A-286
Hastelloy X 3041 stainless
Armco 21-6-9 OFHC copper

A comparison of some material properties is shown in Table 15. As can be
noted from Table 15, several of the materials, such as copper and the

stainless steels are not recommended for high tempeature service and therefore
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TABLE 14, NOMINAL DESIGN POINT--H2 CONDITIONER

}iz SIDE
W = 4.5 LB/SEC
Pin = 1600 PSIA
Pout = 1500 PSIA
Tin =55R 40 PERCEHT BYPASS
Tout = 225 R
AQ = 2800 BTU/SEC

HOT GAS SIDE

MIXTURE RATIO = 1,0

Hz INJECTION TEMPERATURE = 275 R
CHAMBER PRESSURE = 240 PSIA
COMBUST ION TEMPERATURE = 2060 R
EXHAUST TEMPERATURE = 750 R
COMBUSTION EFFICIENCY = 100 PERCENT
HOT GAS FLOWRATE = 1,2 LB/SEC

DESIGN MIXTURE RATIO TOLERANCE +10 PERCENT

MAX IMUM HEAT FLUX ~ &4 BTU/IN,2-SEC
MIN. GAS SIDE WALL SURFACE TEMP, ~ 530 R
MIN. HOT GAS PASSAGE WIDTH = 0,050 IN,

WALL MATERIAL

HAYNES 188 - HOT GAS WALL AND LANDS

STAINLESS STEEL - CLOSEQUT
MIN, LAND WIDTH 0,035 - 0,040 IN,
CONSTANT PLATE THICKNESS (GAS WALL + LAND)
CONSTANT CHANNEL WiDTH (WITH STEP CHANGES)
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TABLE 15.

MATERIAL PROPERTIES - CANDIDATE CONDITIONER MATERIALS

RECOMME NDED
TEMPERATURE ULTIMATE STRENGTH YIELD STRENGTH ELONGATION MELTING TEMP MAX. SERVICE
MATERTAL F hsi ) hsi % F F
Haynes 188 R.T, 135 65 60
600 120 45 75 2375 2000
1700 35 30 80
Haynes 25 R.T. 140 70 50
600 130 65 45 2350 2000
1700 25 25 100
Hasteloy X R.T, 110 50 40
600 100 40 40 2350 2000
1700 25 20 50
Aimeco 21-6-9 R.T. 110 65 40
600
1700
ARMCOC 22-13-5 R.T. 120 65 45
600
1700
A-286 R.T. 145 100 25
600
1700
304L R.T. 85 30 40
Stainless 600 55 25 40 2650 1600
1700 10 -- 45
347 R.T. 90 35 40
Stainless 600 60 30 35 2650 1600
1700 10 -- 45
OFHC R.T, 30 10 45
Copper 600 20 5 50 1980 1200
1700 5 -- 920



eliminated for consideration. Of the remaining materials evaluated, Haynes
188 and A-286 showed the greatest promise as a candidate material., The A-286
material has very good resistance to hydrogen embrittlement and shows good
strength properties; however, it has some undesirable features which elimi-

nated it from consideration for this application. These features are:
Plating is required in a brazed structure,

The alloy is difficult to weld without cracking.

Being a precipitation hardened alloy, optimum natural properties
cannot be obtained when processed through a braze cycle.

The alloy is not stable at elevated temperatures.

Haynes 188 is a non-hardenable cobalt base alloy which exhibits a metallurgic-
ally stable structure over a wide temperature range and for prolonged

exposure time at temperature. The material was evaluated for propellant
compatibility, welding and brazing characteristics, fabricability, and has
established guaranteed tensile property design values. Haynes 188 is
compatible with both hydrogen and oxygen within the temperature range of the
conditioner. The material has exhibited a high degree of resistance to high-
pressure hydrogen embrittlement in both notch bar testing and low cycle
fatigue testing. Haynes 188 is weldable and brazeable to itself and to other
alloys. To assure the feasibility of manufacture and guarantee the laboratory

properties, several sample baffle assemblies were designed and manufactured,

SAMPLE BAFFLE ASSEMBLY

Several sample baffle assemblies as shown in Fig. 57 were fabricated and
laboratory tested, The manufacturing sequence as shown in Fig., 58 and the
techniques used in the manufacture of this panel assembly were identical to

those eventually used in the manufacture of the full scale baffle assembly,

The Haynes 188 material as received from the supplier was solution annealed

plate, 0.125 inches thick. Several techniques for machining the slots in the
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Haynes 188 were evaluated and the following results obtained:
The material is very difficult to mill.

The material tends to distort during normal machining,
such as milling or grinding.

Haynes 188 is readily EDM (electrically discharge machined), and
will not distort during this process,

Double disc grinding Haynes 188 is a good technique for machining
this material to a desired thickness,

In the manufacture of the sample panel assembly, the 0.125 thickness Haynes
material was double-disc ground to the desired 0,095 thickness, then EDM
machined to the desired 3.0 x 6.0 inch shape, followed by machining of the
0.080 x 0.080 slots using the EDM process. Alternate slots were machined

at the same time using a small carbon electrode. Subsequent to the machining
of the slots, the panel was cleaned, degreased, cleaned with acetone, and
soaked in a hydrogen atmosphere furnace at 1800 F. The slotted panel and the
Haynes 188 cover sheet were then brazed using 0.002 thick Palniro #1 braze
foil at 2100 F. To assure a good braze joint, a differential pressure
technique developed at Rocketdyne was used, With this technique, high and
uniform loads can be applied to the part during the brazing process., A
sketch of this technique and the arrangement in the furnace are shown in

Fig. 59.

In addition to several -samples brazed with 0.002 thick braze foil, several
sample panels were brazed with 0.00l thick Palniro braze foil. These samples
exhibited strength properties equal to those of the 0,002 thick foil and
minimizes the possibility of channel blocking by excess braze alloy, and it

was decided to use the 0.001 thick foil for all other panel assemblies.

Subsequent to the brazing operaton, panel assemblies were successfully
pressure and leak tested at 2000 psig and then formed to the desired 0,25 and
0.375 radii., Forming of a panel to the 0,375 radius showed no evidence of
material cracking or braze joint damage in the formed region as shown in

Fig. 60. Conversely, the sample formed to the smaller (.25 inch radius showed
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(A) Leading Edge of Baffle Sample With
0.375 Forming Radius

(B) Section Through Baffle Leading Edge
Baffle Sample Formed to 0.375 Radius

Figure 60.
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visible evidence of cracking on the outer surface, Fig., 61, indicating severe
straining of the Haynes 188 alloy during the forming operation, Calculated
strains in the material for the 0.25 radius bend were approximately 35% and
approximately 15% for the 0.375 radius bend. An instrumented panel assembly
recorded a strain level of 16,5 % during the 0.375 radius bend operation.
This value is well within the recommended 25% strain value for Haynes 188,

As a result of this test, it was decided that the baffle width would be

0.75 inches at the nose,

A trade study was performed to determine the effect on conditioner cross
section and weight of varying baffle width the total number of baffles,

These results (shown below) combined with the sample fabrication effort
discussed earlier, led to the decision to use five baffles in the conditioner.
The surface area of these five baffles combined with the reactor wall heat

exchanger areca met the required 950 square inches of surface area.

Conditioner |Baffle |Baffle |Weight

No. of |Baffle Length, Width Width |[Height |Change
Baffles In, ) In. Tn. In. Lbs,
3 17.3 4,25 1.30 6.60 +2
4 17.3 4,25 .95 5.34 +1
5 17.3 4,25 74 4.47 0
6 17.3 425 60 3.84 -1
7 17.3 4,25 .50 3.37 -2

Several panel assemblies which were formed to the 0,375 radius were subse-
quently brazed to a manifold assembly as shown in Fig. 57 using 0.001 inch
thickness of Palniro #7 foil at 1950 F and with the same differential pressure
technique as discussed previously. The assembly was then pressure tested
first to 10,000 psi at ambient temperature and then burst pressure tested

at 1500 F. Rupturing occurred at 4500 psi and was the result of a braze

joint separation between the sample baffle panel and the manifold (second
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(A) Leading Edge of Baffle Sample With 0.25
Forming Radius

)
(B) Section Through Baffle Leading Edge Showing
Forming Crack
Figure 61. Baffle Sample Formed to 0.25 Radius Showing
Resulting Surface Cracks ﬂu)
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braze cycle), Fig. 62, In addition, four other specimens were tested to

failure at a temperature of 1700 F. Results of these four tests were as

follows:
Temp, Burst Pressure Joint Stress
Specimen F psig psi :
1 1720 6,900 23,000
2 1700 10,400 34,600
3 1695 7,300 24,300
4 1700 8,800 29,300

These results showed exceptional strength in the braze joint and the technique

of brazing and braze alloy selection was fixed.

FINAL EVALUATION OF CANDIDATE MATERIALS
FOR THE BAFFLE ASSEMBLY

To maximize cyclic 1ife capability of the conditioner heat exchanger baffles,
it was desirable to eveniy distribute the thermal strains in the hot gas

wall and the closure. Since the hot gas wall operates at a temperature level
of several hundred degrees while the closure operates at a temperature nearly
equivalent to the propellant bulk temperature, it is appropriate to use
dissimilar materials on the two surfaces with the weaker material used as

the closure. Analysis showed that the use of Haynes 188 on the hot gas wall
and 304L stainless steel on the closure offered a good combination from a

cyclic life standpoint,

CONDITIONER DETAIL DESIGN AND FABRICATION
As a result of the sample fabrication and studies discussed previously the

detail design and fabrication effort on the hydrogen conditioner components

and assembly was initiated.
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Tested to 10,000 psi at ambient temperature - No Failure
Tested to 4,500 psi at 1500 F - Failed as Shown

Figure 62. Prototype Baffle Fabrication

116




Final Baffle Desipn

A baffle assembly consisted of a slotted wall for passage of the coolant, a
close-out, manifolds to feed and return the coolant, top and bottom closures,

and honeycomb within the baffle for structural support.

Four of the five baffles (as shown isometrically in Fig. 63) were identical
while the center baffle was different in that all of the needed baffle thermo-
couples were located in this assembly. The baffle details are shown

in Fig. 64 and 65 while the baffle assembly is shown in Fig. 66.

The slotted wall portion of the baffle assembly is made of Haynes 188 and
manufactured in the same method as the small 3.0 x 6.0 sample panel assemblies,
The slots were EDMed simultaneously using a Speer carbon electrode (shown
mounted in the EDM machine in Fig. 67). As shown, the electrode was mounted
on the upper platen and the work mounted on the work table portion of the EDM
machine, This technique permitted easy flushing of the electrode and the
physical part, and was instrumental in obtaining a good surface finish, Like
other good machining processes, the part was rough machined to within a few
thousands of the final dimensions, then the electrode was redressed for the

final machining.

The holes or slots in the 304L stainless closure sheet were also EDM machined
in a manner similar to the Haynes material, EDM machining caused no distortion
in the material, eliminated the need for any deburring after machining, and

once the electrode was machined produced identical parts.
Subsequent to the machining of the slotted Haynes 188 panel and the 304L

stainless closure sheet, these parts were cleaned and brazed in a similar

manner to that perfected on the small samples.
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Baffle Detailing
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Figure 67. EDM Setup
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Figure 68 depicts the brazed assembly after the initial or partial forming
operation, and Fig. 69 shows the partially formed panel assembly in the
bending fixture. Following this operation, the panel assembly was solution-
annealed in a hydrogen atmosphere furnace to relieve any strains induced

during the initial form operation.

The manifolds, top and bottom closures, and the honeycomb support structure
together with a fully formed panel assembly and a completed baffle assembly
are shown in Fig., 66 and 70. The 304L stainless steel manifolds and the
nickel 200 closures were welded together before the second braze cycle. The
stainless steel honeycomb pieces as shown were used in the instrumented
baffle assembly; the cutouts shown are grooves for routing the thermocouple
wires, Each cell of the honeycomb structure was notched to eliminate any
dead pockets and assure a good hydrogen purge to all areas during the brazing
cycle, The small bellows shown in the lower nickel closure served as the
outlet for the sixteen thermocouple wires and the fitting shown was used for
purging during the brazing operation, This fitting was subsequently removed
and the hole welded shut. The baffle assembly after the second braze cycle
was pressure and leak checked to 2000 psig in the coolant passages and to

50 psi in the intermal structure region.

The top and bottom of the baffles were closed out with a brazed-in-place
Nickel 200 plate, as shown in Fig. 66, to prevent reactor gases from getting
in behind the baffles,

Verification of the integrity of these closures in preventing hot-gas leakage
to the back side of the baffles was made by monitoring baffle cavity pressures.
This was done using the baffle vent ports (needed during the braze operation)
shown in Fig. 66.

The above procedure for manufacturing a baffle assembly is summarized in
Table 16.
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Partially Formed Baffle
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Completed Baffle and Details

Figure 70.
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TABLE 16.

BAFFLE FABRICATION, RS 00 5578X

PANEL ASSEMBLY
RS 00 5551X

0g1

I 1
N 1
1 1

11. PALNIRO #1 ALLOY

2, BRAZE @ 2100 F

3. PRESSURE BAG TECHNIQUE
( 8 PsSI)

4, MONITOR COOLING RATE TO
PREVENT DECARBURIZATION

1
. .
L "

ADITFS ESTABLISHED
ONSISTENT WITH
OW STRESS POLICY

. MATERIAL CUT STOCK TO | -p—| EDM CHANNELS |
PANEL - HAYNES 188 SIZE IN HAYNES 188
CLOSURE ~ 3041 STAINLESS , , EDM SLOTS IN 304L

i i
] I ! | T i ~—
| ! | | . .
# HAYNES 188 » EDM TECHNIQUES
1. GOOD HIGH TEMP. PROPERTIES TO PREVENT
2. HIGH CYCLIC LIFE DISTORTION ggﬁwﬁéigR?ngNE
3. GOOD FOR BRAZING & WELDING o DOUBLE DISC OPERATION
¢ 304L STAINLESS gglg? ;0
1. CLOSE MATCH TO HAYNES 188 QUIRED |
FOR THERMAL EXPANSTON THICKNESS
2, GOOD MATCH TO EQUALIZE o ANNEAL TO
THERMAL STRAINS RELIEVE INTERNAL
STRESSES
i
| BRAZE PANEL & CLOSTIRE FORM PANEL 7 TO BAFVLE S
ASSEMBLY
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TABLE 16 (Continued)

TO BAFFLE
ASSEMBLY

MATERTAL 1. MILL QUTER
MANIFOLD ASSY. Jooee .
304L STAINLESS CONTOUR
2. EDM INTERNAL
PASSAGES
HONEYCOMB EDM TO DESIRED SHAPE AND
STRUCTURE > THICKNESS -
EDM SLOTS TO VENT EACH CELL
FOR SUBSEQUENT BRAZING
; L
MISCELLANEOUS |  ,_| MILL TO DESIRED SHAPES _—
CLOSURES
—

|




TABLE 16. (Concluded)

BAFFLE ASSEMBLY BRAZE PANEL ASSY, MANIFOLDS, | | FINAL MACHINE
RS 00 5578% HONEYCOMB STRUCTURE, AND L MANIFOLDS
MISCELLANEQUS CLOSURES - Ma

A

2., HEIGHT TO 4.950

I I

L )
—

1. PALNIRO #7 ALLOY

2, BRAZE @ 1925 F
a, HYDROGEN PURGE THROUGH
HONEYCOMB STRUCTURE

3. PRESSURE BAG TECHNIQUE
(70 PSI)

INSPECTION

1, X-RAY

2. FLOW CHECK

3. PRESSURE TEST
2100 PSI




The instrumented baffle assembly is identical to the other baffles, with
the exception of the thermocouples. This completed baffle assembly is
shown in Fig. 71 and 72. The small dark spots on the face of the baffle
in Fig. 71 indicate the location of some of the hot-gas wall thermocouples;
a total of sixteen thermocouples were installed. A typical thermocouple

installation is shown in Fig. 73,

As shown, the inlet and outlet manifolds are located near the aft end of

the baffle assembly because in this area the hot-gas temperature, the baffle
wall, and the conditioner walls' temperature more closely approach each other,
thereby reducing the amount of differential growth between components. In the
frontal areas and high differential temperatures, the baffle assembly is free
to grow axially, thereby eliminating any strain caused by differential tem-

peratures between the baffle and the outer walls.

Conditioner Walls

As in the case of the baffle assembly, the material exposed to the hot
reactor combustion gases was Haynes 188, and the backup or structural
material was 304L stainless steel. As mentioned before, 304L stainless and
Haynes 188 are closely matched in thermal growth, are readily brazed, and
304L stainless is one of the most easily electron beam welded materials. A
completed side wall assembly and its individual details of the slotted

Haynes wall and the 304L stainless wall structure are shown in Fig. 74,

and 75. The slotted Haynes 188 wall was EDM machined in a manner similar to
the baffle assembly. Most of the 3041 stainless wall material was removed

by milling, but the final rectangular shaped manifolds were EDM machined,
Brazing was accomplished in a manner similar to the baffle assembly. The top
and bottom walls (bottom wall shown in Fig. 76 and 77) are very similar in design
and in their method of construction as the conditioner wide walls, Of
significance are the guide rails, which were EDM machined into the Haynes 188
material to form tracks for locating the baffles in their proper location

and maintaining a predetermined hot gas gap.
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Miscellaneous Components

Miscellaneous pieces of hardware such as the inlet and outlet manifolds for
the coolant, reactor interface flange, and associated cover plates were all

machined from 304L stainless steel and are shown in Fig. 78.

Hydrogen Conditioner Assembly

A drawing of the conditioner assembly is shown in Fig. 79, an exploded

view of some of the major components for the conditioners is shown in

Fig. 80 and a subassembly of the five baffle assemblies electron beam

welded into the top wall assembly is shown in Fig. 81. As shown, the bottom
wall assembly with guide rails was used as a locating fixture during the

weld operation; and it also can be noted that the baffle thermocouple wires
protrude from the bottom of the assembly. This is better shown in Fig. 82,
which is a view of the bottom of the conditioner. Fig. 83 shows the assembly
of the side walls to the conditioner just prior to the weld operation,

and shows the side wall thermocouples installed.

A complete assembly of the conditioner is shown in Fig. 84, The slotted
passages in the reactor interface flange provide the path for the reactor
hydrogen flow into the reactor injector., The flange on the right front is
used for attaching the reactor igniter. The small ports on the side of the
coolant outlet are used to measure the cutlet temperature of each baffle,

A physical drawing of the thermocouple installation is shown in Fig. 85.
Also shown in this drawing are static and pressure ports, which protrude

into each baffle assembly outlet,

REACTOR (INJECTOR) CONFIGURATION

Based on company funded studies completed prior to the start of this program
the injector selected for this effort incorporated trislot injection |
elements (where two hydrogen streams impinge on a centrally located oxygen
stream). The elements were arranged in a rectangular pattern and oriented
in such a manner that they are aligned with the hot gas passages between the
heat exchanger baffles, ’
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Figure 80, Hydrogen Conditioner Details and
Partial Assemblies
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The original configuration incorporated 24 elements arranged in a 4 by 6 pattern

as shown in Fig, 86 and 87, This injector was hot-fire tested on the solid wall
conditioner as a part of the related technology effort (discussed later). Test
results showed a tendency for localized hot spots on the conditioner side walls,
attributed to the close proximity of the elements with the wall., As a result, the
injector was redesigned into a 4 by 4 pattern, eliminating the outer row of elements
on the side walls as shown in Fig. 86, Fuel film coolant slots were added along

these side walls to further reduce side-wall heat flux,

The detail design of the injector is shown in Fig, 88, Hydrogen enters the
injector through manifolds or passages from a collection manifold located
on the solid wall chamber or heat exchanger assembly. Oxygen enters the

injector through the back side of the injector.

The injector was designed as a furnace brazed assembly with an OFHC copper
face and stainless steel manifolds and backup structure, In this design,
there are no weld or braze joints between the propellants and the copper
face is free floating in any direction as a result of thermal growth. The

trislot elements were EDM machined, as shown in Fig. 89.

IGNITER CONFIGURATION

Based upon previous NASA funded and Rocketdyne IRED studies of various types
of igniters including the electric spark, resonance, and catalytic the air-
gap electric spark igniter configurafion was selected for use in the conditioner
program, This igniter is shown in Fig, 90, It operates with a flowrate of
0,06 lbs/sec, an overall mixture ratio of 0.85:1, and a core mixture ratio

of 40:1, Oxidizer flows past an annular gap between the spark electrode and
combustor wall. A spark discharge occurs across the gap and oxidizer flow,
Fuel is injected immediately downstream of the gap in a 40:1 mixture ratio,
Ignition occurs and produces a high~temperature (about 4200 R) core. The
core body is dump cooled by additional hydrogen flow which brings the overall
mixture ratio to 0.85:1, All of the component head end parts are machined

from Nickel 200, and the combustion chamber was made from OFHC copper.
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REACTOR PROPELLANT FLOW CONTROL VALVES

All of the reactor and igniter propellant flow control valves were
pneumatically operated bi-propellant ball valves originally designed and
used for the Atlas vernier engine system. The valves were modified slightly
by increasing the inside diameter of the ball to accommodate the required
gaseous oxygen and hydrogen flow rates and the valves were refurbished with

new seals and flow checked,

Each bi-propellant ball valve required two Marotta on-off solenoid valves

to control the pneumatic flow into the bi-propellant valve actuator.

HYDROGEN CONDITIONER ASSEMBLY CONFIGURATION

The completed conditioner as shown in Fig. 91 and 92 consists of the
conditioner subassembly, the injector, the igniter, injector flow control
valves, the coolant by-pass valve, the associated plumbing, and instru-
mentation which consisted of thermocouples, static and velocity pressure
ports. The entire assembly was mounted on two steel channels for ease of

handling and ease of mounting in the test stand.

A total of 50 thermocouples, were installed, and a total of 36 pressure
ports were located at critical locations on the conditioner. A list of the

thermocouples and their locations is shown below:
16 thermocouples in the center baffle.
6 thermocouples in the hot gas exit passages.
7 thermocouples to monitor the coolant exit temperature from each baffle.
10 thermocouples in the conditioner side walls.
3 at the injector face.
1 to measure coclant inlet temperature.

1 to measure total coolant outlet temperature.

1 to measure gaseous hydrogen inlet temperature at the valves,
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1 to measure gaseous oxygen.
1 on the igniter.
2 to measure injector hydrogen inlet temperature.

1 combustion gas temperature.

After assembly the unit was proof pressure tested to verify structural
integrity and leak tightness. The liquid hydrogen side of the conditioner
was proof pressure tested at ambient conditions and cryogenic conditions
(using liquid nitrogen) to 2000 psig. The hot gas side was pneumatically

pressure tested to 450 psig.
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CONDITIONER TEST EFFORT

The hydrogen conditioner was hot fire tested over a range of operating
conditions.. The primary goal of the test effort was to verify that
the concept was not duty cycle limited and to establish a strong

technology base for the concept.

A review of the test effort, post test data analysis and post test

hardware evaluation is presented in the following sections. -

FACILITY

The thermal conditioner was tested at CTL-IV, Cell 29B area of the

Santa Susana Field Laboratory. This facility was specifically designed
for gaseous oxygen/gaseous hydrogen test firings with ambient temper-
ature and temperature conditioned propellants. Presented is a description

of the propellant systems, system controls, and measurement systems.

Propellant Systems

The conditioner was delivered to the test facility as an assembly unit
which consisted of the reactor gaseous propellant valves, propellant

lines from the reactor valves to the conditioner, liquid propellant

bypass mixer, and temperature measurements and orificing on these

systems. This unit is shown in Fig.92 and represented by the simplified
schematic in Fig. 93 . Figure 94 shows the unit installed in the

test facility, and the completed propellant schematic is shown in Fig. 95 .

The reactor propellant feed systems consisted of servo controlled liquid
propellant, servo controlled gaseous propellant, and mixer systems.
These systems were capable of supplying propellant over the full range
of propellant temperatures (275 R fuel and 375 R oxidizer to 600 R

fuel and oxidizer) at any specified pressure up to 1000 psig. Subsonic
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venturis were used to measure the total reactor gaseous oxygen and
hydrogen flowrates. These ventuiis had been designed to cover the
expected range of operation including mixture ratic variations, temp-
erature variations, and partial flowrates {orificed blowdowns).

During propellant blowdowns, the individual circuits were calibrated
to define their characteristic resistance. This resistance was used
during hot fire tests to determine the flow splits. Flows through

the three igniter circuits were determined from previously established
igniter characteristics. The air gap torch igniter had been extensively
tested during a company-funded program, and its flow characteristics
were well established. During a typical operation the flowrate through

the igniter was 4 percent of the total reactor flowrate.

The gaseous hydrogen reactor feed system consisted of a single
pneumatically actuated ball valve. Downstream of the valve, the fuel
was divided into the reactor injector feed, and two air gap igniter
feeds. Orifices were placed in the igniter circuits to control flow-
rate to the igniter injector (igniter core flow) and flowrate to dump
cool the igniter body.

' The gaseous oxygen reactor feed system consisted of a main valve,

and downstream of this valve the flow was split into three circuits

as shown in the schematics of Figs. 93 and 95. One circuit fed

the igniter and was orificed to obtain the desired igniter core

mixture ratio. The remaining two circuits were a parallel feed to

the reactor injector which allowed the reactor to operate in low
mixture ratio ignition phase and a design mixture ratio mainstage phase.
During the ignition phase, all flow went through one leg of the parallel
injector feed which was orificed to obtain a partial oxygén flow for

low mixture ratioc operation. A valve in the remaining leg was closed.

At a specified time, this valve was opened, and the full oxygen flow
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was developed for mainstage operation, During the actual test program,
the ignition phase operation was deleted, and the feed system was
modified by removing the parallel leg with the valve and redesigning

the orifice in the remaining leg for the full mainstage flowrate.

The facility was designed to initially supply liquid hydrogen as the
conditioned propellant, and then the facility was to be converted to
supply liquid oxygen. Liquid hydrogen was supplied through a 2" line
from a 2000 psig, 1000 gallon run tank. Liquid oxygen was available
from a 2" line from a 2000 psig, 600 gallon tank. The propellant system
upstream of the conditioner consisted of a subsonic venturi for total
flowrate measurement, a redundant turbine flowmeter, and a facility
main valve. The assembly contained a bypass mixer section where

60 percent of the liquid flow went through the conditioner baffles

and 40 percent of the flow was bypassed. The bypass circuit contained
provisions to orifice the flow. The parallel flows were rejoined in

a mixer section designed for uniform mixing within the bypass mixer
section. The downstream propellant system consisted of a critical

flow nozzle to control the total flowrate, a facility valve to be used
for propellant pressure lockup tests, and an orificed bypass valve

and line to control overpressure during propellant pressure lockup tests.
During the initial phases of the test program, the bypass flow was
deleted to simplify the test opération by placing a blank orifice in

the bypass mixer and the critical flow nozzle was changed for the
conditioner baffie flow only (2.7 lbm/sec nominal). Most of the tests

were conducted with no bypass flow.

Purges were located immediately downstream of the reactor valves and
facility liquid propellant valves. These low pressure purges were
turned on prior to testing and locked off automatically during hot
fire as the propellant pressures rise. The purges prevented ambient

air from entering the conditioner and causing icing post test.
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System Control

The sequencing capability is shown schematically in Fig. 96. The
start sequence was designed for flexibility of the ignition phase and
start of conditioned propellant flow. A safety circuit terminated

the test if the targeted reactor chamber pressure was not achieved
after a specified time. This served as a check that ignition success-
fully occurred and that the facility propellant systems were operating
satisfactorily and as expected. Another circuit automatically verified
that conditioned propellant was flowing and terminated the test if

a minimum propellant flowrate was not indicated after a specified time.
Both circuits terminated the test any time during mainstage if chamber
pressure decreased or propellant flowrate decreased below

a specified value. The cutoff allowed the reactor fuel valve to delay
while the oxidizer was purged, and this feature prevented an oxidizer
rich cutoff due to the trapped volumes downstream of the propellant
valves. (An oxidizer rich cutoff would occur whenever the fuel to
oxidizer volume ratio downstream of the main valves was less than
16:1). The emergency cutoff was the same as the normal cutoff. The
conditioned propellant valve could also be delayed as a precaution
during initial checkout tests and/or to simulate any expected propel-

lant conditioning assembly operational mode.

Conditioner Instrumentation

The conditioner was heavily instrumented to allow measurement of sufficient
parameters so that a close comparison to predicted dperating conditions
could be made. This instrumentation was planned to allow for measure-
ment of conditions within the conditioner as well as overall response

and heat exchange data. An instrumentation list is presented in

Table 17 and includes the feed system parameters reflected in the
propellant schematic of Fig. 95. All recorded parameters were recorded on
the digital data system. The facility had less recording channels than there
was instrumentation on the hardware; therefore, all parameterS were not
recorded on each test. Parameters required for facility setup were also
recorded on Foxboro recorders (DIGR), parameters required for monitoring
the conditioner operation during testing were recorded on Brush recorders,

and critical response parameters were recorded on the oscillograph.
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TABLE 17. APS THERMAL CONDITIONER INSTRUMENTATION

RECORD

Pc

Te

BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE
BAFFLE

BAFFLE

L-1

1.2

2-3

3-4

4-5

5-R

L-1

1-2

2-3

3-4

4-5

5-R

GAP
GAP
GAP
GAP
GAP
GAP
GAP
GAP
GAP
GAP
GAP

GAP

PARAMETER

EXIT
EXIT
EXIT
EXIT
EXIT
EXIT
EXIT
EXIT
EXIT

EXIT

EXIT

EXIT "

PURPOSE

INJECTOR RESISTANCE: EFFECTIVE HOT CAS FLOW DATA

LOCAL MR; VERIFICATION OF COMBUSTION;?]C.

HOT GAS FLOW AND MR DISTRIBUTION

>‘ INDICATION OF U/S FLOW BLOCKAGE

HOT GAS ENTHALPY CHANGE;

> HOT GAS FLOW AND MR DISTRIBUTION
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SYSTEM

GO2

GH

RECORD

E T A o o T -3

MOBe BC D B Dt 2 e e M bd B¢

TABLE 17. (Continued)

PARAMETER

VENTURI U/S P
VENTURT U/S T
VENTURI AP

VALVE lI/S P

VALVE U/S T

VALVE D/S P
INJECTION Pr.
INJECTION T

IGNITER INJECTION P
IGNITER INJECTION T

VENTURI /S P

VENTURI U/S T

VENTURI AP

VALVE U/S8-p

VALVE U/S T

VALVE D/S P

INJECTION T,

INJECTION T,

INJECTION P

IGNITER T

IGNITER CORE INJECTION P
IGNITER COOL. INJECTION P

PURPDSE

GO2 FLOW (TOTAL)

VALVE RESISTANCE; POSITION
(BACK-UP VERIFICATION OF FLOWRATE)
INJECTOR RESISTANCE

IGNITER RESISTANCE, GO
G0, INJECTOR FLOW ’

2 IGN FLOWS

GH2 FLOW (TOTAL)

VALVE RESISTANCE; POSITION
(BACK~UP VERIFICATION OF FLOWRATE)

HEAT INPUT IN COMBUSTOR
INJECTOR RESISTANCE

IGNITER CORE AND COOLANT GHZ FLOW;

INJECTOR GHZ FLOW
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TABLE 17. (Continued)

SYSTEM RECQORD
LH, X VENTURL U/S P U/S P TRANSDUCER CHANGED AFTER TEST 219

X VENTURT U/S T PRIMARY LH, TOTAL FLOW

X VENTURI AP /

X FLOWMETER U/S P '

X FLOWMETER T BACK-UP EHZ TOTAL FLOW

X FLOWMETER OUTPUT J

X INLET P

X 'BAFFLE NO, 'L OUT, P

X BAFFLE NO. 2 OUT. P BAFELE AP

X BAFFLE NO. 3 OUT. P BAFFLE FLOWRATE

X BAFFLE NO. 4 OUT. P

X BAFFLE NO, 5 OUT, P

X BAFFLE NO. 1'OUT. VEL. P

- BAFFLE NO. 2 OUT, VEL. P 5 DETERMINATION OF LH, PLOW
XNR BAFFLE NO. 3 OUT. ViL. P IN EACH BAFFLE

- BAFFLE NO. 4 OUT. VEL. P

X BAFFLE NO, § OUT. VEL. P /

X BYPASS QUT. P OVERALL (BAFFLE + MIXER) AP

X OUT. P D/S OF PRESSURE REGULATION SYSTEM
X LEFT WALL OUT. T A

X BAFFLE NO. 1 OUT. T

X BAFFLE NO. 2 OUT. T ‘ INDIVIDUAL HEAT INPUT; FLOWRATE;
X BAFFLE NO. 3 OUT. T > THERMAL RESPONSE

X BAFFLE NO, 4 OUT, T NO. 4 CONNECTED BACKWARDS THROUGH TEST 219
X BAFFLE NO, 5 OUT, T

X RIGHT WALL OUT. T. /

X MIXER OUT, T OVERALL HEAT INPUT; RESPONSE
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SYSTEM

INJECTOR

BAFFLE

CENTER
BAFFLE

RECORD

o o o

E = - I

TABLE 17. (Continued

PARAMETER

FACE T NO. 1
FACE T N&. 2
FACE T NO. 3

BAFFLE NO. 1 VENT D
'BAFFLE NO. 2 VENT D
BAFFLE NO, 3 VENT ¢
BAFFLE NO. 4 VENT P
BAFFLE NO. § VENT P

HOT WALL SURFACE T NO. 1

[T, IR PO &

COLD WALL SURFACE T NO.

TOP GAP SURFACE T NO. 1

2
BOTTOM GAP SURFACE T NO,

)

1

[~ Ty B 72 B

1
2

PURPOSE

MANIFOLDED TOGETHER;
MONITOR LEAKAGE OF LH, OR HOT GAS

TO BAFFLE CENTER 2
X = .85 IN. )
4,9 IN,
9.9 IN, \ LIFE
12.9 IN.
15.4 IN.
/
2.9 IN,
4.9 1IN, HEAT FLUX
9,9 1IN, DISTRIBUTION
12,9 IN.
15.4 1IN,
0.9 IN. INDICATION OF
4,9 IN, HEATING OR
0.9 ICING PROBLEMS
4.9 IN,

14.9 IN.
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TABLE 17. (Concluded)

SYSTEM RECORD PARAMETER  PURPOSE
SIDE WALL - RIGHT HOT WALL T NO, 1 X= 1IN,
X RIGHT HOT WALL T NO. 2 X =5 IN, SIDE WALL
X RIGHT HOT WALL T NO, 3 X = 10 IN, HEATING
X RIGHT HOT WALL T NO. 4 X = 13 IN.
X RIGHT HOT WALL T NO, § X = 17 IN.
- LEFT HOT WALL T NO, 1 "X = 1IN
X LEFT HOT WALL T NO. 2 X = 5 IN.
- LEFT HOT WALL T NO. 3 X = 10 IN.
X LEFT HOT WALL T NO. 4 X =13 IN,
X LEFT HOT WALL T NO. 5 X = 17 IN.
X RIGHT WALL GAS T X = 13 IN, GAS T PROFILE;
X LEFT WALL GAS T X = 13 IN. H,0 CONDENSATION;

2
X LEFT WALL GAS P x = 13 IN, GAS P PROFILE



To determine the operating characteristics of the thermal conditoner,
various instrumentation was installed to monitor hot fluid, cold fluid,
and wall parameters. A hot gas thermocouple was installed at the down-
stream end of each hot gas passage, together with a static pressure
tap. This information in conjunétion with the combustion temperature
and pressure measurements upstream of the baffle was used to determine
the hot gas heat loss and pressure drop in each of the six hot gas
passages. In additjion, hot gas temperature and pressure was measured
just downstream of the coolant inlet manifold, to help verify the pre-
dicted heat flux distribution. The hot gas thermocouple located in
the combustor upstream of the baffles served as a backup check on

the injector mixture ratio, although it should be remembered that

this is only an approximation since small mixture ratio differences
across the injector face can result in the thermocouple indicating

a mixture ratio other than the average value, depending on the thermo-

couple location and injector characteristics.

Cold fluid inlet conditions were determined with upstream pressure,
temperature and flowrate readings. Downstream measurements included
thermocouples, and both static and total pressure measurements at the
exit of each baffle. A number of baffle outlet pressure instrumentation
lines on the conditioner assembly had become plugged during a braze
operation. Baffle outlet total pressures were limited to three baffles,
and baffle outlet static pressures (individual baffle flowrate) were
limited to two baffles. The purpose of these measurements was to
obtain a coolant pressure drop through the conditioner as well as

the flowrate through each baffle; the flowrate plus the temperature
rise of the hydrogen in each baffle then gave the heat input distri=
bution from baffle to baffle. Instrumentation downstream of the con-
ditioned propellant mixer measured both the overall pressure drop and-

the overall conditioned propellant discharge temperature.
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Both hot wall and cold wall temperature measurements were made. The
cold wall temperatures were moniﬁored at several locations behind a
downpass channel, with one set of measurements on a U-baffle and another
set on a wall baffle. These were located three or four channels in
from the edge; far enough to aveid edge effects while still facilitat-
ing installation of the thermocouples. Based on theoretical consider-
ations, the channel closeout temperature at steady-state is very close
to the coolant bulk temperature at that point. The purpose of these
measurements, then, was to obtain a coolant temperature profile, and
thereby deduce the hot gas heat flux profile. A downpass channel

was preferred since it is more indicative of the heat input (the
uppass channel transfers heat to the downpass channel as a result of
the temperature difference of the fluid in adjacent channels flowing
in opposite directions)}. Both the U-baffle and wall baffle were in-
strumented since the hot gas gap, .and thus the heat flux, will be
different at the 1éading edge (there is no taper to the side plate,

as there is in the forward part of the U-baffles).

Hot wall temperature'measurements were monitored on the U-baffles and
wall baffle surface (flush mounting) to obtain local heat flux data
(to verify backwall temperature measurements) and to verify predicted
operating thermal characteristics. Between the coolant inlet and out=
let manifolds, this instrumentation also indicated the effect of
condensation on the wall, give an indication of the range over which

it is occurring, and the resulting heat flux.

Other areas of interest in the conditioner which were monitored are

as follows: one area to be monitored is the U-baffle cover plate (at
the top and bottom of each baffle}. Temperature readings at the for-
ward end gave an indication of the heat flux to which the baffle cover
plate was exposed; instrumentation at the back end indicated whether
an icing problem exists between the baffle and the outer wall. In
addition, temperature measurements were made on the injector face to

verify that no heating problem exists here,

181



TEST PLAN

The planned test effort was initiated with liquid hydrogen as the con-
ditioned propellant, and the proposed test matrix is presented in
Table 18 . The facility/hardware was then to be converted for liquid
oxygen as the conditioned propellant, and a similar test effort was

to be conducted. These test series would characterize the conditioner
thermal operation and response as a function of mixture ratio, reactor

flowrate, reactor inlet temperature, and propellant sequencing.

Each matrix consisted of (1) propellant blowdowns, (2) ignition

phase only tests (3) mainstage tests with ambient temperature propel-
lants, and (4} mainstage tests with 375 R oxygen and 275 R hydrogen,
These matrices reflected a step-by-step approach to achieve the de-
sired data with a minimum of risk. Initial tests were to be conducted
with ambient temperature reactor propellant for simpler facility
operation. Testing was to progress toward the desired operation of
cold reactor propellants and the conditioned propellant sequenced on

with mainstage.

A comprehensive propellant blowdown series was required because of the
complex flow circuits of the igniter/conditioner. Individual circuits
of the conditioner were to be calibrated by alternately placing blank

orifice fittings in the lines.

Initial checkout tests (Series II) were to be conducted by establishing
and verifying liquid hydrogen flow prior to ignition phases. During
these ignition phases only tests, initial thermal characteristics

will be assessed at the ignition phase mixture ratio of 0.5 o/f.

182



€81

TABLE 18. TEST MATRIX - LH2 CONDITIONER

Duration = Sec IHa Sequence-ms

Test ) No, of Ignition|Mainstage | Ignition Mainsvage Reaults

Phase Variables Tests Fhase Phase

T _ ‘
Propellant Reactor GO, System (h) ‘ Calibrate flowv cir-
Hlewicwns Redctor @1 System (3)| 3 pts Stabllized - - cults,
{Azbient reactoriLHy System (3). per setup Facility/hardvare
prepellants) response

1I
Ignition Ignition Fhase Checkout
Phase buration (3) 3 0.5 to 5 0 on & Initial data with
{Azblent re- Veri- - ignition phase MR
agtor propel- fied
lants) ‘

111 Nominal Flows 1 - |Checkout with m/s
ceodldtioner . : 0.5 0.5 On On . planned Inspection
Cz:ration with |y iure Ratio 3) -
sztlent Tem- Remctor Flow {3) 9 1.9 5 On Ou Effect of reactor
parature Re- “ W& MR
actor Propel- Effect of IHy W & MR
lants

Nowminal Flows 1 0.5 0.5 ort 50 ms |[Creckout test with
Lead uncocled igniticn
phase
Planned inscection
Ignition Phase 50 me Conditionar response
Duration (3) 3 0,5 to 5 ore Lead Effect of ignitien
1.5 phase duration
Pulss Widths 10 {pulses] 0.5 2 on on Oon Entire |{Effect of pulse on/
Nominal Flows 2 Off Pulse Duty| off time on thermal
‘ Cycle response
10 (pulaes] 0,5 2 On (¢} 44 50 ma
2 off Lead
5 {pulses}) 0.5 2 On otf 50 ms
5 nff Lead
5 (pulaes 0.5 2 0n o 50 my
: 10 0ff Load




81

TABLE 18. (Concluded)
Duration - Sec . { I, Sequence-m/s
Test No. of | Kenitlon Malnstage| Lghition Mainstage Results
Fhase Verisbles Tests Phase Phase
111 Mixture Ratie (3) 3 1.5 5 Cn On Effect of reactor
(Cont) Nominal Flows V& MR
Repeat Tests with
b instrumentation
Cutoff with System 50 ms Effect of Residual
Pressure Locked up 3 0.5 5 off Lead Heat
Nominal Flow and MR
Nominal Flows 3 a.2 0 off - Dezcnstrate vacuum
. starg
v Mainstage Duration (2) Creekout Test
Cenditioner Nominal Flows 2 0.5 0-1 On On VYerify facility
Operation . cperation
gthmeﬁgﬁn Mixture Ratioc (3) 3 1.5 5 On On Effect of reactor
Go«? Neminal Flows MR and inlet tem-
2 perature
Ignition Fhase (3) 3 0.5 to 5 off | 50 ms Conditioner response
1.5 Lead Cffect of sequence
Mixture Ratio (3) 3 1.5 5 " on o lepeat mixture ratic
Nominal Flows tests
High (TED) Mixture High MR operation
Ratio (3) 3 1.5 > On On Planned Inspeztion




Test series III was to be conducted with ambient temperature reactor
propellants., The first test was a short duration checkout test at

the nominal flow condition followed by a visual inspection to verify
hardware integrity. Initial tests were to obtain steady-state data
with a minimum risk sequence where the conditioned propellant is on

to provide cooling during the ignition phase. The conditioner was to
be orificed for the nominal conditions with an ignition phase mixture
ratio of 0.5:1 o/f when the mainstage mixture ratio #s 0.85:1 o/f.
Steady-state data was to be obtained for ignition phase and mainstage
as a function of reactor mixture ratio, and reactor flow. These para-
meters were to be varied by approximately 10 percent from nominal.
Cycle tests were to be conducted to determine conditioner response

as a function of off-times. Off-times were to be varied from 2 to.

10 seconds. These tests included "worst case" thermal cycle conditions
where the liquid propellant flow remained on during the off-period.
Tests were to be conducted to determine thermal soakback and effect

of residual heat on trapped conditioned propellant. The hydrogen down-
stream back pressﬁre valve was to be sequenced closed at cutoff, and
the propellant trapped at its nominal pressure. A bypass valve could
be used to prevent the trapped propellant pressure from becoming

excessive,

Series IV was to be conducted with the reactor propellants conditioned

to 375 R oxygen and 275 R hydrogen. Checkout tests would be conducted

to verify the operation using the facility propellant condition

systems. The effects of reactor mixture ratio and propellants sequencing
would be ascertained in test series similar to ambient temperature
series. The test matrices for these variables have been abhreviated
since the basic trends will have been established during ambient temp-
erature tests, Baséd on the results, an upper limit of mixture ratio
would be selected, and a high mixture ratio test series would be comn-

ducted.
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TEST PROGRAM

The test program generally followed the test plan as previously out-
lined. Test series which were conducted using liquid hydrogen as the
conditioned propellant included (1) propellant blowdowns and system
calibrations, (2) ignition phase only tests, and (3) mainstage tests with
ambient temperature reactor propellants. During the course of conducting
these series, additional tests were conducted with objectives related

to ignition of the reactor propellants, and variables investigated in-
cluded the air gap igniter mixture ratios (core and overall) and flow-
rate and injector pattern. Testing was terminated at this point in

the planned program due to distortion of the baffle leading sections

with a resulting reduction in the effective baffle gap hot gas flow area.
No tests were conducted using temperature conditioned reactor propellants,
and no tests were conducted using liquid oxygen as the conditioned prop-
ellant. A summary of the test program is shown in Tables 19 and 20.

A total of 85 tests were conducted with an accumulated reactor burn time
of 197 seconds. This summary does not include no-ignition tests or cold

flow calibration tests,

Summary of Tests

Test results are presented in Table 21 in chronological order. The
initial effort was a comprehensive series of propellant blowdowns.
Individual circuits were calibrated by alternately placing blank orifices
in parallel circuits. Characteristic flow resistances were determined
for each section of the flow circuits such as propellant valves, valve

to injector feed system, injector, and total conditioner baffle section.
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TABLE 19. LH, CONDITIONER TEST SUMMARY
e TOTAL NUMBER OF TESTS 85
IGNITION ONLY 23

HEAT EXCHANGE/RESPONSE TESTS 62

e ACCUMULATED DURATION (Reactor Burn
Time), sec 197

® RANGE OF TEST CONDITIONS

REACTOR MIXTURE RATIO, o/f 0.70 - 0.95
REACTOR FLOWRATE, 1b/sec 0.73 - 1.07
LH, FLOWRATE, lb/sec 2,32 - 4.08

TEST DURATION, sec 0.5 - 30.0
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TABLE 20. LH, CONDITIONER TEST MATRIX

2

IGNITION/RESPONSE DATA

DURATION
MIXTURE RATIO RANGE
LH, FLOWRATE

BASIC HEAT EXCHANGE DATA
DURATION
MIXTURE RATIO RANGE
LH, FLOWRATE

"WORST CASE" PULSE DATA

13 TESTS
0.5 se
0.70 to o 93 o/t
2,36 to 2. 82 1b/sec

9 TESTS
2.0%0 5.0 sec
0.90t0 0.94 o/t
2,32 to 3.11 1b/sec

9 TESTS

DURATION
MIXTURE RATIO RANGE
LH, FLOWRATE

3 sec on/ 2 sec off
0.70to0 0.92 o/f
2. 61 to 3. 23 Ib/sec (coantinuous)

NOMINAL PULSE DATA 19 TESTS
DURATION 3 sec on/ 2 sec off
MIXTURE RATIO RANGE 0. 93 to 0. 95 o/
LH, FLOWRATE 2.92 to 3.79 1b/sec

SIMULATED MISSION DUTY CYCLE 11 TESTS
DURATION 3-5 sec on/ 5 sec-5 min off
MIXTURE RATIO 0.90 to 0.95 o/f
LH, FLOWRATE 3.19 to 4.08 1lb/sec

DURATION CAPABILITY DEMONSTRATION 1 TEST
DURATION 30 sec
MIXTURE RATIO 0.87 o/f
LH, FLOWRATE 3.40 1b/sec

62 TOTAL TESTS
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TABLE 21. CONDITIONER TEST RESULTS
REACTOR CONDITIONS [CONDITIONED PROPELLANTSi
TEST TEST W Pe W T
: ouT [ 4.Q NO. OF| DURATION REMARKS
OBJECTIVE LB/SEC| M.R.| PSIA |LB/SEC p | BTu/sec | TESTS SEC
- - COLD FLOW .- - - - = |~ - - - - - 20 - - ALL CIRCUITS
CALIBRATION CALIBRATED
1511 IGNITION 0.89 (0,53 (- - |- - - - - - 8 0.3 TO IGNITER LIT
TEST 3.6 NO REACTOR IGNITION
MODIFY INJECTOR BY PLUGGING FILM COOLANT HOLES ADJACENT TO IGNITER
III IGNITION 0.97 0,53 - - - - - - - - 9 | 0.5 IGNITER DID NOT LIGHT
TEST T0 TO
1.07 1.00
'Iv IGNITION "IGNITER LIT ON 5 TEST
TEST 1.06 | 0.85] - « - - - - - - 14 0.5 NO REACTOR IGNITION.
TO
1.00
EVALUATE NO. 1 INJECTOR
v IGNITION 0.89 | 0,53 198 2.80 | 28% 2220 10 | 0.5% SPORADIC IGNITION OB
TEST T0 T0 IGNITIZY® AND REACTOR
1.01 0.75 IGNITER LIT ON 4 TESTS
NO. 1 INJECTOR UNSUITABLE - INCOMPATIBLE WITH CONDITIONER WALLS - USE NO. 2 INJECTOR
VI IGNITION 0.80 | 0.56] 164 2.36 266 2120 11 0.5 ON 2 TESTS REACTOR
& TO T0 TO TO TO TO T0 0.9 DID NOT LIGHT
RESPONSE 1.00 0.86{ 217 2.82 324 2370
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EACTOR CONDITIGNS’

TABLE 21.{Continued)

“CONDITIONED PROPELTANTS |

TEST TEST W Pe ¥ |Tour AQ - |NO. OF |DURATION
oBJECTIVE | LB/SEC|M.R. |PSIA| LB/SEQ R BTU/SEC | TESTS SEC REMARKS
VII-A  |HEAT 0.79 lo0.79 |197 | 2.44 | 281 |2220 g [z.0 ON 2 TESTS REACTOR
EXCHANGE T0 0 |TOo | TO 0 | TO T0 DID NOT LIGHT
DATA 1.07 0.93 250 2.85 394 2540 5.0
Vii-B WORST 0.80 0.70 224 2.61 156 1641 12 3.0 ON ON )} TEST HAD CUT @ 0.5
CASE ro |T0 |10 | TO o | ToO 2.0 OFF |SEC. ON 3 TESTS REACTOR
PULSING 0.97 | o.92 320 | 3.23 | 295 [ 2270 DID MOT LIGHT
. LH, ON CONTINUOUSLY
VITI-A |HEAT 0.89 | 0.90] 238 | 2.32 | 230 {1890 s (0.5 ALL TESTS AT 5 SEC
EXCHANGE TO 0 |10 | TO T0 | TO TO | DURATION EXCEPT ONE
DATA (0,92 0,94 297 z.11 388 f 3090 $.0 AT 0.5 SEC
VIII-B |PULSE 0.84 | 0.92| 266 | 2.95| 194 | 1940 1o |3.0 ON |NOMINAL 3 SEC ON/2 SEC
DATA T0 T0 | TO | TO T0 | TO 21 OFF PULSING. LH
~0.90 | 0.95| 310 3.79| 245 | 2260 25§10 |CYCLED ON AND ofF
OFF WITH REACTOR GO, FLOW
IX-A IGNITION 0.88 | 0.79 343{ s.s1| e7 | 740 1 |1.0 CROSS CHECK ON
' CHECK IGNITION PARAMETERS
IX-B | HEAT 0.85 | o.99 316| 2.64| 241 | 1820 1 1s5.0 BASIC HEAT EXCHANGE
EXCHANGE DATA
DATA
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TABLE 21. (Concluded)

REACTOR CONDITIONS

CONDITIONED 'PROPELLANTS[

TEST TEST W Pe W Tour | 2aa NO. OF| DURATION
OBJECTIVE LB/SEC| M.R. | PSIA | LB/SEC| R BTU/SEC TESTS SEC REMARKS
SIMULATED 0.75 [ 0.90 308 { 3.19 176 | 1670 $ (5.0 ON VARIED OFF TIMES TO

X-A MI1SSION T0 TO TO TO TO TO 10 SEC TO | VERIFY CONDITIONER
DUTY 0.85 | 0.95| 370 | 4.08 219 | 1500 5 MIN OFF | NOT DUTY CYCLE
CYCLE LIMITED

X-B DURATION 0.73 | 0.87{ 382 | 3.40 219 | 1570 1 |30 EVALUATE DURATION
TEST CAPABILITY

%-C HEAT 0.81 | 0.92] 342 | 2.87 227 | 1820 1 |5 BASIC HEAT

1 EXCHANGE EXCHANGE DATA

DATA




These characteristic resistances were monitored throughout the test
effort, and as expected, there was no change in the flow characteristics
of the individual components and feed systems including the conditioned
propeliant/baffle section. The only resistance which varied during

testing was the effective baffle hot gas flow area.

During the initial test effort, the igniter failed to ignite the

reactor propellants. During test series I and II, as shown in Table 21 ,
the igniter operated successfully on each test as indicated by the

igniter internal chamber pressure and by a temperature rise indicated

by the reactor combustion temperature thermocouple located near the

path of the igniter flow. This igniter assembly had been used during

the solid wall conditioner checkout test series with complete success, and
the reactor propellants ignited on every test during this series.

A major difference in the igniter/reactor configuration between the

solid wall and conditioner tests was the injector pattern. The injector
unit #2 used on the conditioner tests was a modified version of unit

#1 which was used on the solid wall hardware. During the solid wall

test program, localized erosion of the reactor side walls was experienced
and therefore, unit #2 injector was fabricated where the tri-slot

elements adjacent to the side walls was deleted and replaced with fuel film

coolant slots.

The injector (unit #2) was modified by plugging the two fuel film
coolant slots immediately adjacent to the side wall mounted igniter
since there was a possibility that the film coolant was mixing

with the igniter flow. This would lower the temperature of the igniter
flow below that reqitired for ignition. Series III and IV were conducted
in wh ich the igniter operated on 5 tests but the reactor again failed
to ignite. During'many of the tests, the igniter failed due to a

faulty spark cable connection which was difficult to detect.
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Failure to ignite the reactor propellants was a perplexing problem
since the igniter was the same unit used successfully during the solid
wall test program and the injector was similar to unit #1. The differ-
ence in the injector patterns was shown previously. As a reference
test series, the solid wall configuration was duplicated by installing
unit #1 injector on the conditioner assembly and orificing the air

gap igniter to duplicate the same igniter flowrate, core nixture

ratio, and overall mixture ratio that was used during the solid wall
test effort. One difference which could not be rectified was that

the cooled conditioner assembly has a higher unignited backpressure
(chamber pressure) than the heat sink solid wall hardware due to the
presence of cooled baffles. The reactor ignited on one test of four.
This test was of 0.5 seconds duration. During'the other tests conducted
during this series, the igniter failed due to the faulty spark cable
connector. The faulty connector was discovered and repaired for sub-
sequent testing, and no further igniter failures were experienced.

Post test inspection of the conditioner indicated heated areas on the
reactor side walls which was the result of the single 0.5 second test
with unit #1 injector. The pattern of the heated areas was remarkably
similar to the erosion pattern which occurred on the solid wall assembly,
Thus, injector unit #1 was unsuitable for further testing due to
potential overheating of the reactor side walls, and injector #2 was

reinstalled for all subsequent test effort.

The results of these tests indicated that ignition of the reactor
propellants was sensitive to distribution of the igniter high tempera-
ture core flow, the intermixing of the core flow and the igniter

dump coolant flow, and the proximity of the injector elements to the
igniter flow. In the next test series VI, the initial ignition phase
mixture ratio was successively increased to higher and more ignitable
mixture ratios. The results showed that a reactor mixture ratio of
0.9:1 o/f or higher was required for repeated ignitions. The ignition
phase concept was eliminated since these test results show that a low
mixture ratio start was not required or desired for the conditioner

assembly,
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Test series VII obtained heat exchange data as a function of reactor
mixture ratio and flowrate. Seven data tests were conducted plus three
tests where the reactor did not ignite at relatively low reactor mix-
ture ratios (less than 0.9:1 o/f). A 'worst case" pulse duty cycle
test series was also conducted where the liquid hydrogen flow remained
on during the 2 second off period. The first attempt at this pulse
series was terminated at the end of two cycles due to a facility
sequence malfunction. The planned series of ten pulses was then
conducted during which there were three pulses in which the reactor

did not ignite.

Test series VIII obtained conditioner thermal data as a function of

liquid hydrogen flowrate. Pulsing data was obtained where the conditioned
propellant was shutoff during the reactor off periods. Pulsing

capability was demonstrated with an on time of 3 seconds and off times

of 2, 5, and 10 seconds.

As a cross check on ignition parameters, series IX was conducted at
a low reactor mixture ratio, and ignition did not occur. When the
reactor mixture ratio was increased above 0.9:1 o/f, successful

ignition occurred. This was the same results experienced on past testing.

Series X was a simulated mission duty cycle where the on-time was 5
seconds and the off-time was varied from 10 seconds to 5 minutes.
This series was concluded with a 30 second duration test which

demonstrated extended duration capability.

Series XI objective was to evaluate conditioner thermal soakback by
locking up the conditioned hydrogen propellant when the reactor main-
stage was terminated. Thermal soakback data was to be monitored for
several minutes after cutoff of the reactor. However, several seconds
after reactor cutoff, a facility fire occurred, and the test was aborted;

therefore, lockup capability was not demonstrated.
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Reactor and conditioned propellant flow conditions on each test as well

as test results and objectives are listed in Table 22

During the cold conditioner test program, 85 tests were conducted, and
197 seconds of hot-fire duration was accumulated. Thermal and response
data was obtained which established a technology base for a highly
efficient, baffle type propellant heat exchanger with integral reactor.
Data obtained over a range of conditioned propellant and reactor flow
conditions verified the analytical design techniques used for designing

baffle type conditioners.

Data was obtained on the ignition and operation of the reactor over a
range of reactor and igniter operating conditions including mixture ratios,
flowrates, and propellant sequencing. Ignition of the reactor was smooth
and rapid, and the data indicated that there were no detonations or over-
pressures during the ignition process. Further effort is required to
evaluate conditions required for reliable ignition. This effort should
further evaluate distribution of the igniter effluent relative to the in-
jector face and elements and igniter/injector operating conditions at
ignition including igniter mixture ratios and flowrate, and injector

mixture ratio.

The reactor operated stably and the data showed that there were no chugging
or indication of acoustic instabilities. During the early phases of
testing , the reactor operated predictably, and the reactor chamber

pressure and combustion temperature obtained the expected values during

both unignited and ignited conditions. As testing progressed, anomalies

occurred in the reactor operation. The reactor chamber pressure became
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TABLE 22. LH2 THERMAL CONDITIONER TEST CONDITIONS
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increasingly higher indicating a decrease in the effective hot gas flow
area. This anomaly first became evidenced during the "worst case"

cycle testing and became more prevalent as testing progressed. Typically
chamber pressure would step up in value randomly during a test and
sometimes occurred several times in a test. Reactor total flowrate would
decrease as the chamber pressure increased. On some tests, the effective
hot gas flow area decreased to less than one half of its nominal value,
The major cause of the phenomenon is attributed to the distortion of the
baffle leading section due to thermal stresses. Further effort should
be directed toward improving the injector distribution to avoid thermal

imbalance while maintaining capability with the reactor side walls.
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POST TEST THERMAL ANALYSIS

The test hardware was primarily designed to condition hydrogen at the
nominal mixture ratio over a range of reactant hydrogen inlet temperature.
The hardware was expected, however, to be capable of conditioning either
hydrogen or oxygen over a range of mixture ratios well above the nominal
design value, based on the theoretical pre-test analysis. The primary

goal of the test program was to verify the theoretical results and to be
able to account for all the heat within 5%. The test program was expected
to verify the amount of heat transferred, indicating whether the conditioner
was sufficiently long to extract the required heat; to verify reactant and
conditioned propellant be achieved within 1/2 second after initiation of
flow; that the conditioner could operate on any duty cycle; that the con-
ditioner could satisfactorily operate at off-design conditions; to verify
the feasibility of the overall design concept; to verify the planned con-
trol method and control requirements; to determine the best start sequences;
and to verify the injector pattern design in terms of performance and heat

distribution.

Most of the goals were met. The thermal response met or exceeded specifi-
cafions; the instrumentation was sufficient to determine the heat distri-
bution and account for the total heat distribution within 5%; the conditioner
was operated over a wide range of duty cycles; pressure drops were measured
and variations from the theoretical were accounted for; except for a partial
collapse of one baffle and a small amount of bending at the forward end of

the baffles-- where they are unsupported-- the baffles showed . no damage and
no overheating. Because of damage to one of the baffles (which was determined
to be minor after the hardware was dissassembled and inspected) and because of
faulty hot gas wall thermocouples on the instrumented baffle which read much
higher than expected temperatures (later analysis showed them to be reading
the hot gas temperature) many of the off-design conditions were not run. This
was the reason that higher mixture ratios were not attempted. It was also the
reasen no oxygeh conditioner tests were attempted, since the oxygen tests would
run with higher wall temperatures and it was undesirable to risk the chance
of oxygen leaking to the hot gas through the damaged baffle, which could cause

even more local damage,
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Overall Results

This section covers the overall thermal balance and the upstream hot gas
chamber pressure results, In addition, the thermal efficiency is related

te combustion efficiency.

Of the two fluids in the conditioner, the conditioned hydrogen is the only ome
which measures an overall outlet temperature; the hot gas has six individual
outlet temperatures, and in order to obtain the heat released from the hot

gas it is first necessary to determine the hot gas flow distribution and mix-
ture ratio distribution. Consequently all of the heat exchange rates are
based on the conditioned hydrogen flowrate, inlet temperature, and outlet
temperature at the mixer. This is shown in Figure as a function of hot

gas flow rate. Since mixture ratio varied little from test to test, this is
not shown as a parameter, The solid points are the early tests with durations
of about 0.5 seconds; they tend to show somewhat higher heat exchange rates
due to the mixer not having cocled down to steady state operation within the
test duration. As would be expected, a good correlation exists between the
total heat input and the reactor.flowrate. However, the nominal heat input
was never achieved because of 1) only one test was run at the nominal hot

gas flowrate (100% combustion), and none were run over this value; and 2)
reduced combustion efficiency, which will be discussed shortly. The actual
duty cycle seemed to have little effect on the heat input.

In order to determine the thermal efficiency of the conditioner, and noting
from Figure 97 that the heat input is approximately proportional to the
reactor flowrate, a parameter was calculated which represents the heat input
to the hydrogen divided by the reactor flowrate (or hot gas enthalpy drop)
for a particular test divided by the same quantity determined based on the
theoretical predictions of 2800 Btu/sec transferred with a reactor flowrate
of 1.08 1b/sec. This is shown as a function of test number in Figure 98;
it is noted that many of the early ignition tests between tests 157 and 199
are omitted. As in the previous figure, the early short duration tests had
not reached steady state and thus showed high values of heat input compared
to the later longer duration tests. The later tests showed heat exchange
efficiencies between 80 and 100 percent, again with no apparent effect of

duty cycle.
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The experimental combustion efficiency was determined from the experimental
combustion temperature, using the relation:

M = (Texperimental / Ttheoretical) 0.5

where the theoretical combustion temperature is based on the experimental
mixture ratio and reactor hydrogen injection temperature. This may not

be the most ideal way to measure combustion efficiency, but it was the most
practical. Since the combustion temperature is probably not uniform across
the face of the injector, this measurement may be somewhat sensitive to the
actual location of the hot gas thermocouple. The resulting combustion
efficiency is shown in Figure 99 as a function of core mixture ratio.
The core mixture ratio differs from the overall mixture ratio in that the
injector has edge film cooling slots, and in addition the igniter is
normally running at a different mixture ratio than the injector. The core
mixture ratio is thus 19/16 times the overall injector mixture ratio. The
core mixture ratio is the desired value since this is where the hot gas
thermocouple is located. As shown in Figure 99, the experimental combustion
efficiency is between 90 and 100 percent, with most of the data between 93
and 97 percent. The solid points are the early short duration tests of
approximately 0.5 second duration; as would be expected, these show similar

values to the longer duration tests.

In order to relate the combustion efficiency to reduced thermal efficiency,
the combustion efficiency was selected, and the combustion temperature
determined using the correlation above. This reduced combustion temperature
was then used to determine the available energy for a particular mixture
ratio and outlet temperature. The result is shown in Figure 100 as a ratio
of available energy to that available with 100 percent combustion efficiency.
The analysis was performed for three conditions: (1) an outlet temperature
of 750R at a mixture ratio of 110; (2) 750R at a mixture ratio ef 0.85, and
(3) 1000R at a mixture ratic of 1.0. In this case, the mixture ratio represents
the .overall hot gas mixture ratio. The first two cases represent nominal
conditions with cold and warm reactor hydrogen respectively; the last case is
to show the semsitivity of the hot gas outlet temperature. Within the range

of interest there is little difference between the three cases. Superimposed
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on Figure 100 is the experimental fraction of available energy efficiency
from Figure 99 . It is seen that this fraction as measured by the heat

input to the hydrogen for a given reactor flowrate and the average com-
bustion efficiency as measured by the combustion temperature compare very
well. They indicate a combustion efficiency of 95-96 percent with a
corresponding reduction in available energy to 85-89 percent of theoretical.
It would thus appear that the method for determining combustion efficiency is
reasonable, and furthermore that the reduced heat input can be accounted for

completely by the reduced combustion efficiency.

The range of conditioner operation compared to the required range of operation
is shown in Figure 101 . In this figure, the conditioned hydrogen outlet
temperature is shown as a function of heat input for five different cases:

1} 3 1b/sec flow, 70R inlet temperature; 2) 4.5 1lb/sec., 70R; 3) 4.5 1lb/sec,
55R (nominal case); 4) 4.5 lb/sec, 40R; and 5) 5.95 1lb/sec, 40R inlet
temperature (maximum heat input). Superimposed on this figure is the range
of experimental heat inputs. The experimental heat input is capable of con-
ditioning from 3 to over 4.5 1b/sec to the required outlet temperature. The
upper heat input range, as indicated earlier, would have required higher reactor
- flowrates and/or mixture ratios, and these were not run as a result of faulty
hot wall thermocouple measurements. However, over half of the required heat

input band was covered experimentally.

Chamber Pressure

The measured hot gas chamber pressure is a function of the flow area, flowrate,
mixture ratio, and exit temperature. Since everything is experimentally
measured except for the flow area, this parameter can be determined experi-
menfally. Assuming that the minimum flow area occurs at the conditioner exit -
either due to thermal distortion or icing - it is necessary to calculate the
total pressure at the conditioner exit. It is noted that the experimental exit
pressures are static pressures, and that their readings are sensitive to

local and upstream obstructions so that they are not necessarily a good
indication of the local total pressure. The method of determining the ratio

of upstream to downstream total pressure is covered in Appendix D . For a
given geometry, it is seen that the pressure ratio is basically a function of
the total temperature ratio. The numerical constant involved is based on the

theoretical pressure profile determined for the nominal operating condition.
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The resultiug pressure ratio is shown in Figure 102 as a function of the
hot gas exit temperature and mixture ratio; the latter determines the
upstream total temperature. In this manner the effective hot gas flow area
can be determined. The nominal flow area is based on the measured hot gas

gaps at the exit plane.

The ratioc of the effective flow area to the nominal flow area is shown in
Figure 103 as a function of the ratio of the reactor flow to the conditioned
hydrogen flow. It is noted that this ratio of flowrates is the primary

factor which controls the local wall temperature, and thus it is this factor
which should determine if icing is going to occur. Consequently if the
area reduction is due to ice formation, one would expect a good correlation
between flow area reduction and the ratio of flowrates. However, in studying
Figure 103 it appears that the principal variable influencing the reduction
in flow area is the test number. It is seen that tests 201-217 have essentially
the nominal flow area; it is also seen that tests 221-229 have about a uniform
flow area about 65% of the nominal area. The only points which may have an
area reduction due to icing are the bottom left hand three points, which have

the lowest reactor flowrates,

The same effect is shown as a function of test number in Figure 104. It is
again seen that the first tests through test 216 have a calculated area equal
to the measured flow area; this is not just due to short duration runs, since
all tests after test 210 have durations in excess of 2 seconds. The first
reduction in hot gas flow area occurs at test 218, where two cycles were run
with the conditioned propellant on throughout the test. The major reduction
in flow area occurred at test 219, which consisted of 10 cycles, again with
the liquid hydrogen flow on both with and without the reactor flow, for the
full test duration. This was the last test series in which the liquid hydrogen
was flowed without any reactor flow. As a result very minor changes in
effective hot gas area occurred from tests 220 to 232, in spite of several
different duty cycles being run. Tests 233-235 had lower hot gas flow areas,
and this could have been due to icing since the hot gas flowrates were lower.
This apparently was not a "permanent' change since the flow area came back
from 60% to azbout 70% of nominal value. It is noted that when the area
reduction occurred at test 219, that test 220 started a new test day; yet

the flow area remained unchanged between tests 219 and 220.
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Consequently, it is concluded that while the conditioner withstood a wide
range of operational duty cycles, the reduction in area is due to the very
severe cycling tests where the liquid hydrogen was left on throughout the
test duration, resulting in very rapid changes to the wall temperatures.
Had these tests not been run, it is believed that the chamber pressure
would have been close to nominal. Incidentally, the method in which the
calculated hot gas flow area depends on the experimental chamber pressure
and theoretical hot gas pressure profile is a good indication that the
predicted pressure drop was experimentally verified, since the calculated

flow areas match the measured areas for the early tests.

The overall operational conclusions are that: 1) the injector has a 95-96
percent combustion efficiency, which is sufficient to completely account for
the 85-89 percent thefmal efficiency; 2) the heat exchange efficiency is

net a function of duty cycle and is not affected by apparent baffle distortion;
and 3} that the apparent baffle distortion occurred dnly during the most

severe cycling tests where the liquid hydrogen was run for the full test
duration. It is also concluded that the observed reduction in area is not

due to icing primarily, except for maybe three tests at the end, so that ice

formation is not a problem at normal operating conditions.

Thermal Response

The contract requirement was that conditioned propellants must be supplied
within 0.5 seconds after the initiation of flow. Following are a number of
figures showing thermal response under a range of conditions including with
no igniton, and response from both ambient temperature and liquid hydrogen
temperatures. Cycling tests are also shown to indicate the repeatability of
the data.

The thermal transient for one of the early tests is shown in Figure 105.
Test 164 was run at a mixture ratio of 0.8 with no ignition. Consequently,
it is useful for studying how rapidly the hardware chills. The liquid
hydrogen was introduced approximately 0.4 seconds after the hot gas flow,
and the mixer outlet temperature reached a nominal 230R with 5 1b/sec con-
ditioned propellant approxmiately 0.4 seconds later. This indicates that
the hardware will meet the required thermal response. It is also seen that

the baffle outlet temperature responded faster than the mixer, because of
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additional thermal mass in the latter. In addition, the baffle responded
somewhat faster than the sidewalls due to the large mass of the backup

structure in the sidewalls.

A comparison of the theoretical and experimental thermal transients are
shown in Figure 106 for test 213, It is seen that steady state conditions
were reached in about 0.5 seconds. It is also seen that the hydrogen outlet
temperature transient can be predicted very well. A comparison of the
baffle hot wall temperature 5 inches from the leading edge indicates that
the experimental temperature was about 400R higher than the theoretical value.
The probable reason for this is the thermocouple was reading essentially the
hot-gas temperature rather than the wall temperature, as shown in the tem-
perature profiles presented in Fig. 114 :hrough 118. Here it can be seen
that many of the epxerimental hot wall thermocouple measurements compare
very welll with the predicted and experimental hot-gas temperatures. This
can occur if the thermocouple is projecting into the hot-gas stream rather
than mounted flush with the baffle surface.

The thermal response for test 221 is shown in Figure 107. Again, the con-
ditioned hydrogen outlet temperature easily reached the required operating
temperature in 0.5 seconds, even though it took longer to attain steady state
conditions. The injector face took 3-4 seconds to reach steady state due to
its copper wall construction; its slower response did not influence the
response of the conditioned propellant. The two baffle hot wall temperatures
appear to read approximately hot gas temperatures; one had a very fast
response, indicating it was probably projecting into the gas stream from the
beginning of the test. The other thermocouple had a very slow response,
indicating it was probably not fastened securely to the wall but was reading
hot gas temperature by the end of the test.

The thermal response for test 222 is shown in Figure 108, The baffle hot
wall and injector face temperatures show the same trend as in the previous
test. In addition, the heat input to the conditioned hydrogen took about
1% seconds to stabilize, mostly due to mixer response; again, it was not

necessary to reach steady state in 0.5 seconds, it was only required to
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enter the required operating range .at this time. It is also seen that the
liquid hydrogen inlet pressure decayed slowly throughout the test (due to
the tank pressurization system) but that the pressure drop through the con-

ditioner was constant.

The thermal transient for the long-duration test, test 235, is shown in
Fig. 109 in order to show that various parameters are stable during the
test. Between 1 and 2 seconds into the test, the liquid hydrogen

flow increased; this caused a drop in the mixexr outlet temperature

and may have caused an increase in chamber pressure due to icing.

Icing would be expected since less than 75% of the nominal hot gas

flow was present with nearly 50% excess liquid hydrogen flow within

the conditioner., After this time most of the parameters are
essentially constant for the remainder of the test, with the

exception of the liquid hydrogen flow which started to decrease half

way through the run, due to the tank pressurization system.

Thermal transients for two of the cycling tests are shown in

Figures 110and 111. The first figure shows the first half of the

ten cycles in test 219; it will be remembered that this test had liquid
hydrogen flowing for the full test duration. It is seen that: (1) the
initial cycle starts from ambient conditions; (2) no ignition occurred

in the fourth cycle; (3) the thermal response satisfied the require-
ments for each cycle, including the one following the no ignition

cycle; (4) the baffle outlet temperature consistently responded faster
than did the mixer outlet temperature, as previocusly observed in test
164; (5) the liquid hydrogen flowrate was consistent from cycle

to cycle, being controlled by the hot gas heat input (hot gas flowrate
and mixture ratio)}. The remaining four cycles (not shown) are essentially
the same as the first six, except that ignition did not occur on cycles 9
and 10.

The second cycling test for which thermal transients are shown is test
229, Figure 111. This test consisted of 5 cycles, with 3 seconds on

and 10 seconds off., The reactor and conditioned propellants came on
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together; the reactor oxygen and conditioned hydrogen were turned off
3 seconds later, and the reactor hydrogen was shut off 1 second after
the other two. All cycles ignited properly. As in test 219, the hot
gas flow was the same for each cycle, resulting in the same heat input
for each cycle, the same conditioned hydrogen flowrate for each cycle,
and the same conditioned propellant outlet temperature for each cycle;
in other words, the conditioned propellant flow conditions were re-
peatable from cycle to cycle, being controlled by the heat input to
the conditioner.

A cursory look at the effect of wall thickness increase in thermal
response increase using one-dimensional tables gave the following
results. Two extreme cases were considered. The first considered
nominal liquid hydrogen flow at a temperature of 60 R, with no hot

gas flow and initially ambient hardware. The time it took to heat

the wall temperature adjacent to the conditioned propellant to about
300 R was essentially independent of wall thickness. The second case
considered the nominal hot gas flow with no conditioned hydrogen, with
an initial wall temperature of 60 R. The time it took to heat the
wall surface adjacent to the conditioned propellant was proportional
to the wall thickness. Consequently it is concluded that with both
feactor and conditioned propellants flowing, the wall response will

be less than proportionally sensitive to wall thickness, and that small
variations in wall thickness should have no appreciable effect on

conditioner response.

In summary, it can be concluded that: (1) the conditioned propellant
temperature came into its operating range within 0.5 seconds, as
required; (2) there was a rapid buildup in flowrate and pressure;
(3) the experimental response compared favorably with the predicted
response; (4) the side plate reponse was slower than the baffle
response due to the heavy backup structure; (5) the mixer response

was slower than the baffle response due to heavy instrumented
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exit manifolds and partial optimization of the mixer for response; (6) the
response would be faster with the nominal hot gas flowrate;

(7) the injector face required about 3 seconds to reach steady state;

(8) the conditioner flows were stable; and (9) the liquid hydrogen flow was
repeatably controlled by the hot gas flowrate and mixture ratio for a

given liquid hydrogen inlet pressure and temperature.

Detailed Baffle Heat Transfer Analysis

The previous section covered the overall transient and steady state operation
of the thermal conditioner. The first part of this section will discuss the
hot gas mixture ratio and flowrate distribution within the conditioner, as
well as the distribution of the conditioned propellant flow and the heat
input distribution. The second part will use this flow distribution to
analyze the baffle temperature distribution and to detexmine if the experi-

mental results can be predicted.

The basic variables to be determined are the hot gas flow distribution,

mixture ratio distribution, and combustion efficiency distribution for each

of the hot gas passages. In addition the conditioned propellant distribution
for each baffle and side plate must be determined. To determine the validity
of the analysis, a number of checks are employed. The first four conditions
are that the appropriate individual components must add up to (1) the total
conditioned propellant flow; (2) the total heat input; (3) the total reactor
hydrogen flow; and (4) the total reactor oxygen flow. In addition, (5) the
overall hot gas flow area should match the individual areas; (6) the calculated
individual hot gas flow areas should correspond to the measured individual

hot gas gaps; and (7) there should be a reasonable match between the heat input
to a given baffle and the heat rejected from the adjacent hot gas passages.

If all of these conditions can be satisfied, it is felt that the various dis-

tributions have been determined with sufficient accuracy.

A major part of the conditioner instrumentation was utilized to determine the
various flow distributions, as seen in Table 23 ., Because of the complexity
of the analysis, consideration was given to writing a computer program to
determine the required parameters. However, due to the shortness of time
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TABLE 23. INSTRUMENTATION USED TO DETERMINE FLOW DISTRIBUTION

LH, FLOWRATE (overall)

e LH, FLOWRATE (individual)

2

LH, HEAT INPUT (overall) {

LH2 HEAT INPUT (individual)

HOT GAS:

o Total GH, Flow:

« Total GOz Flow: {

. Total Mixture Ratio
e Core Mixture Ratio

e Chamber Pressure

e 6 Gas QOutlet Temperatures
o 6 Gas Outlet Static Pressures

Venturi U/S Temperature
Venturi U/S Pressure
Venturi AP

7 LH Baffle Outlet Temperatures
1 LH Inlet Temperature

1 Inlet Pressure

1 Outlet Pressure

QOverall LH, Flow

Mixer Outlezt Temperature
Mixer Qut let Pressure
Inlet Temperature

Inlet Pressure

7 Individual Flowrates:s ]LHi Baifle Qutlet Temp.
H, Inlet Temp.
2

U/S Venturi Temperature
U/S Venturi Pressure
Veuaturi AP

U/S Venturi Temperature
U/S Venturi Pressure
Venturi AP

Igniter Fuel Core Inlet Pressure
Igniter Contour Inlet Pressure
Igniter Fuel Injection Temperature
Film Cool Slots on Injector Face



available, and becuuse it was nov yet known which instrumentation was good

and which could not be relied on, it was decided to do the analysis by hand.

Conditioned Hydrogen Flow Distribution

The easiest flow distribution to determine is the conditioned hydrogen flow.
The various baffle and side plate resistances were determined by individual
water flow calibration; this is shown in Figure 112. The top and bottom
plates, which account for about 5% of the flow are not included in the

figure.

The individual conditioned hydrogen flowrates could then be determined from
the baffle resistance, the baffle pressure drop, and the average density

based on the average temperature and pressure within the baffle or side

plate.
sz = .tiw AP
K
Where WH = Venturi LH2 Flowrate, 1lb/sec
2

Ppy = Average DensitysBased on Average Temperature and
Pressure, 1lb/ft

AP = LH2 Pressure Drop, psi

K = Determined From Water Calibration Tests, inConsistent Units

Upstream Pressure = LH, Venturi Upstream Pressure (except prior
to test 220 had bad Transducer, so LH2
F/M Pressure Used)

Downstream Pressure = Mixer Inlet Pressure
Upstream Temperature = LH2 F/M Temperature

Downstream Temperature = Baffle Exit Temperature

The individual values of K used were:

Location Left Wall Baffle 1 2 3 4 5 Right Wall
K 72.0 34,1 34.1 34.7 35.2 3.1 72.0
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Having determined the conditioned hydrogen flow tor each side plate and

baffle, the heat input for each can be evaluated using the flowrate, and

the individual inlet and outlet temperatures. The resulting heat input
distribution is shown in Table 24 for a number of tests; the proportional heat
input for the same tests is shown in Table 25 . It is noted that each side
wall should have only half the heat input of each baffle since the baffle has
twice the surface area. For the early tests through test 219, baffles 1-4 have
a nearly uniform heat input. The heat input to baffle No. 5 was somewhat
lower, and the heat input to the right side wall was very low; by comparison
the heat input to the left side wall (away from the igniter) waf much higher

than expected, considering the amount of film cocling present at that edge

of the injector.

Following the ligquid hydrogen cycling tests (Test 219), a change in the heat
distribution occurred. The left side wall had a somewhat reduced heat input,

whereas the heat input to the right side wall was increased considerably.

Since the No. 5 baffle also showed some increase in heat input, it would
indicate a considerable change in the heat input from the hot gas passage
closest to the igniter. A later discussion of the data presents'evidence
that no combustion occurred in this passage on the early tests; why this
should occur is not known, but it indicates further development work is
required in connection with the injector. The heat input to baffle No. 1
is quite consistent throughout the test series; baffles 2 and 3 show some
decrease in heat input following test 219, and baffle No. 4 in general
shows no change with the exception of about three tests where higher heat

inputs were measured.

In studying the results it is noted that there are four film cooling slots

on the left side of the injector, while the right side only has two slots

to improve the ignition characteristics. In studying test 230, 'in which no
ignition occurréd, it is noted that the reason why the heat input determined
from the calculated flow distribution is only 49% of the overall heat input

as measured at the mixer exit is that the mixer has not reached steady state
conditions within the test duration; since the liquid hydrogen temperature

rise is relatively small, this results in a large error. It is also interesting

to note that except for the side plates, the heat input distribution with or
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TABLE 24, TYPICAL HEAT INPUT DISTRIBUTIONS

W W
TEST M.R. Lg?gEC Lg?gEC Qo Q4 % G Q. Q Q Qae Qarc
BTU SEC Toronr

202 .847 809  2.626 194 379 383 396  483* 305 131 2271 1.0

213 .10  .973  2.767 169 377 405 436  405* 270 45 2107 .95
217 921 1.072  2.847 187 409 440 460 .A440% 352 94 2391 B
219(2)  .903  .968 2.699 158 369 397 424  391* 297 50 2086 .95
221 910 .917 - 3.026 80 272 249 271 394 439 223 1928 .93
222 926 .893 3.110 61 273 279 308 392 425 217 1964 .97
224 935 .887  2.324 87 276 270 290 460 346 8% 1817 .96
226(1)  .947  .887 3,017 95 290 250 271 491 377 100 1875 .94

227(1)  .e40  .887 3.184 106 303 266 277 338 371 237 1898 .88
227(8)  .941  .885 3.391 155 380 276 297 359 399 215 2084  ,.95
228(1)  .9S4  .870 3.393 107 312 266 280 331 370 233 1904 .88

228(5) .935  .848 3.782 47 268 267 202 337 370 221 1803  .9§
229(1) .942  .870 3.311 108 302 254 274 327 366 234 1863 .91

229(3)  .950 .870 3.462 77 280 244 269 501 390 112 1872 .95
229(5) .949  .849  3.606 69 277 282 302 339 367 218 1854 .95
235 884  .725 3.566 27 250 229 260 376 228 72 1494 .50
236 916 .810 2.872 96 303 258 272 331 227 126 1614 .90

No Ignition Test
330 786  .884 5.507 40 59 47 52 70 47 41 355 .49

*

Best Estimate; Baffle No. 4 thermocouple connected backwards through Test 219.




TABLE 25. PROPORTIONAL HEAT INPUT DISTRIBUTION TO BAFFLES

8ZZ

TEST Q/orar U/ Uorar W/ %otar Y3/ %orar %/ Qorar %/%orar W/ Qrorar
PERCENT .
202 8.5 16.7 16.9 17.4 21.3% 13.4 5.8
[ 213 8.0 17.9 19.2 20.6 19.2* 12,8 2.1
217 7.8 17.1 18.4 19.6 18,4+ 14.7 3.9
219(2) 7.6 17.7 19.0 20.3 18,7+ 14,2 2.4
221 4.2 14.1 12.9 14.1 20.56 22.8 11.6
222 3.1 13.9 14.2 15.7 20.0 21.6 11.0
224 2.8 15.2 14.9 15.0 25.3 19.0 3.9
226 (1) 5.1 15.5 13.3 14.5 26.1 20.1 5.3
227(1) 5.6 16.0 14.0 14.6 17.8 19.5 12.3
227(8) 7.4 18.2 13.2 14.2 17.2 19.1 10.0
228(1) 5.6 16.4 14.0° 14.7 17.4 19.4 12.5
228 (5) 2.6 14.9 14.8 16.2 18.7 20.5 12.2
229(1) 5.8 16.2 13.6 14.7 17.5 19.6 12.5
229(3) 4.1 15.0 13.0 14.4 26.8 20.8 6.0
229(5) 3.7 14.9 15.2 16.3 18.3 19.8 11.7
[ 235 1.8 16.7 15.3 17.4 25.1 15.2 4.8
736 5.5 15.8 1%.0 16.8 20.5 17.0 7.8
No Ignition

230 11.1 16.5 13.1 14.6 19.7 13.2 11.6
Ideal 8.3 16.7 16.7 16.7 16.7 16.7 8.3

* Best Estimate; Baffle No. 4 thermocouple comnnected backwards through Test 219



without ignition is sbout the same; the side plates have somewhat more heat
input probably because they have additional thermal mass and thus take longer
to reach steady state.

14

In summary, it would appear that the heat input distribution for baffles 1-4

is fairly uniform throughout the test series. The inconsistencies tend to '
show up primarily in the side plates and the 5th baffle. These inconsistencies
are partly a result of the film cooling distribution from the injector face
and partly due to apparently inconsistent ignition characteristics whereby

not all injector elements light off for each test. This undoubtedly affects
the measured combustion efficiency and thermal efficiency of the conditioner.
In addition, it is interesting to note that for the later tests the same heat
input distribution is observed as was seen on the solid wall tests -- namely,
that more heat is input to the two baffles adjacent to the igniter than to

the others. This was true on the solid wall tests with or without the igniter
on., This may indicate further work is required with the injector pattern to
obtain more uniform heating rates; in addition further work is required to
attempt to eliminate the film cooling slots on the injector in order to achieve

more uniform heating without overheating the side walls near the injector.

Additional work definitely appears needed to improve the ignition characteristics
of the injector. Finally, it appears that the severe liquid hydrogen cycling
tests (Tests 218-219) resulted in some permanent change which changed the heat
balance within the conditioner; this was minor except at the two side plates.

Hot Gas Distribution

The determination of the hot gas flow distribution is considerably more
difficult than for the conditioned propellant flow distribution. Not only
must the flow distribution be determined, but because of the non-uniform
mixture ratio distribution across the injector face, the mixture ratio dis-
tribution and combustion efficiency distribution must also be determined.
This amounts to 18 unknowns. Several methods of solution were attempted.
The method finally selected was based on assuming that the center hot gas
passages were at the injector core mixture ratio, with the right hand passage
being reduced somewhat by injector film cooling while also being affected
by the igniter. In order to achieve the required heat input to the left
hand hot gas passage for the early tests, it was necessary to assume a
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mixture ratic ror the first two left hand passages equal to an average value
{4 oxygen elements, 12 hydrogen elements). In addition it was assumed that

each injector siot for a given propellant had equal flow.

The combustion efficiency was determined based on that required to yield a
heat baiance between the heat given up by the gas and that absorbed by the
liquid hydrogen. This resulted in selecting a value of 94% for the center
passages. It is noted that for 100% film cooling, it would be reasonable to
assume a combustion efficiency of 100%; in this manner a value of 97% was
arrived at for the two left hand passages, where the one next to the wall
would be 100% and the next 94%, these being assumed to be fully mixed together
prior to contact with the baffiles. A slightly higher combustion efficiency
was assumed for the right wall for several reasons: (1)} less film coocling
(results in a decrease); (2) presence of the igniter (assumed high efficiency);
and (3) this was required to achieve the required heat input to the right wall
for several tests. A summary of the mixture ratio and combustion efficiency

distribution used for the analysis is given below:

Baffle Left - 1 1-2 2-3 3-4 4-5 5 - Right
Mixture Ratio 0.8 0.8 1.05 1.05 1.05 0.9
C* Efficiency .97 .97 .94 .94 .94 .98

Slight modifications to the mixture ratio and combustion efficiency dis-
tribution were made to achieve the best balance for each test examined.

To determine the hot gas flow distribution, it is necessary to know the gas
inlet temperature, outlet temperature, and heat input in addition to the
mixture ratio. The hydrogen injection temperature, in conjunction with the
mixture ratio and combustion efficiency determine the combustion temperature,
Each hot gas outlet temperature is measured, and these were assumed to be
correct. The exit enthalpy is a function of the mixture ratio, exit temperature,
and exit pressure (if condensation occurs). A first estimate of the heat
input to each hot gas passage was made by assuming that each of.the 4 center
passages had 'a heat input equal to an average of the heat input for the two
adjacent baffles; the two side gas passages were assumed to have a heat input
equal to twice that for the adjacent side plate. Again this was used for a

first cut, but gave remarkably good results.
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By using the heat input as determined above, and by determining the hot gas
enthalpy decrease along the baffle by using data such as presented in Figure 113 ,

the hot gas flow for each passage is readily determined.

To determine if the solution is valid, the separate liquid hydrogen flowrates
are added up and compared to the venturi flowrate (remembering that about
4-5% goes through the top and bottom plates of the conditioner); the total
reactor hydrogen flowrate measured at the venturi is compared to the total
from the calculated flow distribution; the same is done for the oxygen flow
through the reactor; and the total heat input based on the liquid hydrogen
flowrate, inlet temperature, and mixer outlet temperature is compared to that
determined from the calculated liquid hydrogen flow distribution, and hot gas
distribution, Minor modifications in mixture ratio or combustion efficiency
may be required to improve the balance, although little modification was

found necessary using the above assumptions.

As a final check on the hot gas flow distribution, the individual hot gas
gaps were calculated based on the calculated hot gas flowrate distribution,
and determining the exit hot gas mass velocity from the calculated mixture
ratio distribution, the calculated total pressure at the exit of each passage
based on the experimental chamber pressure, and using the experimental hot gas
exit temperature. The flowrate and the mass velocity determine the gas flow
area for each passage, and knowing the height of the passage, the effective
hot gas passage width is determined. These calculated values are compared to
the total calculated gas flow area discussed in an earlier section, and they
were also compared to the measured exit gas gaps. If the solution meets all
of these stringent conditions, it is probably valid. 1In some cases, the
calculated gas gaps are less than the experimental measurements. This could
be due to calculational errors {use of wrong total pressure} but probably

not since the sum of the individual areas compares well with the overall cal-
culated area. This difference is probably due to either thermal distortion

reducing the gas area or due to icing.

These principles were applied to test 213 as being representative of the early

tests and test 222 for the later tests. These are summarized in Tables 26

and 27 respectively. Studying test 213, the heat input distribution to

the baffles indicates very low heat input to the right side wall. The total
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Figure 113. 02/H2 Enthalpy Versus Temperature
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TABLE 26.

OPERATING CONDITIONS

TEST 213 FLOW DISTRIBUTION ANALYSIS

at

wL32 = 2,767 Ib/sec LH, INLET Pr = 1651 psia {flowmeter)
wGﬂz = ,509 1lb/sec MIXER Pr = 1509 psia
v = ,464 1lb/sec INLET T = 52°R
GOz
= = 230°R
deixer 2216 Btu/sec MIXER
Pc = 227 psia
INJECTOR CORE ELEMENT MR = 1.08
BAFFLE Left 1 2 3 4cale) 5 Right
L.H2 T out’ R 289 286 308 339 (320 206 102
wLHZ’ 1b/sec . 212 .435  ,422 ,399 (. 402) . 497 . 303
AH, Btu/lb 797 8686 958 1094 {1006) 543 149
I..H2 4Q, Btu/sec. 169 Ky i 405 436 {405) 210 45
Calcﬂated-WLHz/WLHz venturi = 0, 96 (leaves 4% for top & bottom plate)
Calculated A Q/Mixer 4Q =0, 852 {within 5%)
aJT GAS MR 0.8 0.8 1. 08 1. 08 108 0.9
Nes 97 9T .94 .94 .94 0
Measured T exit’ R 850 646 800 1018 694 324
AH, Btu/Ib 2490 2490 2460 2090 2640 559
AQ*, Btu/sec 338 418 442 360 450 90
W ___, Ib/sec .136 168 180 172 .170 .161
D};S P, 4y Psla 23 N2 14 128 0 17
D/S alzc ale? psia 109 109 109 us 105 e
G*, lb/ —sec .805 ,B0O5 .T780 .749 . 807 . 988
Ax cale’ in, 2 169,219 23 .230 210 .163
b gap caler I L0883 ,043 _045 .045 041 . 032
8 measured’ in, 028 .042 .045 .038 . 045 . 038
5ca.1c/‘5 measured L1 1L02 10 L18 .9 .84
* = =
4Q+/4 QUnixer = + 955 WGH2 calc GH, exptl -99; W, calc/w GO, exptl 1.04

2

%calc/Ax from Pc =1.22/1.24in.“ =, 985
The above balance indicates:

1} A good estimate can be made for the heat input to baffle #4,

2) Apparently no combusted gases passed between baffle #5 & right wall,

3) Principal reason for flow & heat input distribution is effective flow

area variation resulting from baffle thermal distortion
4) All heat input & flowrates satisfactorily accounted for,
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TABLE 27. TEST 222 "ANALYSIS

OPERATING CONDITIONS .
3.110 1b/sec LH2 INLET Pr

WLHZ = = 1651 psia

W = ,429 1b/sec MIXER Pr = 1509 psia
G'{)2

WGHZ = , 483 lb/sec INLET T 52°R

aQ = 2013 Btu/sec MIXER T = 230°R

P = 294 psia (injector end)

[
INJECTOR CORE MR =1.06
BAFFLE Left 1 2 3 4 5 Right
LE, T, R 10 190 200 218 292 313 348

WLHz’ 1b/sec .321 ,554 .542 510 436 429 193
4H, Btu/lb 191 493 533 604 900 986 128
4Q, Btu/sec 61 273 289 308 392 423 217

CALCULATED LH, FLOW FROM BAFFLE RESISTANCE = 2.985 Ib/sec (96%)
THIS LEAVES 4% “FOR TOF AND BOTTOM PLATE
TOTAL CALCULATED Q = 1964 Btu/sec (97.5%) .. accounted for within 5%

HOT GAS MR = 08 08 105 LO5 LO5 09
Mex = .97 9T .84 o4 .94 .98

EXIT TEMP, °R = 708 765 600 1193 607 973
AH, Btu/tb = 2380 2300 2660 1780 2660 2200
AQ,* Btu/sec = 270 281 299 350 408 428
wgas, Ib/sec = ,103 122 L2 .197 . 153 .194

D/SPg oy psia = 153 116 41 148 57 163

D/S Pyl calerPSI2 = 144 143 131 159 131 153
Moleculay Weight = 3.63 3.63 413 413 413 3,83
G*, Ib/in"-seg = L02 .973 L02 .94 102 948
Gas A, in = . .25 .10 .21 J51 .205
8, (€28 gap), . = 0217 .0246 .02I6 0418  .0295 040
Smeasured - = .028 ,042 045 038 .045 038
bcale’ measured =~ 718 59 .48 LI .68 L06

8Q+/8Q, . . = .993; W =.99; W =1.01

/W /W
GH, cale GH, exptl G°2 cale GO, exptl
2

Hot gas cale. area/ cale, area from P_ =.915 in.?/.892 . % = L0z

The only discrepancy is in the very low heat input to the left wall. Probable cause
of small effective flow areas in passages 1, 2, 3, & 5 is thermal distortion of baffle,
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of the calculated hydrogen flowrates compares within 4% of the measured
venturi flowrate, leaving about 4% for the top and bottom plates as expected,
The calculated heat input from the calculated hydrogen flow distribution
compares within 5% with the heat input to the conditioned hydrogen as
measured at the mixer outlet. While determining the hot gas enthélpy drop of
the hot gas, it was noticed that a very low temperature was measured at the
exit of the right hand hot gas passage. This would indicate either a very
large enthadpy drop with corresponding large heat input or very low flow
through this passage with considerable icing, or else no combustion in this
passage with little icing. With the former assumption no reasonable heat
balance could be achieved that would satisfy all of the propellant flowrates
as well. By comparison, the assumption of no combustion satisfied the total
heat input and the individual propéllant flowrate totals, and gave results
consistent with the low heat input to the right wall. In addition, although
the calculated hot gas gaps do not exactly match the measured values, they are
fairly good, and the sum of the imdividual areas is very close to that
calculated from the overall flowrate and chamber pressure. It can be con-
cluded, then, that the hot gas flow distribution does meet all of the re-
quired checks; that all of the heat input and the various flowrates are
satisfactorily accounted for; that the heat input distribution to the baffles
is accounted for by injector mixture ratio distribution variations in hot gas

gap between baffles, and the lack of combustion in the right hand hot gas passage.

Applying the same analysis to Test 222, it is seen that the heat input is
accounted for within 3% and all of the flowrates are accounted for within 1%.
In addition the totai hot gas flow area is accounted for within 2%. The

right hand baffles are receiving mo»e heat input than the left hand baffles
(same as on the solid wall tests), and combustion is occurring in all gas
passages. As in all the other tests, the hot gas temperature from the

center passage is considerably higher than most; by the time this was dis-
covered it was too late to determine if the correct thermocouple had been
installed. A look at the hot gas passage widths shows that those for gaps

1-2, 2-3, and 4-5 are considerably less than the measured exit gaps. The
first reaction is that this is due to severe icing. Some icing would be
expected, since 15% more liquid hydrogen flow and only 85% of the hot gas

flow is present (compared to nominal). Some of the reduction in area, however,
is probably due to baffle distortion, resulting in a reduced area at some point

upstream of the exit. As discussed earlier,this is suspected due to the

235



consistently high chamber pressure measurements on all tests following test

219, indicating a more permanent change than icing would indicate.

A summary of the hot gas outlet temperatures is tabulated in Table 28 for
each cycle of each test. Several no ignition tests (based on the combustion
thermocouple measurement) such as tests‘204, 209, 210, 214, and some cycles
of test 219 are tabulated to show the experimental values under such con-
ditions and to show the consistency of the measurements. The measurements
for the first four tests listed above indicated the temperatures lie between
370-500R with about a 70R difference between the left and right passages.

For these same tests the left side consistently reads the higher temperature,
with a fairly consistent decrease toward the right-hand side. For the last
two cycles in test 219, the two hot gas passages adjacent to the side walls
had very low exit temperatures in the range of 220-250R. In fact these very
low temperatures in the right hand gas passage were measured for the last six
cycles of test 219, indicating that no combusted gas was flowing through this
passage. Even for many of the earlier tests, this gas passage registered much
lower exit temperatures than the others, and this is confirmed by the con-
ditioned hydrogen enthalpy rise in the right hand side plate as further
indication of the lack of combusted gases in this passage. This is no longer

the case following test 219, however.

With nearly no exceptions, the hot gas passage between baffles 3 and 4
registered considerably higher temperatures at the exit than did the other
passages (except for the no ignition tests). The first reason to be suspected
is that the wrong type of thermocouple was installed in this particular
passage. However, agreement of the thermocouples in the tests without ignition
coupled with a few high temperature measurements in adjacent passages (Tests
219-1, 220, é23, and 224) tended to imply this temperature reading may be real.
This type of condition would be expected if this paésage had (1) higher mixture
ratios than nominal; (2) a greater than nominal hot gas flowrate with a
corresponding decrease in the enthalpy change; (3) a larger hot gas gap with an
appreciably reduced hot gas mass velocity and heat transfer coefficient,
resulting in less heat removed from the gas. The first two explanations are more
feasible than the third, since an analysis with the computer model indicated

that the high exit temperature could not be achieved theoretically even using
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TABLE 28. HOT-GAS OUTLET TEMPERATURE DISTRIBUTION*
Gap |[Gap [ Gap | Gap | Gap | Gap 5-R
Test L-1 {1-2}2-3 3-4 4-5 |(Igniter) Notes
199 610 |525 1628 351 581 479 0.5-second tests
200 597 |585 | 625 | 829 | 535 448
201 606 |617 | 639 | 986 | 637 479
202 601 [615 | 640 | 970 | 639 460
203 588 [614 | 643 | 945 | 643 461
204 444 [425 {411 | 420 | 396 371 No ignition
205 577 |581 | 639 | 789 | 582 419
206 559 | 580 [ 633 | 690 | 597 417
207 599 (625 | 677 | 938 | 677 474
208 579 {606 | 649 { 882 | 653 449 0.8-second test
209 489 | 504 | 480 | 447 | 493 510 No ignition indicated
210 474 14711450 | 443 | 460 497 No ignition indicated
211 630 |622 | 655 | 1080 | 651 471
212 634 | 649 | 752 ] 1041 | 745 455
213 650 | 648 1 796 | 1014 | 699 325 S-second test
214 440 | 408 | 409 | 435 | 381 370 No indicated ignitien
215 630 | 5551 627 | 900 | 621 532 Low P_ cut
216 637 | 625| 8221 958 | 832 590
217 656 | 6711 855 | 1076 | 650 310
218-1 | 560 | 875| 765 | 943 | 918 559 LH, on full test duration
218-2 | 499 | 569 | 662 | 1032 | 572 487
219-1 | 550 1016 | 731 | 1143 | 1009 573 LH, on full test duration
219-2 | 619|788 653 | 1119 | 876 443
219-3 | 649 | 866 | 568| 1196 | 665 313
219-4 | 396 | 373| 409| 455 ! 354 280 No ignition
219-5 | 486 | 891 | 556 1172 | 669 235
219-7 | 549 768| 670 1124 | 651 225 .
219-9 246 | 385 377 454 336 225 No ignition indicated
219-10] 237 | 384] 365| 441 | 321 220 No ignition indicated
220 | 608|565 967| 592 [1223] 662 0.5-second test
221 584 | 967] 573| 1256 | 711 1000 5-second test
222 620 ] 766 591 1194 | 607 972

*All measurements

in degrees Rankine
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TABLE 28, (Concluded)

Gap Gap Gap Gap Gap Gap 5-R

Test L-1 1-2 2-3 3-4 4-5 (Igniter) Notes
" 223 663 | 683 | 582 | 1268 | 693 | 1030

224 677 | 792 | 574 | 1192 | 1027 616

225 681 | 824 | 560 | 1274 | 604 991

226-1 682 764 575 1198 963 528 No flow between cycles

226-2 1682 | 754 | 555 | 1229 | 599 947 No flow between cycles

227-1 |625 | 1024 | 591 | 1328 { 710 964

227-2 | 581 | 985 575 | 1275 | 925 577

227-3 |e70 | 820 | 581 | 1338 | 662 929

227-4 |e72 | 737 | 590 | 1330 | 722 931

227-5 |e70 | 723 | s79 | 1320 | 674 916

227-6 | 667 | 768 | 604 | 1317 | 680 904

227-7 |e64 | 715 | 604 | 1311 | 700 907

227-8  |648 | 678 | 639 | 1309 | 683 888

227-9  |e655 | 842 | e08 | 1307 | 656 666

227-10 | 447 | 871 636 | 1255 | 657 876

228-1 |608 | 993 | 572 | 1348 | 680 864

228-2 s7o0 | 610 | 570 | 1354 |. 734 874

228-3 | 388 | 750 | 578 | 1277 | 957 592

228-4 |352 | 716 | 595 | 1318 | 638 842

228-5 329 | 672 | 599 | 1306 | 646 854

229-1 |e649 | 808 | 571 | 1363 | 658 869

229-2 |e665 | 671 | 578 | 1350 | 666 873

229-3 | 660 { 704 | 582 | 1280 | 900 580

229-4 | 669 | 691 | 580 | 1324 | 616 837

220-5 | 673 | 676 | 585 [ 1308 [ 629 815

230 441 408 449 | 543 444 392 No ignition indicated

231 367 | 746 | 631 | 1348 | 727 901

232-1 | 482 | 673 | 583 | 1342 | 686 879

232-2 {356 | 770 | 588 | 1249 | 886 631

232-3 | 333 | 678 | 620 | 1290 | 648 853

233 368 | 673 | 603 | 1301 | 634 660

234 359 | 675 597 | 1292 | 66 630

235|461 | 671 | 581 | 1180 | 655 660

(end)}

236 597 | 953 | 660 | 1411 | 791 | 657
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appreciably reduced values of the heat transfer coefficient. Because
the thermocouples had been removed by the time this phenomenon had
been noticed, there was no way to verify whether the correct thermo-

couple had been installed.

For the later tests the thermocouple adjacent to the right side wall
registered temperatures equal to or exceeding the average value, where-
as that adjacent to the left side wall (away from the igniter) read
either near nominal or much lower than nominal, indicating that possibly
only film coolant or uncombusted gases were flowing through this

passage at times.

One phenomenon of considerable interest is that on certain tests the
right hand passage read a higher exit temperature than the adjacent
passage, while in some tests this situation was reversed. This occurred
in tests 220, 224, 226-1, 227-2, 228-3, 229-3, 232-2, and 236, Since
the highest exit temperature would normaliy be associated‘with the
higher flowrate and the larger gas gap, this would tend to indicate
that either the number 5 baffle was moving from side to side (not during
a test, but between tests or cycles) or else either the 4th or 5th
baffle is bending to a greater or lesser extent or in an inconsistent
manner to cause the relative dimensions of the two hot gas passages

to change. This would also tend to indicate that at least one of the
baffles was bent at the forward end as early as test 220 or 221, implying
that the damage was done either during the severe cycling tests of

218-219, or due to the lack of uniform ignition of the injector.

In studying the hydrogen outlet temperature from baffle no. 3 during
the cycling tests of test 219, it was noticed that a higher outlet
temperature was achieved for the first two tests than for the next
four tests shown in Figure 110. In order to explain this occurrence,
the hot gas flow areas were calculated and tabulated along with the
individual hydrogen enthalpy rises in each baffle (except in the 4th
baffle with its improperly connected exit thermocouple) and the

propellant flowrates and flow ratios; these are presented in Table 29
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TABLE 29.

CORRELATION BETWEEN GAS FLOW AREA
AND LH2 ENTHALPY RISE, TEST 219

Cycle 1 2 3. 4 5 6 7 8
Ax Gas* in.2 0.946 | 1.26 0.99 * 0.93 0.78 1.03 0.76 |
LH2 AHL, Btu/1b | 338 756 787 115 740 93 336 146
LH,, AHl, Btu/lb | 636 874 931 87 941 381 646 555
LH, AHZ, Btu/1b | 673 971 531 53 539 421 1027 536
LH, AHS, Btu/lb| 742 1103 591 47 617 571 1196 609
LH2 AHS, Btu/1b| 802 643 726 44 543 503 439 489
LH, AHR, Btu/lb| 317 175 335 16 153 120 101 97
wgas’ 1b/sec 0.919 | 0.968 | 0.933 0.971 | 0.912 | 0.868 | 0.933 | 0.869
'WLHz’ 1b/sec 2.78 2.70 2.79 5.81 2.86 3.21 | 2.80 3.12
ﬁgas/wLHz 0,330 0.358 0.334 0.167 0.320 0.270 0.333 0.278

*No ignition
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It is seen that the highest flow areas appear to exist in the second
and seventh cycle; the highest heat inputs to baffles 2 and 3 occur
on these cycles. Cycles 6 and 8 have the smallest reactor flow area;
these two cycles also have the smallest reactor flow relative to

the conditioned hydrogen flow, indicating icing is more 1ike1y to
occur and furthermore less enthalpy gain of the conditioned hydrogen
is to be expected. Ignoring the fourth cycle, which failed to ignite,
the sixth cycle has the lowest heat inputs in all baffles except the
right hand side plate (which consistently ran with a very low heat
input probably due to lack of ignition in this passage). During

the eighth cycle, the baffles show anywhere from appreciably lower
heat input than normal (baffle 1 and the left side wall) to very little
decrease (baffles 2, 3, 5, and the right wall).

Due to the reduced heat input in the left hand baffles associated

with the reduced reactor flowrate, it would appear that icing occurred
in this area since this has the effect of reducing both flow area and
surface area. The region next to the right side wall may not be
affected due to the lack of combustion and thus the lack of water

formation.

It is also interesting to mote that the total reactor flow area
changed considerably from cycle to cycle, verying from almost the
1.33 in2 value of the early tests to less than the 0,956 in2 repre-

sentative of test 221. This change must be due to either a variable
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ice formation pattern or else due to bending of the baffles. Cycles

6 and 8 probably have a combination of both. It is at least

apparent that the reduction in area for cycles 6 and 8 is not permanent
as a recovery is made after each of these cycles. However, due to

the persistence of reactor flow area in the range of 0.9 to 1.0 in2
which is within 10% of that typical of the later tests, and due to the
apparent lack of either flow area reduction or surface area reduction
due to icing on the earlier tests, it would appear that either

baffle distortion occurred early in the test (or possibly in test 218,
which was also a cycling test) and/or more ice formation occurred on
shutdown due to the liquid hydrogen being flowed for the full test

duration.

Comparison of Theoretical and Experimental Parameters

In order to verify the capabilities of the computer model to predict
what was occurring inside of the conditioner, several tests were sel-
ected for analysis. Heat transfer coefficients were determined the
same way as in the earlier theoretical studies, and the same baffle
geometries were used. The computer model for the baffles was modified,
however, in order to analyze two counterflow liquid hydrogen passages
with different hot gas boundary conditions on each side of the baffle
{the previous model assumed identical hot gas conditions on each

side of the baffle).

A comparison of the predicted and experimental conditioned hydrogen
outlet temperature, hot gas outlet temperature, and heat inpu% is
presented for tests 213, 222, and 236 in Tables 30 to 32, respectively.
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TABLE 30. COMPARISON OF PREDICTED AND EXPERIMENTAL PARAMETERS - TEST 213

OPERATING CONDITIONS:

MIXTURE RATIO =

0.911

ScaLc/® MEASURED

GAS FLOW = 0.972 LB/SEC
LH, FLOW = 2.776 LB/SEC
HEAT INPUT = 2198 BTU/SEC
TEST DURATION = 5 SECONDS
LOCATION LEFT WALL BAFFLE BAFFLE BAFFLE RIGHT WALL
NO. 1 NO, 3 NO. 5
M: —
LH, OUTLET T, R
THEQRETICAL 271 261 340 209 120
EXPERIMENTAL 269 285 339 206 102
HOT GAS OUTLET T, R
THEORETICAL 704 650 690 836 820 741 318 275
EXPERIMENTAL 650 650 647 800 1018 694 324 324
HEAT INPUT, BTU/SEC
THEORETICAL 164 340 432 268 59
EXPERIMENTAL 169 377 436 270 45
U ypers! UTHEOR 1.03 1.11 1.01 1.01 0.77
1.18 1.18 1.02 1.0 1.18 0.91 0.84 0.84




TABLE 31. COMPARISON OF PREDICTED AND EXPERIMENTAL PARAMETERS - TEST 222

OPERATING CONDITIONS:

vre

MIXTURE RATIO = 0.925
GAS FLOW 0.892 LB/SEC
[H, FLOW 3,110 LB/SEC
HEAT INPUT = 2013 BTU/SEC
TEST DURATION = 5 SECONDS
' BAFFLE BAFFLE
LOCATION LEFT WALL o, 1 No. & RIGHT WALL
LH, OUTLET T, R
THEORETICAL 194 212 316 359
EXPERIMENTAL 110 190 313 348
HOT GAS OUTLET T, R
THEQRETICAL 561 600 660 828
EXPERIMENTAL 620 708 607 972
HEAT INPUT, BTU/SEC
THEQRETICAL 161 334 430 227
EXPERIMENTAL 61 273 423 217
'QEXPTL/QTHEOR 0.38 0.82 0.98 0.96
3 caLC/ SMEASURED 0.78 .78 0.59 0.66 1.06
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TABLE 32. COMPARISON OF PREDICTED AND EXPERIMENTAL PARAMETERS - TEST 236

OPERATING CONDITIONS:

MIXTURE RATIO = 0.916
GAS FLOW = 0.810 LB/SEC
LH, FLOW = 2.872 LB/SEC
HEAT INPUT = 1808 BTU/SEC
TEST DURATION = 5 SECONDS
BAFFLE BAFFLE BAFFLE
LOCATION LEFT WALL 0. 1 \o. 3 NO. s RIGHT WALL
| L, OUTLET T, R
THEORETICAL 219 245 300 247 258
EXPERIMENTAL 171 247 226 187 218
HOT GAS OUTLET T, R
THEORETICAL 406 485 635 585 894 608 790 556
EXPERIMENTAL 597 597 953 660 1411 546 657 657
HEAT INPUT, BTU/SEC
THEQRETICAL 135 320 436 356 158
EXPERIMENTAL 102 321 789 227 133
Qe xprL/ UHEOR 0.76 1.0 0.66 0.64 0.84
8caLc! SMEASURED 0.50 0.50 0.64 0.38 1.18 0.45 0.42 0.42




Test 213 was selected as the first 5 second test. This is before the

severe cycling tests, when the theoretical and experimental chamber pressures
were consistent. For clarity, only the results for the

odd-numbered baffles are presented, along with the side plates. The results
indicate for Test 213 that the liquid hydrogen outlet temperature can be pre-
dicted within a few degrees, and that the heat input can be predicted within
1-10% except for the right side plate, where no apparent combustion occurred.
For this side plate the heat input was'over-predicted by 15 Btu/sec. 1In
addition, the hot gas outlet tempefatures match quite well, the error being
mostly due to difficulty of the computer program in iterating for the outlet
temperature in a region where the water is condensing on the hot gas side.
The really important parameter of the three, however, is the heat input, since
this is the job the baffles are designed to perform; the outlet temperatures
can be readily verified by hand if the heat input is known. The excellent
comparison between the experimental and theoretical results also indicates
the validity of the method by which the hot gas flowrate, mixture ratio, and

combustion efficiency distribution were determined.

Tests 222 and 236 are representative of tests run after the severe liquid
hydrogen cycles of test.219, following which an apparently permanent rise in
chamber pressure was noted. The result is that the heat input can no longer
consistently be predicted within 10% for each baffle. Some of this may be due
to loss of surface area resulting from icing. It is noted, however, that the
reduction in heat input is much less than the reduction in the apparent hot
gas flow area or gas gap. If the gas area bloékage was due only to icing,
this would result in a proportionate decrease in surface area and a nearly
proportionate decrease in heat input. Since this is not the case, it must

be concluded that the primary reduction in gas flow area is due to thermal dis-
tortion resulting from the severe cycling tests, with icing being a possible

secondary phenomenon.

To determine the validity of the third baffle hot wall and back wall thermo-
couple measurements, the experimental values. were compared to the theoretically

predicted ones (from the computer model). This has been done for Test 213
in Fig. 114 and 115. It is seen that all except the first hot wall thermocouple

is very close to the predicted hot gas temperature, and within 200F of the

interpolated experimental hot gas temperature based on the combustion
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temperature and the measured exit temperature. These temperatures are about
400F higher than the predicted value, leading to the conclusion that the
thermocouples probably are measuring the hot gas temperature, or close to

it. On the other hand, the back wall thermocouples, which should measure

the downpass liquid hydrogen temperature, read approximately ambient
temperature, thereby raising the question of whether they are attached to

the back wall or even if the thermocouples are intact or possibly shorted out
at another location. The same results appear to be true for the last test,
Test 236, shown in Figure 116. At this point it was decided to look at Test
201, one of the early tests. The results are somewhat inconclusive for the
center three thermocouples, but the first and last hot wall thermocouples
appear to be reading the hot wall temperature. The one recorded back wall
temperature also appears to be reading the conditioned hydroggn temperature
as expected. Unfortunately there were insufficient data channels to record
more of the thermocouple data from the early tests. As a result it is
questionable whether it is worthwhile instrumenting the baffles themselves,
considering the expense, the doubtful data, and noting that it was the
instrumented baffle which partially collapsed. It is possible that valid
data could be obtained by relocating the thermocouples, using heavier thermo-
couple wire, a different type of thermocouple, or some other means. It should
be remembered that having to pdt the thermocouples through a braze cycle did
not improve their life capability. Furthermore, the large number of unplanned
ignition tests run prior to obtaining heat transfer data did not help the

thermocouples either.

The results of a similar analysis of the side plates is presented in Figures

117 and 118 for tests 201 and 213 respectively. For test 201, the hot wall
thermocouples on the left side plate appear to be reading the hot gas temperature,
whereas those on the right are probably reading the hot wall temperature.

These results seem to be verified in test 213, except that the one functioning
thermocouple may be reading the hot gas temperature since there was no apparent
ignition in the right hand gas passage, By the end of the test program, none of

the side plate thermocouples were functioning correctly.

One of the questions raised upon examination of the hardware after test 236 was:
what caused the 4th baffle to bend? One theory was that if a difference in

hot wall temperatures between adjacent sides of the baffle exceeded about 300F
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a permanent deformation could result. To determine if this was
possible, the theoretical computer baffle model was utilized to
predict the temperature gradients around the odd-numbered baffles
for tests 213, 222, and 236. The resulting hot wall temperature
profiles are shown in Figures 119 to 121, respectively. For test 213,
symmetrical heating conditions exist on the 3rd baffle. The first
baffle has a maximum difference in hot wall temperature of about

70 F. The maximum predicted temperature gradient occurs on baffle
No. 5 because of the apparent lack of combustion in the gas passage
next to the side plate. 1In this case a maximum difference in the hot
wall temperature on opposite sides of the baffle is 500-600 F, more
than enough to cause bending of the baffle. By comparison, the other
two tests studied show temperature differences up to 200 F, but none
as severe as the 500-600 F discussed above. As a result it is quite
possible that the failure to light the injector properly in the early
tests resulted in the bending of the baffles.

Based on the solid wall heat flux distribution discussed in the next
section, the maximum differentizl heat flux between adjacent baffles

is in the range of 0.5 to 1.0 Btu/inz-sec. This can also be conisidered
the difference in heat flux between one side of the baffle and the
other. This difference in heat flux results in a difference in baffle
hot wall temperature of 80-160 R based on Figure 122, which is
theoretically insufficient to cause the baffle leading edge to bend

with a permanent set.
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Liquid Hydrogen Pressure Drop

The contract specified a conditioned propellant pressure drop of 100
psi at nominal conditions. The hardware was designed for 75 psi
pressure drop at nominal conditions, with 2.7 1b/sec of hydrogen through
the conditioner. This was to leave some pressure drop for the mixer
with some leeway for tolerance effects. The actual experimental
pressure drops came out appreciably higher. To verify the results,
the baffles were water flowed following the test series to determine
the individual baffle resistances. Using this information, a detailed
water pressure drop calculation through the baffle was made. Two
roughnesses were assumed: 75 and 200 microinches. The result is shown
in Table 33. The experimental pressure drop with 3 lb/sec per
baffle was 170 psi; the theoretical pressure drops were 106 and 119
psi for 75 and 200 microinches respectively. This represents an error
of 60% and 43% respectively; this is approximately the same error
observed while flowing hydrogen during the test program, It is very
unusual for pressure drop predictions to be in error by this much,
especially for water., The most probable explanation is that the
passages have either a larger roughness and/or the passages have a
smaller cross-sectional area than nominal. For example, decreasing
the channel height and width 10% will result in a 60% increase in
pressure drop. Doubling the roughness only results in approximately

a 15% increase in pressure drop.
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TABLE 33,  PRELIMINARY BAFFLE AP ANALYSIS

WATER FLOW = 3 lb/sec/BAFFLE

MAX, INLET MANIFOLD (flow thru full length) .92''x, 42'"x5.1"

INLET ORIFICE (manifold— baffle} 52 x,050" x,400" vel. hd,
75 uin, 200 uin,

FRICTION LOSS 52 -,050"x ,076' PASSAGES  92.1 104, 0
TRANSITION LOSS .050—= 090" PASSAGES 5.7 5,7
(1V.H.) ,

FRICTION LOSS 52 -.090" x , 076" PASSAGES 4,2 4,7
EXIT VEL. HD, 52 -,090"x.,076'" PASSAGES 2.6 2.6

OUTLET ORIFICE (baffle-man. ) VEL, HD, - 52 x.090" x . 400"

MAX, OUT MANIFOLD =1,20"x.42" x 5,1" high

Calc, Baffle A P, psi 104. 6 117. 0
1,6 L6
Cale. 4 P with manifolds, psi 106, 2 18. 6

EXPERIMENTAL AP = 170 psi

0.76 psi
0, 30 pst

0. 09 psi
0. 50 psi

1, 85 psi



Post-test hardware inspection indicated that the coolant passages were
within 0.002 in. of the nominal dimension where checked. This amounts to
approximately a 4% erroi in the dimension, which can result in approximately
a 22% error in pressure drop. This does not take into account possible
rounding in the corners of the passage, nor does it take into account the
possibility of the few locations checked being representative of the whole
baffleé. Measurements of the channel roughness were not made, but they appear
to be in the neighborhood of 300 microinches. This is higher than normal
because of the EDM machining method used. Assuming this roughness, this
would represent another 22% increase in pressure drop over the original
design. Together, this represents an increase of 50% over the originail
design analysis; this would account for the large difference betweeen

theoretical and experimental results.

In a future design, the large roughness value can readily be taken into account
when designing the baffle channel geometry. Now that the type of tolerances
to be expected is known, they can also be taken into account in the next

design,

Thermal Efficiency of Conditioner

The theoretical thermodynamic efficiency of the conditioner is equal to the
hot gas enthalpy loss to the nominal exit temperature divided by the enthalpy
loss to the minimum available exit temperature. This minimum temperature
would be the liquid hydrogen inlet temperature (for the hydrogen conditioner)
for a counterflow heat exchanger, or the hydrogen outlet temperature (225R
with no bypass) for a parallel flow heat exchanger. The selected heat
exchangef is basically of the latter design. However, the opérating require-
ments for the heat exchanger is that the hot gas temperature cannot drop
below the freezing temperature of the water trapped within the combustion
products in order to avoid bulk icing. This limits the minimum available

hot gas temperature for the design to 32F (492R). Using the hot gas enthalpy
as a function of temperature as shown in Figure 113for a mixture ratio of 1.0,
with the nominal reactor hydrogen injéction temperature of 27SR results in a
theoretical combustion temperature of 2060R. The resultant enthalpy loss to
the ﬁominal gas exit temperature of 750R is 2360 Btu/lb. The available enthalpy
going down to 492R exit temperature is about 3380 Btu/lb, resulting in a
thermodynamic efficiency of about 70%. This was deemed satisfactory for this
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design since the requirement was that the system weight be minimized. The
thermal efficiency can readily be increased by increasing the operating
mixture ratioc (combustion temperature). For example, at a mixture ratio

of 3 with a combustion temperature of about 4460 R, the efficiency increases
to 89% for a design outlet temperature of 750 R, or 74% for an outlet tem-

perature of 1000 R.

Experimental Thermal Efficiency

The experimental thermal efficiency compares the heat transferred in the
as-built hardware to the theoretically available heat for transfer. Due
to tolerance effects the hardware was not built to exactly nominal dimen-
sions, Also, the injector did not produce 100% combustion or a uniform
flow and mixture ratio distribution. These will be discussed in terms

of how they relate to the experimental efficiency.

Based on the early tests, the calculated hot gas flow area (based on chamber
pressure, mixture ratio, and total gas flow) was very close to the measured
area, indicating that the calculated pressure drops are correct and that the
gas flow area was close to nominal. As a result this should have no effect

on the as manufactured thermal efficiency.

‘The slightly smaller conditioned hydrogen channel dimensions and increased
surface roughness had little influence on the surface area but did increase
the coolant side heat transfer coefficient, resulting in cooler walls and
more heat transferred for a given flowrate. Based on the theoretical results
presented previously, showing the effect of conditioned hydrogen flowrate
on heat input, increasing the hydrogen flow from 4.5 to 5.95 1lb/sec results
in only a 3% change in the heat input. This change in flow represents a

32% change in mass velocity, whereas the increased pressure drop can be
accounted for by approximately an 8% increase in mass velocity with about
the same equivalent increase due to roughness. With half the increase in
mass velocity, the 50% increase in pressure drop could produce about a 1%%
increase in efficiency. Even this is too high, since an increased hydrogen
flow used in the analysis reduces the hydrogen outlet temperature and
increases the temperaturé potential and heat input; this does not occur in a
system where nothing has changed except for the pressure drop. Consequently

it is concluded that the large increase in the conditioned hydrogen pressure
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drop over the design value causes about a 1% increase in thermal efficiency
in the as-built hardware. This result is not too surprising, as previous
parametric studies showed that the wall temperatures are not very sémsitive
to variations in hydrogen mass velocity. Another aspect of having a high
conditioned‘hydrogen pressure drop is that it would stabilize the hydrogen
flow system, so that instabilities would be less likely to show up. This
is true for a given hydrogen flowrate. However, if the as-built design
were operated with a reduced flow in order to achieve the correct pressure
drop, the hydrogen system would be less stable due to the higher hydrogen
outlet temperature and thus reduced exit density. This could easily have
been checked by increasing the hydrogen bypass for one or two tests. This
was not done, however, as indicated earlier, because of high erroneous hot

wall temperature readings from the baffle thermocouples.

The injector mixture ratio distribution as well as the completeness of com-
bustion affected the measured conditioner efficiency. Based on earlier
discussions, the experimental data indicated a combusion efficiency of 95-96%;
this resulted in reducing the thermal efficiency 11-15% based on theoretical

considerations.

The effect of a few thousandths variation in the various hot gas gaps appeared
to have little effect on the heat transferred to a baffle, based on data for
the early tests {prior to Test 218). The two side passagés were measured to
be 0.010-0.020 less than the center hot gas passage widths; yet for the early
tests the left side wall had nearly the same heat input as the baffles (con-
sidering that the side wall only has half the area). On the later tests the
right side wall had some very appreciable heat inputs on several tests. This
appears to strengthen the argument that the hot gas gap distribution has little
effect on the conditioner performance. This is at least partly accounted for
by the design, where each baffle is exposed to two hot gas paséages, thereby
averaging out differences in the gas gaps. The narrower gaps will carry less
hot gas flow, and will thus tend to ice sooner. However, near the nominal
operating point icing does not seem to be an operational problém, based on

the test results; this was shbwn both by the insensitivity of gas flow area
to the ratio of hot gas to conditioned hydrogen flowrates, and by comparing
the calculated hot gas flow area for the early tests to the directly measured

dimensions of the gas flow passages,

262



The experimental thermal efficiency compares the heat trasferred for a
given hot gas flowrate in the as-built hardware to the heat which should
theoretically have been transferred for that flowrate. This represents
the amount the theoretical efficiency presented above is reduced from
the design value. The experimental efficiency can be represented as a
hot gas enthalpy ratio:

1"e:q:e'rirnen1:a1 =‘Q‘Hmeasured"’ AHdesign
This parameter is presented as a function of test number in Fig. 98.
The experimental range is between 0.8 and 1.0, with an average of about

0.89. This can be accounted for completely by the measured combustion
efficiency of about 95-96%, as shown in Fig. 100,

In reviewing the hot gas outlet temperature data, it is noted that several
of the thermocouples measure temperatures appreciably less than the nominal
750 R for many of the tests. The hot gas passage between baffles 3 and 4
is the only one that consistently reads appreciably greater than the design
value. This again indicates that the lower than expected heat input to

the baffles is not due to the baffle design or due to tolerances built

into the hardware, It indicates that the baffles are trying to extract
the available heat, but that a reduced heat was available because of the
reduced injector efficiency (100% combustion efficiency was assumed for
the original design analysis). While the assumption of 100% combustion
may not have been entirely realistic, the net effect on the design would
have been minor. It would have been compensated for by increased gas flow
and/or increased mixture ratio, which could also have been accomplished
after the hardware had been built. The only effect on the hardware itself
may have been small adjustments to the injector orifices to accommodate

the different reactor flow, and slightly larger hot gas flow area in
order to maintain the same chamber pressure. These can be considered as

refinements to the basic design.
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POSTTEST HARDWARE EVALUATION .

Following the first series of igniter only tests, the injector assembly was
removed from the conditiomer for visual inspection of the baffle assemblies and
the conditioner walls. There was no evidence of any overheating or hot spots
in the conditioner assembly. The injector assembly was reinstalled to the
conditioner and no further internal inspection of the conditioner assembly

was performed until completion of all hot fire tests planned for hydrogen.

Upon disassembly of the injector assembly from the conditioner subsequent to
all hot fire tests, it was agéin noted there was no evidence of baffle or
conditioner wall overheating, but it was noted that the leading or forward
ends of the baffles had deflected from their initial position, causing a
pronounced variation in hot gas gaps, and that the center or instrumented
baffle collapsed in the region where the baffle honeycomb had been removed
for thermocouple installation. Fig.l23 1is a sketch of the baffle position
and location of the baffle collapse after test; Fig.124 shows the actual

hot gas gap dimensions before and after test; and Fig.125 denotes the region
of baffle collapse.

Subsequent to removal of each baffle assembly from the conditioner, each
baffle was water-flow calibrated to ascertain any variation in coolant channel
geometry. All five baffle assemblies flowed within +2% of each other at

several pressure drop measurements.

The collapsed or center baffle was sectioned at the forward edge, as shown
in Fig. 126. The coolant channels showed no evidence of distortion and the
channel dimensions were well within the drawing tolerances. A chart of the

channel cross-section dimensions per drawing, as fabricated, and posttest
is shownt on the next page.
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Design As Fabricated
Width .050 +.002 - .050 +.001
Depth .075 +.004 .072 +.002

The sectioned portion of the baffle assembly verified the brazing technique
used for the braze joint of the Haynes 188 to the 304L stainless indicated an
exceptionally good bond with good braze fillets in the channels. The 347
stainless honeycomb to the 304L.stain1ess closure was also well brazed with a
very clean and shiny surface, indicating that the hydrogen purging technique

used was well adapted to this configuration.

Each of the conditioner side walls as well as the top and bottom wall showed
no evidence of overheating or distortion as evidenced by the fact that the post-
test internal box dimensions of the conditioner were within .005 inch of their

original value.

An analysis of the buckled baffle assembly indicated the possible cause of
failure to be either temperature variation from one side to the other or
excessively high pressure in the combustion portion of the conditioners. To
determine an absolute value and the variation in pressure to collapse a baffle
with some honeycomb structure removed in compariseon to a baffle without any
honeycomb removed, two sample panel ASSemblies as shown in Fig. 127 through 129.
were fabricated in a manner similar to that used in the conditioner baffle con-
struction. After fabrication of the two samples, each sample was

hydraulically crushed to failure as shown in Fig. 130 and 131. The -003 specimen
(without cutout) failed at 1450 psi and the -005 specimen (with a .250 cutout)
failed at 1250 psi. These high values strongly indicate that pressure alone

was not the cause of the conditioner baffle failure,
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TECHNOLOGY DEVELOPMENT

A technology task was conducted to determine the injector mixture ratio and
heat flux distribution, and to determine the effect of the igniter on

the combustor and baffle heat fluxes. For this purpose an uncooled piece of
hardware was designed, built and tested using the injector and igniter that
was planned for the full size hardware. The nose section of each of the five
baffles was simulated, with the nominal hot gas gap. Baffle instrumentation
included hot wall thermocouples at the stagnation point and within the gap on
each baffle to give an indication of the heat flux distribution from left to
right and from top to bottom. An additional hot wall thermocouple was located
in the side wall across from the igniter to determine the effects of the
injector and igniter on the local heat flux. In addition, the injector face
itself had three face thermocouples to verify that it was operating at a
satisfactory temperature. A schematic of the hardware and associated instru-
mentation is shown in Fig. 132 and 133 while a photograph of the solid

wall conditions is shown in Fig. 134. Another purpose of the solid wall chamber
was to verify the ignition and start characteristics of the side-mounted

igniter.

This effort was concentrated on experimentally verifying the compatibility of
the trislot reactor injector and the side mounted igniter. This was
accomplished through a series of hot firing tests of the injector and igniter

assembly in a solid wall chamber.

The injector shown previously in Fig. 88 , incorporated tfislot injection
elements with elements arranged in a rectangular pattern and aligned in such

a manner that they are aligned with the hot gas passages between the simulated
heat exchange baffles.

INJECTOR THERMAL ANALYSIS

A steady stdte thermal analysis of the trislot injector face was performed at
nominal operating conditons (MR = 1, Tc = 1600F, TH = 275R, T0 = 375R). For
this purpose an area consisting of 1/2 injector elemgnt in widthzand 1/2 the
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injector face in length, and the depth of the copper face plate was
programmed for the HEATING program. Two hot gas heat transfer co-
efficients were znalyzed: one represents the value in the combustor
upstream of the baffle, and the second one represents twice this
heating rate. These represent heat fluxes of about 0.8 and 1.6 Btu/inz-
sec respectively. Furthermore, both of these values are expected to

be conservative, the maximum heat flux analyzed being 40 percent of

the maximum heat flux in the conditioner. For the same combustor mass
velocities, data from Ref. 3 indicated lower heat fluxes than assumed
here. Results are shown in Fig.135 and 136 for the low and high

heat flux cases respectively. At the lower heat flux, heated face
temperatures range from a predicted low of 3F to a high of about 180F.
The temperature drop across the copper from the heated surface to the
hydrogen feed passage is only about 20F. At the higher heat flux
comdition, the face temperatures ranged from a low of 100F to a high

of about 440F. These temperatures are acceptable for OFHC copper,

and no overheating problems are foreseen. As expected, highest temp-
eratures occur at the injector centerline, since because of the symmetrical
hydrogen feed system there is presumably no hydrogen flowing in the
feed passages in this region. It is noted that while there tends to

be relatively strong temperature gradients in the direction of hydrogen
flow through the feed passage, there is a much smaller temperature
gradient in the other direction. (midway between elements to the element

centerline),

Somewhat higher face temperatures can be expected with higher propel-
lant injection temperatures. Verification of these predicted temper-
atures were obtained during the test program through direct temperature

messurements oh the injector face.
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TEST RESULTS

A total of 54 tests was conducted on the solid wall conditioner,

including 42 mainstage tests and 12 igﬁition only tests for an accumulated
duration of 126 seconds. These tests were conducted over a range of
propellant temperatures, chamber pressures and mixture ratios as summarized

below.

Solid Wall Conditioner Tested 54 Times
12 - Ignition Only Tests
42.- Mainstage Tests
Range of Conditions Tested
Chamber Pressure, Psia 71 - 301

Reactor Mixture Ratio

Ignition Phase 0.43 to 2.26

Mainstage 0.73 to 3.28
Igniter Mixture Ratio(at Ignition) 0.2 to 1.0
Hydrogén Temperature, R 530 - 184
Oxygen Temperature, R 530 - 234
Duration, Sec

Ignition Phase 0 to 1.5

Mainstage 0 to 8.4

Accumulated Duration, Sec 126

A compilation of test parameters is presented in Table 34,

Ignition was achieved on all tests except one very low (0.4) mixture
ratio test. The wide ranges of flowrates and propellant temperatures
over which the torch igniter is operable were thus demonstrated. The

igniter was in excellent condition after the test series.
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TABLE 34, TEST RESULTS

T
| Total
*k Duration, P I Flowrate Mixture Ratio
Test No. Seconds psga | 1b/sec Total Injector Igniter Purpose
‘Ef I
1 (Ign) 1.0 122 | 0,71 0.55 0.56 0. 32 Ignition Only Test
2 (1gn) 1.0 148 0,79 0.58 0,59 .35 Ignition/Mainstage Tests
2 (M8) 2.0 176 0,87 0.75 0.78 .14
3 (Ign) 1.0 149 0.79 0,67 0.69 .39
3 (MS) 2.0 181 0.88 0.85 0.89 .17
4 (Ign) 1.0 218 1.08 0.76 0.79 .16
4 (M) 2,0 241 1.16 0.89 0.93 i .20
5 (Ign) 1.0 194 1.04 0. 60 0.61 | .37
5 (MS) 0.5 232 1.13 0,72 0,76 .11
6 (Ign) 1,0 142 0.80 0.57 0,58 .35
6 (MS) 1.8 174 0, 88 0.73 0,73 1.10
7 (Ign) 0.8 195 1,04 0.69 0.71 .40
7 (MS) 1.9 241 1,17 0. 88 .88 1.17
8 (Ign) 0.9 144 0,78 0. 66 .67 .39
8 (MS) 1.9 177 0,87 0.83 .83 1.15
9 (ign) 0.9 222 1.25 0.54 .65 .43
9 (MS) 1.9 271 1.39 0.83 .83 1.20
10 (Ign) 0.9 142 1.29 0.71 L72 , . 40
10 (MS) 1.4 283 1.44 0.90 . 90 ! 1,25
11 (Ign) 0,9 244 1.28 0,69 .70 .43
11 (MS) 1.4 301 1,44 0.89 .89 1.19 Y
12 (Ign) 0.9 176 0.76 0.85 .88 .48 Igniter/Mainstage - Igniter
12 (M3) 1.2 180 0.86 1,08 1.06 - Shuttoff During Mainstage
13 (ign) 0,9 200 1,02 0.85 . 87 .48
13 (MS) 1,9 241 1,15 1.07 1.05 -
14 (Ign) 0.9 222 1.14 0.86 .88 .48
14 (MS) 1.8 279 1,28 1,08 1.13 -
15 {Ign) 0.3 99 0.69 0.73 0.74 0, 48 Ignition/Mainstage Tests
15 (MS) 3.0 156 0.85 .72 0.73 .39 T = 398 - 442R
16 (Ign) 0.3 141 0.77 .55 0 55 .49 T; = 215 -~ 367R
16 (MS) 3.0 220 1,14 .83 0. 85 .38
17 (Ign) 0.3 97 0. 45 .65 0,66 . 46
17 (MS) 3.0 154 0,78 1,03 1,05 . 48
18 (Ign) 0.3 154 0.73 .63 .64 . 49
18 {MS) 3.0 236 1.17 1,09 1.11 .51
19 (Ign) 0.3 103 0. 48 .69 .69 .49
19 (M3) 1.0 153 0, 80 1.32 1.35 .64
20 (Ign) 0.3 153 0.70 .84 .85 77
20 (MS) 1.0 228 1,15 1,46 1. 49 .59
21 (Ign) 0.3 103 0.51 .42 .43 .27
21 (MS) 2.0 152 0.79 .80 .83 .28
22 (Ign) 0.3 102 0,46 .61 .62 .36
22 (MS) 2.0 153 0.77 1.01 1.04 .37 !
23 (Ign) 0,3 155 0.70 .57 .58 .37
23 (MS) 2.0 239 1.17 1,04 1.07 .38 Eg
24 (Ign) 0.3 104 0, 44 .72 .73 , 44 b
24 (MS) 1.0 148 0.77 1.27 1,34 .35 stha
25 (Ign) 0.3 154 0,66 .86 .88 , 49
25 (MS) 1.0 225 1.14 1.31 1.34 .54 Y Eg
26 (Ign) 0,3 112 0,34 2.02 2.22 0,54 Ignition/Mainstage Tests =
26 (MS) 2.0 152 0,91 0,69 0.70 .49 T = 307 - 445R !
27 (MS)* 2.2 220 1,06 0.74 .75 .46 T; = 184 - 425R
28 (Ign) 0.3 91 0. 49 0.74 .75 .60
28 (MS) 2.0 157 0.80 1.28 1.30 759
29 (Ign) 0.3 138 0.73 0.76 .76 .60
29 (MS) 2.0 235 1.20 1.37 1, 40 .59
30 {Ign) 0.3 99 0. 49 0.73 0.73 .74
30 (MS) 2.0 162 0. 80 1,70 1.73 ki
31 (Ign) 0.3 94 0.52 0.50 0.50 .50
31 (MS) 2,0 159 0.83 1,08 1,10 .48
32 {Ign) 0.2 116 0,52 1,0 1,04 , 41
32 (MS) 2,1 236 1.26 1,11 1,13 .49
33 (Ign) 0.3 96 0.53 0,52 0.53 .42
33 (MS) 2,0 160 0.85 1,05 1.08 .38
34 (Ign) 0.3 59 0.29 1,19 1.21 .79
34 (MS) 0.5 85 0. 44 1.75 1.80 .73
35 (Ign) 0,2 48 0.22 2,19 2,26 1,02
35 (MsS) 0.6 71 0. 36 3,15 3,28 1,12
36 (Ign) 0,3 130 0,75 0.51 0,52 .41 ‘
o 36 (MS) 8.4 236 1.27 0,99 1.02 .36 |
[ea]
[¥2]

* No ignition phase
*% Test number start with 1 commencing with the start of each calendar year




Combustion was acceptably stable during all conditions. Only during
tests with the coldest propellants did occasional low amplitude +15 psi
oscillations occur at approximately 11 khz for periocds of a few tenths
of a second. These oscillations would not be damaging to the cooled
conditioner and occurred in the configuration of the solid wall
conditioner which had no acoustic cavities. It was thus concluded that

the cooled conditioner would not require acoustic cavities.

SOLID WALL BAFFLE DATA ANALYSIS

Heat transfer data on the solid wall chamber was obtained from one
Chromel-Alumel (C/A) thermocouple in the combustor opposite the igniter,
nine Iron-Constantan (I/C) thermocouples located at the baffle stagnation
point, and five C/A thermocouples located on the baffle near the hot gas
gap (Fig. 133)}. All thermocouples were attached to the hot gas surface.
Heat flux data was determined from the transient temperature-time data,
comparing the experimental results with theoretical values. If the
chamber were run sufficiéntly long to attain steady state, the thermo-
couples would register the local combustion temperature and thus give

an indication of the local mixture ratio and/or combustion efficiency.
This was not done, however, as it was undesirable to jeopardize the

hardware before obtaining the required data,

To obtain experimental heat transfer coefficients, it was first
necessary to perform a theoretical analysis using the hardware geometry
and material in order to obtain theoretical temperature-time plots over
a range of heat transfer coefficients. For convenience, a standard
dimensionless temperature parameter was used; the numerator of which is
the temperature rise of the wall surface at any given time, while the
denominator is the difference between the hot gas temperature and the
initial wall temperature. Time is measured from the start of ignitionm.
The required temperature-time data is obtained from the Astrodata system
used to record test data, with the reference time at which ignition occurs
being determined from synchronized Brush recorder traces. For the dimen-

sionless temperature parameter, the initial hardware temperature is
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determined from the temperature trace on the Brush recorder, and the
combustion gas temperature is based on the mainstage total mixture ratio
{igniter plus injector). While this does not give quite the correct heat
transfer coefficient during the ignition phase, the error in heat flux

is small.

Typical plots of the temperature-time traces from which the heat
transfer rates were determined are shown in Figures 137and 138 Due to the
sensitivity of the results at small values of time, these values usually
differ somewhat from those at later times due to small errors in

initial hardware temperature and initial time. Similarly, errors can
occur at high values of time, since the correspondence of experimental
and theoretical curves depends on the value of the combustion tempera-

ture used in reducing the data.

Examination of the transient temperature data indicated that ignition
heat fluxes could be obtained in one second of transient operation, and
mainstage heat fluxes were obtained in another 1-1/2 - 2 seconds of
operation, Also, mainstage data could be obtained in a shorter

duration if the ignition phase was reduced in duration.

The experimental baffle stagnation heat flux is shown as ﬁ function of
hot gas flowrate in Fig. 139 for tests 556 and 567-570 (ignition MR=0,52,
mainstage MR=0.72). For clarity, the last two tests at higher mixture
ratio were ommitted from this figure. It is noted that thermocouple 3
was not functioning, and thermocouple 2 is probably not reading correctly.
Of the remaining thermocouples, those at locations 1, 4, 5, and 8 have
the same ignition heat flux, and those at 1, 4, 5, 8 and 9 have the same
mainstage heat flux. The heat flux at thermocouple & (2nd baffle from
the igniter) has stagnation point heat fluxes approximately 50 percent
higher than the '"nominal experimental value, although lower than the
design value. Thermocouples 7 and 14 show somewhat different behavior
than the rest, although the peak values measured do not differ much from
those at 6 and 13, respectively. This may be due to the proximity of
the igniter.
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Results for the baffle thermocouples located near the hot gas gap are
shown in Fig. 140, in terms of heat flux vs. gas flowrate. It is noted
that thermocuouple 14 is located in the gap adjacent to the igniter, that
the gap in which thermocouple 10 is located was somewhat restricted

by the seal used between the space and the baffles (resulting in pﬁssibly
low readings), and that both of these thermocouples are located closer

to the minimum hot gas gap than thermocouples 11, 12 and 13. As a result
lower heat flux measurements from 11, 12 and 13 would be expected. In
addition, thermocouple 11 ceased operating after test 568. The results
indicate that thermocouples 10 and 11 read the lowest heat flux, with

the heat flux steadily increasing as the igniter is approached. This

trend occurs during both ignition and mainstage.

In comparing the stagnation point and the hot gas gap heat flux trends,
it is noted that the stagnation heat flux is lower than that in the
gap (by about 20 percent). Furthermore, both indicate a heat flux

dependence on flowrate to the 0.8 power, typical of turbulent flow.

The reason for this at the stagnation point, where laminar flow
usually exists, is that the diameter Reynolds number is high at
this point - about 10,000; as a result the flow turns turbulent near
the baffle leading edge, and with the higher conductivity braze spots
covering the thermocouples,‘the thermocouples cannot distinguish the

small area of laminar flow from the much greater area of turbulent flow.

Using a mixture ratio range of .86, a curve of heat flux vs mixture ratio
was developed for a constant flowrate of 1.0 1b/sec. The results are
shown in Fig. I41. It is noted that mixture ratios of 0.53 and 0.63 are
during ignition, and the two higher mixture ratios are at mainstage.

The theoretical value for thermocouple 11, 12, and 13 falls between the
experimental values for 12 and 13, with thermocouple 11 being somewhat
lower. The theoretical value for thermocouple 10 and 15 is about 50 per-
cent higher than the experimental values at the lowest mixture ratios,

but only about 15 percent higher than thermocouple 15 at the highest
mixture ratio. As indicated earlier, thermocouple 10 was probably reading

low due to a blockage of that hot gas gap.
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In conclusion, considering the difficulty in obtaining transient
temperature data at the hot gas surface and the considerable number of
variables which affect the results, the agreement between theoretical
and experimental values is sufficiently close to indicate that the
baffle should operate about as designed, with no problems at the

stagnation point or in the hot gas gap.

Several items were corrected and/or changed in the next series of tests
(Tests 002-036). Aside from removing the restriction to the hot gas gap
in which thermocouple 10 was located, the spacer between the baffle and
the injector was removed, to give an indication of whether the spacer

is required or not. In addition, tests were run with the igniter turned
off during mainstage, to determine its effect on the operation of the
baffles. Also, tests were run over a wider range of mixture ratio, to
indicate what can be expected with the cooled hardware at higher mixture

operation.

Experimental heat flux is shown in Figures 142 and 143as a functicn of

the total hot gas flowrate for the baffles. Figure 142is for tests 007-
011, where the igniter was shutoff during mainstage operation. By compar-
ison, Fig. 143 shows the results for some of the cold propellant injection
conditions (with the igniter on during mainstage). A comparison of these
two figures indicate that the measured heat fluxes as a function of
flowrate are about the same, although the mixture ratios are different.
The data shows higher heat fluxes at higher mixture ratio and lower

heat fluxes with lower combustion temperature, as expected.

292



-7

|
-7

L
Panaue

-
"J

! _ o . .
| : - &
i 1 \ o f
ERCEN I .
I P NN SR |
] WEMNI. ..J)H ..... pﬂu i | - , .
ENEE SRR P
: | b i NN ' e _ S

2

>

g off

L~
£

-
o P

N3

1 - L. e
R \QEE N IMAINST -

o

1.3

3z

1.5

IS T B
S | EERRE
he SERIN. o K i
N SN RV K NN Y
NEEES : DRSNS
/,. b ,.u g % 0 ¥
SN m .W,MJ
o L _11 iJ/I
D H.W_
..... _.. v.wm M\ﬁllm
ol L ARE

E-ENSISER R FRTETH

1

TOTAL HOT GAS FLOWRATE, +L8/3&¢C

Figure 142, Baffle Heat Flux Values

293



[

FLUFfLL 3 LAY

TS 7S o7 2 '
]5‘ ,_f‘?,._c%_ okgz;#*_oias;fozisi ]

[ S S

MR~ 434 Tal 3 270360 R (MAINSTAGE). |

g B 3 7 A

A .

I

A

3
‘l

N

N

%i?-—q'u‘ .

N

3
H

RIEIAT

£

Y
N,
1N et

’4&1

- i .
= -
o A A :
Y, g L "
N '3
- R A e
Sl

TOTAL FLOWRATE, LB/SEC

Figure 143, Baffle Heat Flux Values (Ignition on During
Mainstage)

294




Starting with test 018, thermocouple 10 (side mounted baffle thermo-
couple farthest from the igniter} began to indicate higher heat fluxes
than normal. Since this test was not at severe conditions (total flow-
rate of 1.17 1b/sec¢, mixture ratio of 1.09), and the previous test was
at even less severe conditions, it is uncertain what caused this change.
It is noted that it was expected that thermocouples 10 and 14 would
register a higher heat flux due to being mounted closer to the smallest
part of the hot gas gap. It is not known whether anything changed to
increase the heat flux at this point, or whether enough braze was eroded
from the thermocouple over the previous tests so that the thermocouple
tip was no longer attached to the wall, allowing a faster thermal response
and thus indicating a higher heat flux. In any case, the peak heat
fluxes as measured by T/C 10 after test 018 are slightly less than the
predicted peak heat fluxes at the forward end of the baffle, and thus

"no problems are foreseen with the cooled conditioner.

EXPERIMENTAL COMBUSTOR HEAT FLUX

. A thermocouple was attached to the hot gas wall in the combustor opposite
the igniter. Typical transient temperature curves for tests 556 and
567-572 are shown in'Fig. 144. The resulting heat transfer coefficients
are in the range of .002-.004 Btu/inz—seC-F. This results in roughly

a factor of 4 higher heat transfer coefficient in this region at the
nominal operating point with ambient temperature propellants than was

predicted with the Bartz simplified equation.

Data are shown in Fig.145 for tests 002-014 with ambient temperature
propellants, and in Fig.146 for tests 014-024 for colder temperature
propellants. Variations in flowrate, mixture ratio, and injection temp-
erature seem to have little effect on the heat transfer coefficient in

this region. The igniter also has little effect. Whether this is real

or due to a faulty thermocouple installation is not definitely known.
However, the heat fluxes are higher than theoretically predicted with

the simplified Bartz pipe flow equation, and are béing used in the analysis

of the cooled hardware.
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Figure 144, Uncooled Workhorse Combustor Thermal Transients 0.5-Inch Thick, 347 CRES
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Tests 002 Through 014, Theoretical Combustion Temperature

Combustor Wall Thermocouple,

Figure 145.
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Figure 146

Tests (15 Through 025, Theoretical Combustion Temperature

Combustor Wall Thermocouple,



The result of the higher heat flux is to increase the predicted

mid channel gas wall temperature of 660 F, and a mid-land value of 1070 F
at a MR=1 with ambient propellants. This is based on the channel

height being reduced from .117 inch to .077 inch (this adds more margin
to the mid-channel, although it has little effect on the mid-land temp-
erature). In spite of the increased heat flux measured, the combustor

can easily operate at the design conditicn,

It is noted that the side walls tend to run at a higher temperature
than do the top and bottom walls due to the difference in land width -
0.2 inch vs 0.1 inch, even though both have the same hot gas wall

thickness, channel width and channel height.

INJECTCR THERMAL RESPONSE

The thermal response of the injector as measured by the thermocouple
located at the injector center are shown in Figures 147 through 150.
Results for the first series of tests (567-572) are shown in Fig. 147,
Results indicate that it takes 2-3 seconds for the copper face to reach
steady-state temperatures. The peak measured temperature was about 600 F,
and it occurred with the maximum injector flowrate. Figure 148 shows the
same results for tests 006-0l1 with the igniter off during mainstage.

As in the previous test series, both ambient oxygen and hydrogen were
used, and the results are about the same. Tests 015 to 025 results are
shown in Fig. 149, 1In this case, the response time has been reduced
to 1-2 seconds, and the steady—s;ate injector face temperatures are
lower due to the lower injection temperatures. A cross-plot of the data
for these last tests is presented in Fig. 150. This figure has three
separate plots; injector face temperature as a function of total flow-
rate, the difference between injector face temperature and hydrogen in-

jection temperature vs flowrate, and also as a function of mixture ratio.
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The last correlation was also the best, and indicated for this series

of tests that the injector face temperature went up in proportion te the
hydrogen injection temperature increase, and that the face temperature
was independent of hot gas flowrate and a very weak function of mixture
ratio. The data actually indicates a slight decrease in temperature
with increasing mixture ratio, which may be indicative of reduced
recirculation on the injector face due to the decreasing hydrogen

injection velocity.

Inspection of the hardware after the last test (036) indicated localized
erosion patterns in the combustor; these did not cover the combustor

wall thermocouple. It is not known exactly when this haﬁpened, but it

is strongly suspected of having cccurred in the last test. Although the
duration was 8-1/2 seconds, the overall mixture ratio was only 1.0, with

a combustion temperature under 1800 F. This condition alone would not
indicate that erosion could take place. However for the first 3.5

seconds of the test, the oxygen flow was oscillating, due to two-phase
flow passing through the upstream oxidizer control venturi. At this point
the oxygen temperature dropped and the oxidizer flow stabilized; in the
meantime the hydrogen flow was slowly decreasing due to a rise in hydrogen
temperature, resulting in an increasing mixture ratio. It is suspected
that the oscillating oxygen flow during the two-phase operation could
have resulted in abnormal mixture ratio distributions, with the subsequent
erosion. The last part of the test also probably had two-phase flow in
the upstream venturi, but the flow was stable.

Typical distribution of the heat flux across the baffles is shown in

Fig. 151. The results showed that with theé igniter either on or off during
mainstage, the heat flux reaches a peak on the second baffle from the
igniter. This is true both at the stagnation point and in the hot gas

gap. The reason for this was not finalized; however, it was undoubtedly
caused by a non uniform distribution of the hot gases.
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CONCLUSIONS
Review of the test data and subsequent thermal analysis has resulted in
formulation of the following conclusions relative to the technology task

and its impact on the cooled conditioner design and test efforts.

1. The concept of using a tri-slot injector and side mounted
torch igniter close coupled to the heat exchanger baffles
js feasible. The effluent from the side mounted torch
igniter mixes well with the main flow and does not Impinge
on the opposite wall. Also, the use of the oxygen flow
control valve to maintain low mixture ratios during the

ignition phase of operation is valid.

2. Separate ignition valves are not required; all flow can be

controlled by the main propellant valves.

3. Reliable ignition and stable combustion can be expected over

the entire range of expected operating conditions.

4, Peak heat flux values on the baffles are quite close to
predicted, and should present no problem on the cooled

conditioner.

5. Combustion zone heat flux is somewhat higher than predicted
on the side walls; however well within the capability of the
cooled conditioner.

6. Some tests were conducted where the igniter was shut off

during mainstage, with no significant effect on combustion

zone temperatures.
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On the last test there was some localized erosion of the side
walls of the conditioner, which has been attributed to two
phase oxygen flow and reducing hydrogen flow during the test,
resulting in erratic injection and localized very high

heat fluxes. To alleviate this condition on the cooled
conditioner tests with chilled propellants, a larger pre-fire

bleed will be used to stabilize temperatures,

Since the localized erosion occured only on the side

walls where the injector elements are quite close to the
conditioner wall a revision to the second injector was
decided upon. The outer row of elements on the side walls
were eliminated, leaving a greater gap between elements and
conditioner wall. This will reduce localized heat flux in
this region while having no detrimental effect on the heat

exchange efficiency of the conditioner.
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CONCLUSIONS AND RECOMMENDATIONS

The program met its basic objective of establishing a technology base

for the baffle type propellant thermal conditioner that was evaluated.

The test effort showed that the conditioner was not mission duty cycle
limited and is capable of operation over a wide mixture ratic. Use

of the flow control valve (demonstrated on the solid wall conditioner)
whereby the reactor starts at a low mixture ratio and is automatically
sequenced into mainstage conditions by the cold fluid precludes damage

to the hardware if the system fails to flow cold fluid on demand. This
concept also allows for safe operation of the conditioner at a higher
mixture ratio, if desired, to reduce system weight and envelope. Ignition
of the reactor propellants over a wide range of propellant temperatures
and mixture ratio extremes was demonstrated with the side mounted

spark igniter. Operation at high mixture ratio was demonstrated on the
IRGD hardware and on the solid wall conditioner. One very attractive
feature incorporated into the concept was the use of bypass on the hydrogen
to be conditioned. This not only improved the margin against icing but
yielded a common conditioner capable of being used to condition either

hydrogen (with a 40 percent bypass) or oxygen with 0 to 5 percent bypass.

The thermal characteristics of the conditioner were quite good;
demonstrating the capability to deliver conditioned fluid within 1/2 second
after start of cold fluid flow.

The experimental efficiency (ratio of measured heat input to hydrogen
gas to calculated heat input for these operating conditions) of the

conditioner was approximately 90 percent.

Baffle distortion wnich was experienced during the test program is well
understood and requires minor design modifications on any future hardware.
These modifications include (1) relocating the guide rails to a plane
directly wunderneath the baffle and extending for the full length of the
baffles, and (2) better internal support (honeycomb) especially in any

cutout areas such as where instrumentation is located.
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It is recommended that additional technology be acquired on this concept
to prepare it for development. These additional technology areas are

associated with the injector and the ignition system.

Injector technology is required in refining the injector pattern to
improve distribution and wall compatibility. This would include, more

elements and/or alternate element types.

Ignition technology is required to more thoroughly evaluate the side
mounted igniter with the refined injector from above to characterize
ignition parameters. Parameters needing characterization include (1)
igniter mixture ratio, (2} igniter flow rate, (3) reactor mixture ratio

and (4) sequencing.

Exploration is also required to determine the optimum location of the

side mounted igniter with respect to the injector face plane.

310



REFERENCES

Friedly, J. C., J. L. Manganaro, and P, G. Kroeger: A Simple
Criterion for Predicting Flow Oscillations in Fluid Heat Exchangers
Operating Near the Critical Pressure, General Electric Report
68-C-078, March 1968.

Tabulation and Analysis of Supercritical Oxygen Heat Transfer Data
with Regard to Flow Oscillatien, Rocketdyne Report R-8420,

10 February 1971.

R. D, Paster; Hydrogen Oxygen APS Engines NASA CR 120805 (unpublished
to date)

311/312



APPENDIX A

SYSTEM BALANCE ANALYSIS

A non-linear system balance program was written to evaluate

reactor (hot gas) flow requirements for the hydrogen thermal conditioner,
The purpose of this program wzp to establish reactor flow requirements
over the specified range of inlet temperasture (275F to G600R for hydrogen
and 375R to 600R for oxygen) such that a pesr constant heat input to the

conditioned hydrogen (2800 Btu/sec) W& maintained,

PROGRAM DESCRIPTION

The schematic of the themal conditioner used in the off-desaign balance
program 18 shown in Filgure A-~-1, Node numbers are for reference to the
output format -~ a sample of which 13 included ag Figure A-~2, Pogition

and path numbers are used internally by the program,

The progfam bagically consisted of:

(1) two routines to calculate pressure drops (forward or backward)
as functiond of resistance, pressure, temperature and average
density (linear average) for either oxygen or hydrogen using
direct substitution iteration and real gas property tables,

(2) a heat transfer routine containing the equations and empirical
relatlons required to represent the hot gas side heat transfer
(easlly modified as more knowledge and/or aephistication

dictate),
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Q0011

015

FIGURE A-2,

TYPICAL OUTPUT FORMAT

CONTROL RRQUIREMENTS

HYDROGEN THERMAL CONDITIGNER

2~ 294+0 PSIA 2750 DEG R 0.613 LBWSKS
(R 3606 PSIA 37650 DEG R 07613 LRWSEC
PCS 2400 PSIA MR="1.000 &/F CHAMRER FLOW= 1.226 LBW/SEC
COMBUSTIZN TEMPERATURE= 2034.2 DEG R - T
IGNITGR: MR= 1.000 &/F FLE 0.240 LBW/SEC

INECIR BYDROGEN FLOW

NZDE DELTA-P DELTA-T

i 6e55 000
13 13.85 0«0
2 10-89 30.00
9 000  C.00
3 2400 0s00

INLET PRESSURE'—!EQ@_-_Q

R&-1¥ RO~ RESISTANCE
199801 1.958-01 3.4655
1.958-01 186801 108500
186801 161801 77ea2
1.618-01 1.G1E-<0% 0+0000
1-6818-01 146801 158627

INLE? TEMPERATURE=275+0

INJECTUR AXTGEN FLOW

NIDE DEIFA-P DELTA-T

5 766  0-00
6 15.08 0.0
iz 301 0«00
7 24400  0e00

INLET PRﬁSGMB:S

RO-ATL RESISTANCE

RO-IN
24T6RH00 2469400 563270
2.80BH00 2568400 1670037
20568100 220400 4200000
20208400 1-99EH00 2177476

INLET TEMPERATURE-575+0 "

ICHITAR HYIROGER FLOW

RIDE DELTA-P DELTA-T  RE2~IN R~UT RESISTANCE
1 Go56 000 1.9YB-0L 1.95E-01 34860
10 24+4¢  0-00 1.85E-01 1+BE-01 330+0000
4 2400 OO0 1?’?8}01 1-:&33'01 29'?’_-:1941

IGNITER GXYGEN FLOW

NJDE DELTA-P DELTA-T RO-IN RO~ RESISTANCE
5 7466 0«00 2.76B400 2.60BH00 55327
-1l 54:99 000 2<6BEH00 Z2.20B400 102800000
8 2&;{01 O:-:OO 2'-:3'}Ei00 1.55E400 36?!5-5469

FIGURE A-2,

TYPICAL OUTPUT FORMAT

C.613

0-493

0615
0+453

0613
04120

0613
05120



(3) a general iteration routine, and

(4) &n output routine,
Thase partz can be arranged in various ways deponding upon the results
desired. For exsmple, in generating the regulator pressure requirements
{for comstent heat output) presentéd in the main body of this report,
the system must be analyzed backwards -~ from the combustion chamber to
the inlets; Howaver, in analyzing the effect of regulator pressure
keeping tolerance, the system must bhe stepped through from inlet to
chamber with the choked exit providing the necessary constraint. This
veriety of logic patterms needed is the reason no "hard" (i.e., permanent
IRNM) fersiun of the program existe, Iﬁstead, a nunber of modified versions

are stored on the GE-440 Timeshare System,

An exampie of the legic and backup equetions of the version of the
program used to generate the regulator pressure v inlet temperature

requirements presented earlier is given as Table A-1l,

The program i1s given a set of inlet temperatures, assumed f;owrates, and
gssumed inlet pressures. The inlet preasures mre then perturbated (equal
percentage amounts and in opposite directioms as this represents the

worst cepe), snd pressure drops and fiow mplits are calculated to determine
the chamber pressure., Resal gas propertles are used, lCﬁmhustion temperature
and reactor exlt temperatures are then determined by use of various heat
transfer relstions and the assunption of a choked exit, Relteration of the
foed syaten flow splits is performed at thia point to account for changes

in the heat input (anduaqnnguuntly, the presaure drop) to the reactor
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1.

10,

11,

14,
15.
16.
17.
18.

TABLE A=l

LOGIC SRQUENCE FOR GENERATING CONTROL REQUIREMENTS

Set: combustion temperature, outlet temperature, total heat ocutput, total
conditioner exit area, jacket temperature rise per pound/seéond of H2 in
Jacket, Y .
Assume: MR, Pc, flows in 02 and H2 igniter and injector lines.
Input: inlet temperatures
Calculate injection enthalpy accounting for H2 jacket and igniter flows and
02 flows.
Calculate mixture ratio needed to yield fixed combustion temperature with
calculated injection enthalpy.
Does calculated MR agree (within ¥ 0.0001) with assumed MR?

If "No" then use calculated MR as assumed MR,

Recalculate flows and go to "4" '

1f "Yes" go on
Calculate Cp as function of MR
Celculate flow required to maintain total Q at design level
Does calculated total flow agree (within 0.000001) with assumed flow?

If "No" then use calculated flow as assumed flow, recalculate jacket
flow gplit, and go to "4"

If "Yes" go on \
Calculate total preassure at exit with fixed exit temperature, Y, and area
and known total flow and molecular weight '
Calculate exit static pressure and temperature from Mach relations at fixed
Y and M = 1.
Find static density at exit from perfect gas law
Using fixed ratio'of static to total temperature at start of converging tubes
find static temperature therg
Assume static density at "13" is same as at exit
CalculateKISP in tubes to exit using linear average of static densities
Find Pc from Pc = Penttotal + AP
Assume static pressure at start of convergence ip O.B‘Pc
Find static density at "13" from perfect gas laws

. A-5
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19.

20,

21.
22.

23,

24,
25.

26,

27.

TABLE A~1 (COKNT)

Does static density calculated agree‘With (within 0.0001) static density

assumed?
If "No" then use calculated density as assumed density and go to "15"

It "Yes" go on

" Does calculated Pc agree with (within 0,02) assumed Pc?

If “"No" then use calculated P_ as assumed P_ and go to "q"

i1f "Yes" go on
Asgign exit pressure from all lines as P,
Agsign exit temperatures of O2 liner and Hz igniter line as inlet
temperatures
Asgign exit temperature of H2 injector line as inlet temperature plus AT
in jacket
Find exit densitier for the four_;ings from real gas property tables
Back calculate pressure drops and find pressure Just downstream of H2
inlet valve

a) through injecter line

b) through igniter line
Do pressures from 25a and 23b agree (within 0.03)?

If "Wo" then adjust flow split and go to "4"

If "Yes" go on
Back calculate pressure drops and find pressures Just downstream of O2
inlet wvalve

a} through injector line

b) through igniter line

28 Do pressures from 27a and 27b agree (within 0.08)7?

29,

30,
31.

If "No" then adjust flow split and go to "27"
If "Yes" go on
Calculate pressure drops across inlet valves and find required inlet

pressures for 02 and H2 lines

'Print results

GO TO "3"
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Terala

. TABIE A-2
‘ PROGRAM  LISTING
21304 NR T/S 4 OCT»1971 '

1N LIs s HEHS 2 2 BO T2
2ubsrLIosuNYHS»2B072

300
400
500
600
700
&0
900
1000
1100
12350
1300
1400
150C&
1660
1 700
18006
1900
2000
2100
2200
2300
2400
- 2500
2600
2740
2800
2900
3000
3100
3IPO0
330U
3400
3500
3500
3700
3800
3900
4000
4100
4200
4300
4400
4500
45600
4700
4800
4900
' 5000
5100
5200

5

10

- NI=Q

DIMENSION KI(Ib)JDP(lb):DT(IS)
DIMENSION DK(l5):09R(15)0ROR(15);F(35)
DIMENSION J€15)
COMManN R(dU):W(lO):PH(dOJ:Pb(lS).TH(&O) T@(lSDJRH(ISJJRB(ib):CN(l7
CAaLL BP&NF(!:"BRLINZ"pr"bdQI" fo
CALL UPENF(S:"TC@NQ":T)
C5=119.65
CinN=3. 963353&72

TC=2023.3 e . -

YD=27T75.379518 ' ;

Qb= @chco.11/2000.>*cTc»*2 750. **2>+1 67574*(TC ~750.3)
/¢¢0.1172000. )*ceoae 9**5 750.**2)+1.6?b74*(12?6 93

KTJI"’?:O. . Lo ;o _

C3=1.67574

KX3=0.0

WA1=0.02

WA2=040

NX4=0002 ] - .

M5 I=1a415 L

JC1y=I SR e -

READ (1) (Rclkalsi.aod' PR

READ Cls) rx1c1>.1 1.111 s

PRINTLYT"

12

15

PE1=240.
DELTAT=13.,

PC=240.

WC1) 204595 T T T S VN -
WC43=0.595 - B P .
W(2Y=0.5657 T T P - -
T HC8I=0.5657 . . T SR

W(3¥=0.0293 j‘; ¢ f,'ﬂ_.g.-.

WC5)=0.0293 C el .

CALL oxvhsc14.7,162.,0..xua1,51,ul BIL

PO 15 I=l,15.° . A

CPHCIJ=0

TH¢I)=0
PBCIN=0

TOCI)=0 ‘
CTUCEI=RICEY
AVMR=10
WTC=1.19 ]
D& 370 J132,»9
THE1Y=XE(J1) o
IF (THC1)wEQ.Q) GO TO 370

PRINTS™A" -

1405 CALL exvaacpcargcn:,o..xuoa.51,nx.olr*

300 CGNTINUE

- XHéa= (W(AJ¥(XH92-XH01)/892 aaaﬁwtf: - A-9
XMWa2 01 EC I ¥XMRY: " R P



5300 7 GO= (1543./4&.174)

5400 G} =S0RT{1. £38)%(Q. 340336)**tg.331 76

5500 . . Al=1.417206891 : _ o - .
5600 A1=ALF(1.1971.226) o _

5700 Al“Al*bQRT(TG/BOJA.B) o : _ |
SB00 1410 TEMP=(TH(1)+DELTAT*(0. 5657/W(2)))*W(2) . TWANIE A-2 (CONT)
5900.  ° TEMP=(TEMP+THCIY#W(32)/W(1) : .
© 6000 AHF==)}+18+(1.44/350. )*(TEMP-250 ) -

61000 ~  XHFeXHF+XH83 . ' e
6200 AMI22=e286966+5. 13854E 4*TC¢2-96261£-8*TC*#2
6300& “ o1 44405%XHF =24 T6646E= A¥XHF %42

6400 L IF ¢ABSCXMR2- =XMRYsLT> 0.0001) Go Te 310

6500 h{l)-HTC/(I+KMR2} R ‘

6800. - W(4AY=WTC-We1) - Lo

65700 - . WE2I= W(a)*(1+XMR)I(I+4MR2> o

6800 We3)=Wll)-WiR)

6900 - XMR= =XMR2 .

70600 Gy To 300

7100 310 C1=0.11/71000,

7200 . C2=3.4l+15. 217*xma 169o19*XMR**2+627 99&*XMR**3
- 7300& 0 -1200. 9 5xXMR#A*4+1303 2 TEMXMR*¥F~E0F 766*XMR*#6
7400& - +267 . 562*¥XMRKAT=36¢I596%XMR*%B

7500 CWETI= (1.l9)*((CltTC+CS)/(b1*TC+Ca))*#(1410.7)
7600 CC1=QD/WCTI= <61/2 )*TC**E-CQ*TC : ‘
7700 ° CC2=CZ : . . G

7800 | CC3=Cl/2. ‘ o
7900 xTa—<»cca+saﬂchce**2 =4 *cca*cc:&:rca.*cca) R
8000 620 IF (ABS(N(?)bwTD)-LT  1E=6) GO Te !420

8106 - W(l1)= uc7)/c1+xmam :

8200 WEGY=WCTI-WEEY |

8300 C Wi2)= W(B}*W(TBINTC

8400 . wcaﬁ-uc1>-w(2)

8500 WTC=teTy

8600 TQREL® ctca#IC¢02:/tct*Tc+cax>$(arc/l !9)**0:66

& 700 DELTAT= (13 )*QREL S - BT
8500 G@ TO 300. : AR a - :
8900 1420 xPa*(WTCIAI)*SQRT(GD*KTGINMN)I&I

9000 . XP@S= xparc1.19*¢c1.3sx 33:)

9100 XTESsXTO/C1a19), 17+

9200 - R@T=¢(144.J*XNN/61545 ))*cxPasxxTa$)

9300 TCS5=20.976%TC - S R L A
9400 RETC=RET . 4,..,ﬂ-“f ﬂy.-wft' 'j RO '
9500 RETC1=RAT ~ 10 7" o o

9600 1430 DELP ((CJ*CBH)*(HTC/I-19)**2?1(&RITL+R@T)IED
27G0 PC2=XPU+DELP .

£

a8CH . PCRS=0.9%PG2 i ' ]
9900 RETC=CC 144 >*xmg/r|545 ))*(PCQS(TCS) o
© 10000 iF CABS(RETG-RGTCf) LT as-s> se Ta 1&53 S
10100 ROTCI=RBIC . o
1 G300 Go TO 1430 o
102300 1433 IF (ABS(FC-PC : CE
10400  PC=PC2 .
10500 GBTO 1405 ' LT
10600 1435 THC 4>= (TEMP*N(II-TH(I)*W(S)){H(Q} y
10700 . TA2)= Taca;:racl:)=Tac12::19151—Ta¢4>-ra<!)
10800 j'_‘TH<JJ=TH(1) A
10900 g Pmc4>=Pats>=Pu<4>=FH<b)=Pc PR .'L
. 11000 - CALL Pth(PHtA).THc4).0..33(4::9.FVmcM)
. 11100 GALL. PHH@(PH(S);TH(S):U-;RH(5):0:PV¢GN)
11200 CALL OXYDENC(PBCA)»TGCAY 04 RACAIL0) -
11300 CALL BXYDEVCPB(S);TU(SJ:O-JRB(ElaQ)
11400 . GALL KPCA59542322545F5409) B
LISOU C GALL HPC(9:3:9:922592359.3)
11600,  CALL HP(S:IU;bnAoS;S;!O;S:ID) pe
11700 - . K2eRH(3) “u{F - . A0

g;:aru;aa¢a;a>*wce:v:agpa@z)



11909,
1437 CALL PHRGCPHOIZD 2 THOI3D 2045 RHC13) 202+ VaCND

12900
1:210¢

12200

12300

12460

12500
12600
12700
12800
12900
13000
13100
13200
P 3300
13490
13500
1 3600
13709
P dueu
1340y

THC13)=THC(1)

IF (AR (a2-tHO13)).LT1E=8) 8@ TO 1439
PH(13)= PH(J)+%(2)*U(&)**2/((RH(3)+RH(13))/2)
X2= hﬂ(lB)

G2 TO 1437

1432 CALL HPC(13,2,13,13,221322513.2)

CALL HPCIOL14,10,105,3,10514,10,14) !!ml‘ CONT
IF CABSCPHC2)=PHC(14)).LT-00%) GG T 330 A ? ¢ )
CALL "XITERCPH(Z222PH(14) WA 2 WX 14 WX)

IF (PRC2ILLTPHCLAYY Ga rJ 320

S WEG2Y=WC2Y UK

1Aavgu -

1100
b adyy
14300
14440

FAS00 . -
14600

L4700

14300 .

14900
15600
15100

330

15200

15360

360

15400
13500 -

15600
15700
13300

15900

- 16000
161460

-1 630.

16200 .

186300
16430 -

16500

16600

16700

ACII=HCB I

GO TO 1410

W2 =We2y+lix -

WE3Y=W03) =X

uo TO 1410 :

EnkL Hl"(r..:l;...:l)lad)l}_.;l)

WEHI =W H) k¢ a) FU5950

W{DY=WL4)=u (.52 "

CALL OGP 12,43 Ts6242120451251)
CALL OPCLE,3,120125,60125321323.1)
CALL U’(JJQ’JJ6IDJJ3&’JJ£J[)

GALL QP(b;ll;b:b)b:Dlllab:il 1)

CALL OPC11, 145115815551 1014511214,1)
IF (ASS(PUC2)=PO(14)).LT+0.05) Gd Ty 360
CALL XIThR(PQCd):PD(14):WXZJWK4JNX)
IF (P2C2Y LT, 93(14)) GO Te 350 )
WEEI=U{6)~LiK

CWESY=HCSdI R

GO Td 340

WCEIY WL 6 +1K

WO3r=U(3)~WX

Gd Ty 340

LALL 0?(&)]:8:5:4:d:i92a111)

HIGN=WCS5)Y+W(3)

AMRI=HCSI/LC3T - S
DA 1630 I=1s5 Co U
WRITE €5,2300)

WURITE (5,2570)

WRITE (5,2300)

CIF (XIC10Y. Ld-l) GO Tﬂ 1800
CWRITE (552000

GY To 1700

1600 WRITE (5,2100) .

1700 TF (X1€11).EQa1) uRiTé té.éédo)  "

16305 ..

16900

17000 -
17100 -
17200

17300 -
17400 .
17500 ¢

176005

17700

© 17800

{17960
18000

18100 -
‘18200

18300° .

URITE (5,2300)
PROLI=RHCTY

WRITE (5;2300)
PRITE (SJJdOOJPH(l):THCI):N(lJ'

CWRITE €5,22100F0€1), TRC1)WC4)

WRITE (5,2220)PCHXMR#UTC

"WRITE (5,2700)TC IR

WRITE" (S:BBUO)KMRIyWIGN

DRC2I=RH(13) -

CUQREAIERHCYY - L e

BRCAY=RHCIOY © . . . E

PRESY#ROCLY
« DRCEI®R@C2)Y - - oL
CBRCTI=RECIE) - . CLoeT
L RBISROCLLY . SR o

CORRCII=RHCZY
"RBRCZI=RHCIY T

POHCII=RHC( LY S - A-11
PR 4IZRH(S) S



16400

15500
13600
187060
185800
189700
12000
19100
19200
19300
19450
19500
19600
E9T790
15500
19900
20000
20100

20200 .

20340
20400
20500

20600

20700
20600
20900
21000
21100
21200
213060
21400
21500
21600
21704Q
21300
21900
22000
22100
222040
22309
22400
22500
22600
22700
223500
22900
23000
23100
2 0200
23500
23400
23500

23600

23700
23800
23900
24000

24100,
244200 . .

24300

24400
24500 -
24800
24700
248006

2 4900

DIRCSI=RAERY
DORC6Y=RG(3)
DORC7) =R@¢ 42
DORC8I=ROCS)
FCidy=ueL) _
FC2)=F(32=W(2) , .
FCaY=We3y
FC5)=wid)
FCH)=FCTIZWE)
FC8I=1C(H)

DO 1610 I=1415

1610 RARCII=RCIY'

IF (XI(8Y.NE.1} 63

DP(6}=DP(7)=DT(6)'DT(7)=DR(6)¥DR(7)HD-0
DORC 6 =DORC 7).=RORCEI=RORC7IY=F(6I5F( 735050

TQ

1620

!liullﬂl(ﬂﬂﬂ)

DPCL2) = DT(l&)—D@R(l2)=DR(lEJ=H0R(12)=F(12);600

1620 DP(9)=PM(3)=-PH(9)

DPC10Y=PH(2)~PH(10)

DPC113¥=Pac2)«Pa(11)

DPC12)=PB¢3N~POC12)
DP(133=PH(2)=PH(13)

DT(9)= Dl(lO)-DT(ll)ﬂDT(12)=OoO
T DTC1323= TH(lS)lTH( C

DRC9I=RHII)D

DRC10O>=RH(2)
DRO11I=ROC2)
DRC12I=REC3)

" DRO13I=RHACL)

DOR(9I=RH(D)

DIRCLOI=RHCL0)

DORCIII=RACLL)
DORCIZ2I=ROCLI2)
DIRCI3I=RHCLIZ )Y
FC9r=W{)
FCLoY=0H(3) -
FC11X=W{5)
FCIRY=UC6)
Fe13y=wesed
DPC1Y=Pr{l Y~ PH(E)
DP¢2y=PH(13)Y-PH(3?
DPC3Y=PH(9I-PH(4)
DPCAI=PHCLI DY =PHCS)

DTCLY=TH2Y=THL1)

DTC23=TH(I»-THC(13)
DTC3Y=TH(4)=-TH{(9)

 DTCAY=TH(S)Y<THCIO)

DPCSY=POCL)=POCEY
DPCAISPEL2)Y-PHCI)
DPECTI=PEC 2)=PECA)
DPCEI=POLLITI=PR(S)
DTC5)=TO(2)-TOC1)
DTC6Y=TEC3)-TOCZ)
DTCTI=TAC4I=TOUCIR)
DTCBY=TOCS)-TACLL)

-WRITE (5,2810)

WRITE €5,2300) .
LWRITE €5,2400)

WRITE €S,2500)J€1), DP(I)oDTCi):DR(l};DBR(I):RBH(!).FCI)

WRITE (5:2500)d(l3>JDP(lSicUTClS)aUR(la):DBR(ISD:R@RIISJ:F(I3)
WRITE €5,2500)J€2),DPC2) sDTCR2IsDREZISPDIR(LIRUR(Z)
WRITE (5:8500)JC9);DP(9);DTC9):Dﬂ(?):DBK(?):RIR(?)
HRITE (b;a500)JC3):DP(S):DT(S)oDR(3)oﬂ@ﬁ(GJoRGRCS)

WRITE CSJEBSD)PHCF);TH(li

WRITE (5523000
IF §X1(8).Ed.1).G0 TO 1800

WRITE €5.2820)

A-12



25000 VRITE (S#2300),

25100 URITE (5,2400)

25200 VRITE (s,aauo)Jcsa,DP(b>,DTca);bhc5>,D@Rcb),nmh(o) F¢5)
25300 VRITE (baEbUU)J(6):QP(6);0T(6>:DH(6);DUH(6)auun(n) JFC8)
25400 PRITS €5,249000JC12)5DP€123,DTC L), URC12Ysuuikl2dndx(ie)
25500 FRITE €5,2500)JC 7L (7Y 2DTCTIDRETISLORCT) 4 ROK(T)

25600 LRITE (b;dobUJPU(l):TD(l)

25700 WRITE (522300) - :

25500 1800 WRITE (9,2530) o TABLE A~2 (CONT)
25960 WRITE (5523000 )

26udd WRITE (5:2400) .

26150 LRITE (5225000 JC12aDPC1)sDTC1)2DRC1IISDBRCLIISRORCIISFC(L)
26200 WRITE €(5,2500)JC10%,DPC10),DTC10Y,DRCICISVORCIOISRORCINILFCIW)
26300 WRITE c5.25u0>J<4>,DP(4),ulca;.nwc4>,uomc4>.numcaa

26400 HRITE (5,2300) o L _

Ry LRITE (532540) R : ‘ ’
2GE00 WRITE €3:2300).

26739 WRITE (5,2400) :

26306 —— WRITE (522500)JC05),0P(5), DTCS) »DRCS) s DOKES) » HIRCSI »F(S)
24900 . HRITE (5225003dCH1320P¢C1 132 0TCIL)0DRCIEIADORCIIISRURCLLI Y, FLLDD)
27000 WAITE (5.2500)J¢8),DPC%), DT(SJ:DR(dJ LARCBI»ROR(E) ,
27130 WRITE (3,2300)

27205 WRITE .(Ss2B80)XT@ ,

27300 TWRITE (9s2890)QREL. -

27400 VATTE (5223000 - o

27500 PRINTL"DP=-3="",0P(3),*" DP=-4=",DP(4)

27600 PRINTS"DP=-7="2DF{7)," DP~8=",2UP(8)

2700 PRINTS"L=-HR-I1J=",1C2Y,* W-H2-16=",W(3)

27600 FRINTS"U=-0C2-1J=",W(63»" W=@2=16=""»W(5)

27500 PRINTS"PC="2PCs"  TU="4TC '

26000 VOST=UWC(1)+WL4) ) o

25100 PRINTS"MR=",ANR," W-DOT=", wD@T

2a=zul
25300
28400
259500
BE6UD
25700

20800,

[23z1:2010)
2906U0
29100
29200
29300
‘29400
205060
" 2as00

CRINTL"P]

“HZ="L,PHC(1),"  TI~H2="»THC(1) — ‘ .
PRINT,"P1D2=",PBC1)s™  T1-0237,T2(1) ‘

FRINTSM™CI=",C1" Ga=",02 |
PRIQT;“v-Hd'"'N(lJ:“ W= 92=":W(4) -
NT»"T-EXIT="",XT3 v
H”IHT:“JHCKET RELATIVE . U/A*“JQIEL
IF (XICL1YJEW.1) GG T@ 1820
DI 1610 I=1sl4 ’ :

1810 HRITE €35,23007
Ga 7o

1840 . 0 ._ﬁy ' L ’

1520 p@ 1830 1=1s22
1430 WRITE (552300
1340 WRITE (5,2360)
370" CENTINUE-

6B TS

10

29700 2000 FOR> Aa(l?X:"dYDRGGEN TH;RMAL CBNDITIGNER"J

29500 2100 FORMATC(19X,"8XYGEN THERMAL CHBNDITISNER") -

29900 2200 FURMATOSX " H2 =" 21X F 5410 1x,"951n",zx.F5 lalX:"DEa R“
J0u00LE . BASF6.3s1Xs"LBMASEC"Y

30100 6210 FB?MAT(SX:"@Z-";IK:F&.I:lK:“PSIA" AK:FS lalK;"DEu R'"s
302008 . CPXaF 632140 LEWM/SEC"Y

30300 2220 FBRMAI(5X:"PO'";F6 1:lKo"PSIA"JEK:"Mﬂﬂ"JFS.GJ!Ka"ﬂ/F"
30400& o EXa"CHAMBER FLUWﬂ";F6o3oIKJ"LBMISEC“)

30500 2300 fﬂ MATCEA)
30600 2400 FG MATC&K:“NGDE“:IK;"DELTA P"JlXa"DELTA T“aSX;“RE-IN“

©30700& .. . - sx."ku-euf".7x,"ua:xsrnmcs",Ax."PLaw"a
30800 2500 FBRWAT(GA 21253XaFb 2.34.?6.2.1X.1PE9 a.tx.xPs9.a,
'30900& 5 AXJOPF1224s 3K F T4}

31000 2310 fﬂRMAT(EBX;"INJSCTER HYDROGEN FL@W“)
31100 2820, FQRMAT(EEX:"INJECTBR BXYGEN FLAW®)
31200 2830 FﬂRWRTC22X:"IGNIT@R HYDROGEN: FLOW™?
34000 2840 @RMAT(22X:"IGNITGH OXYGEN FLGW™) '

A-13

3K 40072850 FORMATS SX " INLET. PRESbUREa"aFS-l.d&;”!NLS? TEMPtRATUREa",



I1500& . - 0 F5.1) ,
31600 2860 FERMATC(IXs"=--=—cca==t) SRR
31900 2870 FORWATC23X,"CUNTREL REQUIREMENTS'™)
31500 2580 FORMAT(SXK,"EXIT TEMPEKATURE=""sF7«1) :
31900 2890 FORMAT(SX,"JACKET RELATIVE Q/A="»F7.4) TABLE A-2 (CONT)
32600 2600 FORMATC(23X,"IGNITER FLLUW ONLY'"Y ™ - . .
32100 2700 FORMAT(S5X,"COMBUSTION lEWPERATUHE““.F?.!;IX;"DLG R
32200 2800 FGRMAT(SX:"IGNITDK' MR=">F6. a,ix,"@/F“.ax,"FLawa",F7 4,
32300& ‘ IX:"LBMISEC”) .
32400 19 END - .
32500 SUBROUTINE HH(II:I&.IB 14,15,16.17.13.19) :
32600  £OMMON RC20),W(10)4PH{20), Poc15:,TA<30),Tac15),RH<15>,R9<15>.ch13
32700 10 PHCIZ)= PHCIZI+#RCIAI*WCISIRK2/RHCTE)
32800 20 CALL PHROC(PHCITI»THC(IB) 0 sRHCET)»0,FVLCND

32900 IF (ABSCX=RHCI7)).LT.1E~-8) GO T@ 30

33000 - PH(IE):PH(13)+R(IA)*HCIS)**E/((RH(I?)*RHCI]))/
‘33100 X=RHCIT) o _ _ .

a3200 .. GO TE 20 . ,,‘: L T

33300 30 TH(I9)=TH{I18) S ‘

33400 "RETURN

33500 END N

33600 bUBH@UTINE GP( Il 123 13: 14: 15116: 17218»,19, 10)
‘33700 CAmMany RE20ILWCL0)PHC20), PE(IS);THCEO) Tati5),RHc1:>,ﬂ9c15>.CN<1w
33800 IF (ID.EQ.0Q) GB T 10

38900 -Paclz)-Poc13)+Rc14>*h<15)**2/R9<16) S .
34000 C.GY9 T3 20 '

34100 10,~P@<12)=Poc13)-ﬂt14>*w(15)**2/Rec16>
34200 20 CALL OXYDEN(PEC(IT), TOCIB)»0.4RDCITI>0)"

34390 IF CABSCX=-ROCIT7I).LT.1E~8) GB ‘T .30

34400 . IF (I0.NE.B) G2 T@ 49 =

34500 o P@(IQJ-PG(ILH R(IA)*W(IS)*#@/((RE(I?)-l»Rﬁ(Il))/E)
34600 G2 Te 50 '

34700 40 P@cla:wPac13)+R<14>*w<15>**21ccalc17>¢Rec11:3/2)-.
24300 587 X=RACIT) o .

S 34300 . GO TO. 20.

~35000°30- TO(I9)=TECIBY

35100 ° . RETURN

35200 END '

35300 SUBROUTINE AIlER:Pl,Pa.nELi.x1,xza

35400 DEL2=P1=P2

35500 20 KE-ABS(XI*DhLEJCDLLE DELI))'"*

356060 30 X1=X2 .

35700 - DEL 1 =DEL2
35300 RETURN
35900 END

READY H

Aia



cooling jacket, The fixed area of the choked exit and the now-known
exit tempersture are used to predict the chamber pressure required to
pass the assumed feed system flowrate, If the two calculated chamber
pressures do not agree, the flowrate is changed and the entire analysis
is repeated. Thia procedure continues until the pressures are matched,
resulting in a balanced system. The final combustion temperature or
exit teuperature is compared to a preset limit and, if not matched,

the inlet pressures are agaln perturbated, and the entire procedure is
repreated until the limit i3 reached, A listing of the program is

included as Table A-2.

Limits used were 2 maximum combustion temperature of 2830R (melting
point of the material) and a minimum exit temperature of 660R to

prevent condensation of water in the exit,

RESULTS

Figure A-3 shows the limits on hydrogen inlet pressure vs hydrogen
inlet temperature. The effect of oxygen inlet temperature-changes the
limits approximately 1 psia; thus, the more stringent limit was taken
and oxygen inlet temperature effect on hydrogen pressure requirements
was dropped from further censideration. In fact, Filgure A-3 shows that
a small pressure band exists Iin which no temperature compensation &t
all is needed - 296,25 + 4,25 psia. This would require extremely tight
pressure regulation (1,43 percent); however, it totally eliminates any

temperature compensatlon requirements on the hydrogen inlet side,

A-15
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However, an exemination of Figure A-4 shows that no such possibility
exlsts on the oxygen side - actually, the oxygen inlet pressure ghould

be regulated on both oxygen and hydrogen inlet temperature,

Examination of both Flgures A~3 and A-4 indicates that the system can be
operated satisfactorily with a nominal operating line centered hetween
limits (and thus temperature compensated) and a pressure regulation of

+3 percent (Pigures A-5 and A-6).

The double temperature compepsation for the oxygen inlet can be avoided,
by the use of a thermal equalizer leocated upstream of the pressure
regulators., Figures A-7 and A~8 show the inlet pressure vs common

inlet temperature requirements for tﬁe hydrogen and oxygen inlets,
regpectively. The hydrogen 3ide is virtually identical with the previous
cagde, The oxygen slde is changed appreciably, however., It now aven
presents a small band in which no temperature compensation at all is
required'— 303 + 3,25 psia, Exemination of these two figures shows

that when a thermal equelizer is used, the system will operate satis-
factorily wlth a centered opérating line = with teﬁperature compensation
based on only one common temperature for both inlets - mnd iAs percent

pressﬁre regulation (Figures A-9 and A~10).

"Flgures A=~11 through A-14 show thé range of various operationsl parameters
which result 1f pressure regulatlion was maintained within the limits shown
in Filgures A-3 through A-6, Reactor mixture ratio is shown in Figure A-11,
chamber pressure in Figure A-12, flowrate in Figure A~13, and reactor haaf

output in Figure A-14,

A-17
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APPENDIX B

EVALUATION OF ALTERNATE OXYGEN CONDITIONER CONCEPTS

The baseline oxygen thermal conditioner concept evaluated in this program
consisted of a reactor operating at an oxidizer/fuel mixture ratio of 1.0
and a baffle type heat exchanger to transfer the energy from the reactor

hot gas to the input cryogenic oxygen. Major factors considered in arriving

at the baseline design included:

Low wall temperature for reliability
Low coolant pressure loss
Weight
 Fail-safe operation
Transient response
Freezing potential
Hot gas flow choking limitations

Oxygen heat flux absorption ability

By far the most critical consideration was for fail safe operation. To

ensure this end, alternate cycles for the oxygen conditioner may offer a
potentially safer system at a minimum of added system weight. This study was
undertaken to consider several alternate cycles for the oxygen conditioner and

established a weight for each cycle.

System weights were established for fourteen alternate oxygen conditioner
cycles. Weights varied from a high of 5.4 times the baseline weight to half
the baseline weight. Weights of the various cycles evaluated are summarized
in Table B-1.



Table B-1. Alternate Oxygen Conditioner Cycle Weight Comparison

—— - - i - el .i p—— el .T - — v~
v Total Weight#* | Percent of
! Cycle ! lb i Baseline
—————————————————————————————— 1——--—-———-’-——'-——--—-1-‘“"—--"—-—"_‘—'i
, .
Baseline Cycle o/f 1 | an ! Refercnce
___Baseline Cye'le == o/f - = _ . e v _Relference .
} Tridyne 0,/H,/He ! 1987 { 540
Tridyne 0y /Hy /N, | 1704 i 463
Dilution Nz ! 1768 i 480
Dilution H,0 : 954 i 259
! Dilution He i 706 i 192
Oxidizer Rich o/f 20:1 i 1611 i 438
Heat Sink Cu i 1594 | 433
]
; Heat Sink AL i 1361 | 370
\
Heat Sink Ni i 1197 | 325
_ |
Heat Sink Be i 635 ! 173
L]
Intermediate Fluid He | 617 ! 168
. I |
! Heat Pipe H,0 ! 515 i 140
Recirculation H20 ! 235 . 64
Stoichiometric o/f 8:1 ! 186 ! 51
! !
i | -
h’ HESEANEE Bty demgme. —— dma'ﬁ dnp—— ‘l‘n. - —

% Total weipht includes (1) propellant required to condition
4000 11 of oxypen, (2) tank weipht required for the propell.nt
and (3) havdware weipght of ithree conditioners (triple redundant
gystems)
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A detailed discussion of these concepts is given in the following paragraphs.

The baseline oxygen conditioner conéept and various alternste methods of
generating and transfering energy into the oxygen were evaluated to
determine feasibility and system weights. 'The various approaches tlo
generating energy and transfering the energy into thé oxygen were first
categorized and tabulated (Table B~2). Some of the obviously "too heavy'
methods were eliminated., For example advanced fuel cells that weigh

21 1bs per kilowatt were eliminated as an energy source slnce it would
require over 39,800 lbs of fuel cells to supply the 1898‘kilowatts of
power to condition the oxygen. ZEight basic altiernate cycles were
selected out of the remaining concepts. These eight basic cycles were
expanded to 14 by considering more than one fluid @ materisl in the

case of the heat sink cycles) in some of the basic cycles.

Weights of the system components were determined after eneryy balances
were made for each cycle, Reactor and heat exchanger weights were
scaled from the required surface areas, propellant weights were
détermined from the required flow to condition 4000 lbs of oxygen at
an oxygen flow rate of 15.6 1lbs and the propellant using the exchange
factors listed in-Table B-3.0ther component weight factors (such as

turbocompressors) were obtained from Ref. B-1X*

BASELINE OXYGEN CONDITIONER CYCLE

The baseline oxygen conditioner and associated welght 1s shown in

Fig. B-1l It consists of a reactor operiting at a mixture ratio of 1.0

a heat exchanger where the hot gas generated by the reactor 1s used

to heaq the oxygen, and propellant and propellant tanks that supply the
reactor, The baseline conditioner is designed to erndition 4000 lbs

of oxygen at a rate of 1800 Btu/sec and at an oxygen flowrate of 15.6 1lb/sec.
The total system weight of 36G8 1bs includes the weight of 3 reactors

and heat exchangers (triple redundani).

*Space Shuttle High-Pressure Definition Study, NAS9-11013, Final Program
Review TRW System, 31 March 1971.
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TABLE B-2
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ENERGY TRANSIER
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o ACCUMULATOR WALL
» VEHICLE SKIN
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s FLUID
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TABLE B-3

TANK WEIGHT FACTORS

(')2 TANK
H2 TANK

H 2() TANK

'LN'Z (-300 F)

GHe (AMBIENT)

GHe COLD (-420 F)

Oz/Hz/He (=77 F)

OZ/HZ/NZ (-77 F)

[

.15

LB/LB

LB/LB

LB/LB

LB/LB

LB/LB

1B/1LB

LB/LB

LB/1B

OF

OF

OF

OF

OF

OF

OF

OF

He

He
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The reactor temperalure of the baseline conditioner was paramcirically varioed
to determine weipht trend with temperature.  These trends are shown in Fig, B-2
Weight decreases with lncreasing temperature duc primarily to the reduced
propellant and tank weights. Heat exchanger weights decrease only slightly
with incrcascd temperaturc. The baseline conditioner was found to have a

sensitivity exchange factor* of -0.08 1b/F.

ALTERNATE OXYGEN CONDITIONER CYCLES

Eight basic conditioner cycles were selected for comparison to the baseline,

These were

1. Tridyne Cycle

2. Dilution Cycle

3. Oxidizer Rich Reactor Cycle
4, Heat Sink Cycle

5. Intermediate Fluid Cycle

6. Heat Pipe Cycle

7. Recirculation Cycle

8., Stoichiometric Reactor Cycle
Figure B-3 summarizes the basic cycles considered as alternates for the

baseline oxygen conditioner. Each cycle is designed to condition 4000 1ib
of oxygen at a rate of 1800 Btu/sec and at an oxygen flowrate of 15.6 1b/sec,

Tridyne Cycle (Fig. B-3A)

The tridyne cycle uses a premixed stoichiometric mixture of oxygen and

hydrogen, with inert diluent in a reactor. The gases generated in the

reactor are used to heat the oxXygen in a heat exchanger. Two diluents - He

and Nz were evaluated. The tridyne cyecle using OZ/HZ/HG weighs 1987 1b while

the tridyne cycle using 02/H2/N2 weighs 1740 1h, Component welght breakdown

of the tridyne He and tridyne N, cycles are shown in Fig. B-4 aﬁd‘B*S, respectively.
Paramctric variation of the reactor temperaturce is shown in‘Fig. B-6 for the

two cycles, Weight sensitivity to temperature variation is -1.10 1b/F for

the lle system and ~1.30 lb/Frfor the N2 gystenm,

* Sonsitivity - A weight/A reactor temperature B.'7
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Since the propellunts arc premixed and stored ln a asingle propellant tank
the eoxact mixturc ratio of the propellants will be known., This would allow
for a highof temperature control limit since the combustion tempocrature will
be known exactly (based on the premixed propellant mixture)., Thus for the
same maximum reactor tempcrature the nominal reactor temperaturc can be

higher for the tridyne cycles.

Dilution Cycle (Fig. B-3B)

The dilution cycle uses a stoichiometric mixture of oxygen/hydrogen diluted
by a-third fluid in the reactor to generate gases to condition the oxXygen
flow, Three fluids were evaluated as diluents - Nz, He and H20. Component
weights for the H20 and He dilution cycles are shown in Fig, B-7 and B-8,
respectibely. Total welight foxr the Nz; H20 and He dilution cycles were
1768, 954, 706 l1lb, respectively. Parametric weight trends with reactor:
temperature afe shown in Fig. B-9 for the three dilution cycles. A control
temperature limit of 1550 F was established for the cycles since mixture

ratios of the propellants must be controlled,

Oxidizer Rich Reactor Cycle (Fig. B-3C)

The oxidizer rich reactor cycle uses the same components as the baseline cycle
except the reactor is run oxidizer rich (o/f = 120:1). Weight of this cycle
wag found to be considerably higher (1611 1b) than the baseline due to the
large amount of propelliant required for the reactor. This was due to the

low specific heat (Cp) of the oiidizer rich gases. Component weights of the
oxidizer rich reactor cycle are shown.in Fig. B10. Parametric variation of

weight with reactor temperature is shown in Fig. B-11.

Heat Sink Cycle (Fig. B-3D)

Heat sink cycle consists of a metallic heat sink and a reactor to ‘heat the'
heat sink. Once the heat sink 1s heated the reactor 1s turned off and the
oxygen is allowed to flow through the heat sink to pick up heat. Four

B-13
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materials were evaluated as heat sinks; copper, aluminum, nickel, and beryllium.
Heat sinks werec sized to provide heat storage for 25.6 seconds of operation
(25.6 scc x 1800 Btu/sec = Q,46 x 105 Biu). Weights of the Cu, Al, Ni and

Be heat sink cycles are 1594, 1361, 1197, and 635 1b, respectively. These
welghts can be reduced considerably if only one heat sink is required

instead of 3. Component weights for the Cu, Al, Ni and Be heat sink cycles

are shown in Fig. 3—12, B-13, B-14 and B-ls, respectively. Dlarametric variation
of initial heat sink temperatures are shown in Fig, B-16 through B-19,

Intermediate Fluid Cycle  (Fig. B-3E)

Helium was evaluated as an intermediate fluid between the hot combustion gas and
the cold oxygen. The helium is circulated via a turbocompressor which
compresses the helium after it has conditioned the oxygen. After compression
the helium is circulated through the hot gas heat exchanger where it is

heated. The compressor is driven by exhaust gases from the gas/helium heat
exchonger. Component Weighﬁs are summarized in Fig .B-20. Parametric weight

variations with reactor temperature variations are shown in Fig, B-31,

Heat Pipe Cycle (Fig., B-3F)

The heat pipe cycle utilizes a hollow metallic pipe lined with a metallie

wick material sgturated with a fluid to transfer.the heat génerated in the
reactor to the oxygen flowing in a heat exchanger. Water was evaluated as the
heat pipe fluid although other fluids such as liquid metals, helium, ete. can
be used. One end of the heat pipe coﬁstitutes thg evaporator where heat is
introduced, the other end constitutes the condensuf where heat is removed.

The heat introduced through the evaporator wall evaporates the fluid in the
wick. The vapor travels to the condenser under the pressure differential
between evaporator and condenscr. Heat removed at the condenser end causes
the vapor to condense. The fluid then returns to the evaporator by means of
the capillary action of the wick. Because the evaporation and.condensation
occur at a constant temperature the heat is conducted from one end of the pipc
to the other at a very low temperaturc differential. Thig represcnts an

cffective thermal conductivity many times that of the metallic pilpe.

B-19



0z-4

1600

14007

1200 7]

1007,

8§00 -

WLIGHT, LB

860 4
400 1

200 1

1594 1b
963 1b 3 HEAT SINKS
3 AT ST
. ——
e — -
—
69 1b I ¥ REACTORS
| —— _— - -
432 1b PROPLLLANTS -
-
-
P
-
—
-
130 1b |~ TANKS

Reactor

02 FLOWRATE 15.6 LB/SEC
CORNDITIONED 02 4000 LB

Q INTO 02 1800 ETU/SEC
GAS TEMPERATUTE 1980 F

GAS MIXTURE RATIO 1.17:1
HEAT STORAGE (25.6 SEC) 0.46 x 10° BTU
HEAT SINK INITIAL TL.PERATURE 1300 §

Yent

+
"
.

Heat Conditiored

. —- O
Sink 2

i

Liquid

0

Figure B-12. Copper Heat Sink Conditiomer



12-1

WEIGIIT, LB

1600
7

14007
1200
1000 -
800 -
600 ~

400 -

2004

o

1361 1b
606 1b |3 HEAT SINKS
—~ -
"h-\--
\..____
—_—
"‘-___---.
69 1b | 3 REACTORS ~—
516 1b | PROPELLANTS _
—-F"/’—
/‘-_ﬂ" .
—
170 1b | TANKS

02 FLOWRATE 15.6 LB/SEC

CONDITIONED 02 4000 LB
Q INTO 02 1800 BTU/SEC
. GAS TEMPLERATURE 1220 F

GAS MIXTURE RATIO 0.73:1"
HEAT STORAGE (25.6 SEC) 0.46 x 105 BTU
HEAT SINK INITIAL TRMPERATURE 1000 F

. “'*-—.._______“ Vent
e
==}
o - Conditioned
- Heat
0 i —t 0
& Sink 2
- i
Liguid
o

2

Figure B-I¥. Aluminum Heat Sink Conditioner



ci-d

IGITT, 1B

]
]

Wi

1400 «

1200 -

10007

800 7

600

400 4

200 A

1197 1b
- .
~5_‘hﬁ
-h\~5

642 1b 3 HEAT SINKS e

62 1b

380 1b

106 1b

Figure B-14.

02 FLOWRATE
CONDITIONED 02
Q INTO 02

GAS TEMPERATURE

GAS MIXTURE RATIO

HEAT STORAGE (25.6 SEC)

15.6 LB/SEC -

4000 LB

1800 BTU/SEC

2630 T

1.6:1 _
0.46 x 10° BTV

HEAT SINK INITIAL TERAPERATURE 2000 F
“-___‘\--\
“‘~.55 Vent
I
Q Conditiored.
ﬁ l Heat 0
o Sink 2
= ;o
--mn—-n-—---ui f
Liquid
02

Nickel Heat Sink Conditioner



£Z-¢

WEIGHT, LB

1000 -
900 -
BOO 4
700 -
600 -
500
400 -
300 -
200 A

100 4

(25.6 SEC)
HEAT SINE INTTIAL
TEMPERATURE 1000 F
635 1b
252 1b  |_3 HEAT SINES
-_-h"""-- Vent
(P S
69 1b | 3 REACTORS _ 8 Hent Conditioned .
T T T e et e e e Q i o g
g Sink %2
—A-__—_ m
—_— — f
278 1b PROPELLANT — Liquid
- 0
// 2
/
/// -
. —
78 1b  [TANK

0, FLOWRATE
CONDITIONED O,

Q INTO O,

GAS TEMPERATURE
GAS MIXTURE RATIO

HEAT STORAGE

15.6 LB/SEC
4000 LB

1800 ETU/SEC
28300 F

1.4:1

0.46 x 105 BIU

Figure B-15. Beryllium Heat Sink



'
i
1

i
:

WEIGHT, INCLUDES:

i
p oo

H
f
4
}

TANKS

_, .
: b ﬁ
._.”“,H.. Lo
) o R i

r.ix-;/////

" PROPELLANTS

'M"REACIORS (3)

HEAT SINK (O

1

Eeat

=X

J03oway

. ....—A-_-__‘_-....-‘...-.--.-‘w-—l--—‘_—

CE e :

+
'
i
1

‘
£
S s Sitanmarne e PRI
. N v

BASELINE“ P—

22

— e at d b

..L.._...... --2000 ___..‘...--.{......,.L,..A..,? o —— e

1
e = e e

LTT180GITT T

—— 1600

1200

B-24

i

. 16 .18

14 .

2000!

1000, 12

8

L.__-,E.

HEAT SINK INITIAL TEMPERATURE, ¥

Copper Heat Sink

Figure B-16.



f
T

!

1
-+

i

!
1

o

i
i
: _ﬁ,.f,
[
! _.‘ FS RN APUR NI P R
L AAAANN S AN N NN

7" WEIGHT INCLUDES:

o
H o
i '

L oo
o

e _
VL
! '

X = NUMBER OF HEAT SINKS

-
.

- TANES

1

g B e i m e s

PROPELLANTS

— - ——
Corditiozed

V;n
!

Heat

A S

EACTORS (3)

TR

MK (X))

HEAT SI

— X03D0ay

H
(
s
1
T

_!_._'.'_ ,__‘ [ _.‘_‘__;._;_ : — _:____‘_ ___._,___ S

[
Ty

t

24

1

26 3000

22

16

——~1800~

B-25

: 2000 |

- 18

12 14

1000 |

28

8

TENPERATURE, F

HEAT SINK INITIAL!

Figure B-17.

Aluminum Heat Sink



9z-4

1 X = NUMBER OF HEAT -SINKS

_ ~ ; ‘ ot UL WEIGHET ' INCLUDES :

. TREACTORS (3) -
| "PROPELLANTS ~ KEST SINK (X)

1808 | e e S

”fgnt [ . :

" Cozditiozed”
Heat | » 02 -
Sink

o gmee 4 a1 w1 we e e w o

neactor

tiguid

: i i
R CONDITIONER WEIGHT,

|

7

Sy
i

0 2 4 6 8 1000 12 = 14 160 18 - 2000 22 24 26 28 3000

'HEAT SINK INITIAL TENPERATURE, F -

Figure B-18. Nickel Heat Sink



L
N
]
T

3000

¢
PN

28 .

1
L
+
i
i

S M et R

i
I
t
I:
i

e

]
i

|
!

'WEIGHT INCLUDES

-

ot e
: i
. H

24

[

PROPELLANTS _....

|_HEAT SINK ().,

i
H

T

i

i
B
3

- REACTORS .(3)_.

L
!f :

'
. P -
1 4
. ‘0 e

22

1
]
]
—— —‘l R D —
SR
B Lo,
Lt 4 I
!
i
i

.. 2000

16

e e
R -
' : _
. Do o
- T .M
i i . g
RS S P - Q
! ‘ i : ne i <
. i H . o -l
: 1
..s..”.W( e R e .M [
cob b - 3 _
! Lo
i | . o
e e —_ —-
1 ! !

Vent
5 1n1<_

]

L
Hont
1000

< 8

O :hr.:ﬁ«a.vis,”m-. A

Jojavoy

) O : o . [w] .

: () : [ I R = BN N . o
I A o . mu R IR AR S RIS - A
SRRV N wgﬁ UARSS NEEO B RS S ) A
Ll g7 JIHDTHA MANOTII(NOD WizIAING

2000~

B-27

e L

HEAT SINK' INITIAL TEMPERATURE, F

L ot e e

|
e

Beryllium Heat Sink

Figure B-19,

. '
[ DU




8Z-4

wiICHT, 1B

1000 -

900 -

BOO -

700 -

GO0 A

500 -

400 -

. 300 A

200 -

100 -

O2 FLOWRATE
CONDITIONED 02

Q INTO O2

REACTOR TEMPERATURE
GAS MIXTURE RATIO

15.6 LB/SEC
4000 LB

1800 BTU/SEC
1500 F

1:1

17 1b
30 1b 3_TURBOCQMPRESSORS

--..___.-‘--“
96 1b | 3 Be AND TANES ~ — _

~ —~
- T — - — —

72 1b  |~3 He/O, HEAT EXCHANGERS T~

-2 - —_ e~

- —
-~ ~Turho-campresso '

87 1b  i-3_GAS/He HFAT EXCHANGERS _ =~~~ pressor

"'--__‘-.'--- __‘--‘ -.___-‘-_‘- b
62 1b |_3_REACTORS —— —_— -~ 1. He

***** — Y = ‘-""--.
T — [T — T — i
' ———— e |
e —— T . 9 eat ﬁxchangers Conditioned
202 1b PROPELLANT - B —> 0,
. // 4 [
_ - e g
-
,f”” w_-—i
e t i
61 1b  |~TANKS ven Laguid
2

Figure B-20. Intermediate Fluid (Recycled He)



- -+ 2000 -

-~ 1800

--1600

]
"

]

CO‘N‘DITIONEH W
}-l
(=]
[ ]
‘?

6Z-9
(

OXIDIZER

PR

R o ! : r
1 T S :
| ! ‘

e N ....uﬁ_,u.ﬂf,”JM_PL,,f*.m4__ﬁm_~-fhu;_-“;.h_;__‘__---__...h

N N
f o e ,.ﬁ.-- P — e e

i

P WEIGHT II\CLUDES'

—— S e e ......._._.L__.._.__:._._..._.__. _— e— e e e e e e  ——

oo s TANKS !
o PROPELI.AN'I‘S

Turbo—compresso

. 1 .
IGI!T, L3
] H
At
>
o
Q

4) fvat :xéhangers Conditioned |

) .._.‘.._..»-.——.—_-.‘._.. iy L e m — p——

yf ‘éﬂ_g o REACTOR (X)

- PO N - [

= e R GAS/He HEAT EXCHANGER (X)

i 11 | He/0, HEAT EXCHANGER (X)
B e | TURBOCOMPRESSOR (%)

Roactor

|
!
o]
D
S
i

Yont Liquid

"1 :f —> 0, N R R Hc AND AccmeAmR (X)

LIRS S i.. BASELINE
. .‘ i i
. i ; |

SR S . am e e .- . o b A ¢ s

1000 12 = 14 . 16 ; 18 . 2000 22 24 28 28 - 3000
' ' REACTOR TEMPERATURE,; F : R T

!

Figure B-21. Intermediate Fluid Conditioner (Helium)



Component welpghts of the heat pipe conditioncr are shown in Fig, B-22, Paramutric

variation of weight with reactor temperaturc variation is shown in Fig. B-23.

Recirculation Cycle (Fig. B-3G)

The recirculation cycle utilizes a stoichiometric mixture of oxygen and
hydrogen in a reactor. The gases are then diluted with water that has been
recycled from the heat exchanger exhaust via a compressor. Since the stoichio-
metric combustion of oxygen and hydrogen generates water, no auxiliary watér
supply is required. Component weight of the recirculation cycle is shown in
Fig.£-24. The cycle utilizes considerable less propellant since combustion
takes place at a mixture ratioc of 8:1 where the heat capacity 1s much greater
than at the baseline mixture ratio of 1:1. Conditioner weight variation with
reactor temperature is shown in Fig, B-25. Weight variation of this cycle with
reactor temperature is minimal since the reactor temperature depends only on

the amount of water that is recycled.

Stoichiometric Reactor Cycle {Fig. B-3H)

The stoichiometric reactor cycle utilizes the baseline cycle with a reactor

that combusts oxygen and hydrogen.stoichiometrically. Component weights of

the cycle are shown in Fig. B-26where they are also compared with the baseline
cycle weights., The stoichiometric cycle weight is half that of the baseline

due mostly to the reduced propellant requirements. Variation of the conditicner

weight with mixture ratio is shown in Fig. B-27.
CYCLE COMPARISONS

Weight comparison of the 14 cycles evaluated are shown in Fig.B-29. All cycles
with the exception of the recirculatioen cycle and the stoichiometric reactor
cycle weigh considerable more than the baseline cycle. The lightest weight
cycle. 1s the stoichlometric reactor cycle (186 1b) while fhe heaviest cycle

is the helium tridyne cycle (1887 1b).
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Table B4 tabulates the cycle weights and weight sensitivities to reactor

temperature.

Table B-4; Alternate Oxidizer Conditioner Cycle Weight
and Sensitivity¥ Comparison

i = - - = - ] -
ITotal Weight*¥ Sensitivity
5 Cycle | 1b i 1b/F
__________________________________ e

| Duelmecete e/t=i | s | o |
Tridyne 0,/H,/He i 1987 -1.10 I
Tridyne 0,/Hy/N, i 1704 -1.30
Dilution , N2 | 1768 -1,17

i Dijution Hzo i 854 ~1.37
Dilution He i 706 -0.33 I
Oxidizer Rich o/f = 120:1 i 1611 -1.10

i Heat Sink Cu i 1594 ' *kk
Heat Sink Al S 731 Aok I
Heat Sink : Ny | 1107 S
Heat Sink Be ! 635 ! Fdox

! Intermediate Fluid He ! 617 ! -0.10
Heat Pipe H,0 E” 515 % -0.18 |
Recirculation H20 i 235 i ~0.03

| Stoichiometric o/f = 8;:1 i 186 i -0.10

* Sensitivity = A Weight/A Reactor Temperature

*¥* Total weight includes {1) propellant required to condition
4000 1b of oxygen, (2) tank weight reguired for the propellant
and, (3) hardware weight of three conditioners (triple redundant
system)

*** Reactor temperature not varied
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CONCLUSIONS AND RECOMMENDATIONS

The 14 alternate cycles evaluated were considered ito be independent systems
for conditioning the oxidizer propellant, Further evaluation of the alter-
nate cycles should be made considering the entire APS as well as vehicle
system effects, TFor example, a heat sink cycle could eventunlly be lighter
if only 1 heat sink was used instead of 3, or if the heat sink was part of
the vehicle structure. Thus, the overall system weight could be lower hy
the integration of components of the cycle with some other part of the APS

or vehicle,

Further consideration should be given to the reliability and safety aspects
of the alternate cycles. The reliability of some cycle components could be

so high that only 1 instead of 3 components would be required for the system,

The most attractive cyeles, based on weight, appear to be the stoichiometric
reactor cycle and the recirculation eycle, Auother potentially attractive
cycle appears to be the heat sink cycle using beryllium provided the heat

sink is integrated with the vehicle structure,
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APPENDIX C

DEAF COMPUTER PROGRAM
PURPOSE

This computer progfam Is intended to provide a basi¢c tool for the sclution

of second-order partial differential equations, Parabolic, hyperbolic, and
elliptic problems in one, two, or three spatial dimensions can all be solved
through use 6f the Differential Equation Analyzer Program (DEAP), The gen-
erql hyperbolic differential equation solved by the program can be represented
as:

= azrp A
Vo Vo -
(Koe) + W + s¢ + g §at2 + pc-%% (1)

Normally, several of the coefficients in Eq, 1 will be zero, resulting in

the specialization of the equation to a parabolic equation (A= 0) or to an
elliptic equation (A= 0 and pc = 0). This equation is useful for solution
of physical problems relating to mechanical, ;hermal, mass diffusion, acoustic,
magnetic, and electrical physical systems. The DEAP cémputer program has the
capability of solving distributed network problems representing any of these

physical systems.

The DEAP computer program solves problems related to the behavior of a con-
tinuous physical system through the analogy of a lumped parameter (or nodal)
representation that is solved by difference methods. The difference solution
method used is a three*tfme-level method whicﬁ is a modification of the DuFort

Frankel Method that is stable for any computational time increment and is

C-1



well suited for non-Yinear problems (where the coefficients of Eq. | are

functions of the dependent variable).,
PROGRAM DESCRIPTION

The DEAP computer program described in this manual is a descendant of the
Lockheed Thermal Analyzer Program through the TAP computer pfogram which was
obtained from Al, The TAP computer program logic was revised and the program
capabllities enlarged at Rocketdyne to produce the DEAP computer program,
This program has retained fhe capability to sclve any existing TAP problem

with only‘minor changes to the data deck,

The DEAP computer program can solve problems with up to 999 discrete nodes
and 2999 connectors allowing for source terms that can either be constant or
variable with the dependent variable value at each node., This manual is
divided into two major sections, The first section is ENGINEERING ANALYSIS,
where the mathematical model 1s defined and the difference equations used by
the computer program to represent this model are stated. The accuracy and
limitations of the solution methods are discussed and a discussion of the
stability of the equations |s presented. The derivation of&several_gpecial-
purpose boundary~condition treatments is also given, followed by a discussion
of program logic. The second section gives USAGE INFORMATION and defines
the data input requirements first in general terms and then in detai) where
each of the 11 Input sectlons is described in terms of its requirements and
limitations, The program output is described and a sample problem discussed

to illustrate the program features.



With relationship to evaluating thermal conditioners, the DEAP program is
currently being employed to determine two-dimensional temperature profiles
around the coolant channels. For a given gas temperature, gas-side heat
transfer coefficlent, coolant bulk temperatures (usually different in adjacent
passages) and coolant side film coefficlents, as well as channel geometry

and thermal conductivity (as a function of temperature), the program determines

wall temperature profiles, either steady-state or as a function of time (Fig, C-1].

The program has the capability to utilize the geometry directly to determine
thermal resistances and capacitances; In this case, specific instructions are
included as part of the input to tell the computer how to determine these
variables, The program also has the capability of correcting Heat transfer
coeff!cfents for all temperature, The output is principally the temperature
distribution through tﬁe wall, This temperature distribution is used directly
in thé deéigh in numerous ways. It Is used to determine if the life criteria
will be met, the average heat flux, the distribution of the heat input between
adjacent channels, whether the wall surface temperature is too cold and what
the best way is to get around this potentiél problem, whether the cocolant mass
velocity can be reduced (thereby saving pressure Qroﬁ}, the effect of geometry
tolerances, the effect of coﬁlant bypass, selection of coolant circuit, and

other variables associated with the design of the conditloner.
In addition, a more sophisticated geometry is being programmed for the DEAP

program which would simu}atg'a full baffle. This is a useful tool for analyz-

ing a given design, as it would be capable‘of analyzing flow transients and would
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be used to insure £hat the thermal transient requirement would be satisfied.
It is also a handy tool for analyzing the effect of flow or mixture ratio
changes. The program is even capable of integrating the rest of the APS sys-
tem to obtain data on the integrated system. This program is5 a very versatile
tool; it does, however, require a fair amount of time to set up the initial
geometry of the problem. Once this is done, it is a simple matter to change

lengths, heat transfer coefficients, initial conditions, etc.
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APPENDIX D

HEAT TRANSFER

The appendix covers fhe methods used to determine the heat input requirements,
the hot gass flow requirements, the gas side heat transfer, and the hot gas
passage geometry. Discussion of some of the design limitations are also
included. In addition, the relationship of the conditioned propellant passage
geometry parameters are covered, with the appropriate design limitations. Also,
the method used to obtain the hot gas and conditioned propellant temperature and
pressure profiles are discussed. Finally, the two thermal networks used to

- determine the two-dimensional baffle temperatﬁre profiles and the overall baffle

heat transfer are shown.
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Hydrogen Baffle==Preliminary Desigg, The first step In determining the hot gas

and cooclant passage geometry, assuming that the hydrogen flowrate and heat input
requirements have been determined, as well as the hot gas mixture ratio, inlet
and outlet temperatures is to analyze two dimensional cross sections 6f the
conditioner to determine conditions which will meet the life requirement and

which will avoid ice formation on the wall while minimizing weight and pressure

drop. The hot gas heat transfer coefficients were based on the Bartz simplified

pipe flow equation:

.8 .
where
T, Yl . -.68 . 12
o =[5 —& (14 ——E—-Mz) + 5] [+ X=low?) o
TAw ’ 2

The hydrogen heat transfer coefficients wre based on a Rocketdyne-modified form

of the Dipprey=Sabersky equation:

h(Tw/Ta)°55 | C-f/z
Gy = 6 ¢, T .92 4+ (cF/Z)'5 (g (e*) ~ 8.4B]
where
g (e*) = 4.7 (en*? (e% > 7)

75 -
g (e*) = 4,5 + .57 (e*} " (e*x=<7)
f* = (E/D)NRE (Cf/i).s
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Both of the above correlations gave good agreement with experimental data

obtained from the single baffle hydrogen conditioner recently tested.

The analysisvwas based on a Haynes 188 baffle with a stainless stéel closeout,

The hot gas wall thickness of 0,015 inch was assumed reasonable to manufacture
while permitting reasonable channel geometries. Based on the fail-safe require-
ments, the channel width (coolant channel) was limited to no greater than 5.3
times the gas wall thickness, taking into accoqnt the high temperature capability
of Haynes 188, Since the thermal conductivity of Haynes 188 is a strong func-

tion of temperature, the temperature variation is included in the analysis.
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PUMP  OISCHAREE P 1A //00 /¢00 Z/00
Wy, ,“Fec = S.95 ¥ J.0
A} MAX & - Tow =  YOR
Four = ZSOK
AH, 80 /L8 = 779 75? 743
4, 87 sgc = 440 340 2227
B)MIN Q¢ Ty = 7OR
Zovr = 200K
a4, BIo /tg - 503 H435 S7o
A8, flv/SEec = 3000 z/50 1410
Tras]
2 pensge, Yhec = 3520 (2795 /820

JELECTEDL FOR

ABo v RASEL oA NEOS Ha PROFERT/ES
D-4

DUE 70 THE LARGE RANGE OF POSSIBLE HEAT
NPT RECUIREMENTS REPRESENTED 8Y THE

SPECIEIED RANEGE OF Hy FLOWRATES, IVLET AND
COTLET TEMFERATURES (OVER 2/ QUE 70 FLOW VARIATIONS
ALONE) , A MEAN VALUE oF 2900 L7V SEC WAS
SIZ/ING THE CONDITIOVER. 7TH/LS
FEFRESENTS A NOMMWNAL fZow/ 0F .5 LB/ SEC
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DPESIEN Aa = 2500 BIU/SEC

T He INIECTION) 2 Z75R
7 (0o INJECTIOND) = 375K

(PrE, Juey MoNTHLY )

j 7. (oo/oc*) = /550F

MR = |
FOR A SELECTED HOT GAS 7,,, = 750K,
Hin = 520 B4 |
/L/ou?' T 23570 B/LB }F/é-f' Pl?" JOLY MONTHLY
aAH = 230 B8/L8
W,. = A8SAH = 28002360 = /19 87 sec

o NOMINAL  Wue /Wy, = 119 %5 = 265

I Wy (5000L05, MR =3.5) = 50097132.5) * /O LBs

¥, = ra =
Z M)y comormomen = OLE X265 = 295 285

(SEE P22, Jory pMonTALY)




Rocketdyne Division racE WO or

PREFPARED BY:

Rockwell International

CHECKED BY: ) REPORT NGO

Ho contrrioNER: (SA) wor 6A5 | wesssno.

AT ANY POINT ALONG THE CONDITIONER, X,
_(Q/A)X = (é;& [('fGM)X «-(7;,5))( T = 1068 HEAT FLUX

WHERE — 7HE WALL TEMP., Twe , T DETERMINED FROM
A STEADY STATE Z- O/rIEnSIONAL  ANVALY SIS

= et T T

AR v = T T

7;,4, - THE  LOCAL MNOT 6Ar TEMPENRRATURE, /I
A FONCTION OF FXTURE [AT70, /407 GAf
Flow RATE | cOMBGUI770N TEMPERATURE, ANVY
THE AmounT CF HEAT foFr TO pormT X

/7/ - THE Ko7 645 HEAT TRANSFER COEFFICIENT, /S BUEp
oN) THE SiMpliFrIEP BARTE FTURBULENT FlpE FLoW
CORRELATION :

My = .025 A
oR by = o025 pt G ¢ Sl B

wﬁfk‘ﬁ o =[0,J" 2-:3 (H' %“M? ".5‘_7-:{2}4-%/141'_7‘4’2.

i

e Y AL A | T T

(7 W pP£6. R )

Ax = (POSHEE w7 H)pASAEE wiora S)ino. pAsiacss NI

. | %
G = MAST VELOC/TY = M%qx 5
t
K Cp, Pr - BAIED 0N 17 6A5 pROQERTIES VS MR, T i

c{,‘, - HYORAULIC ,9/,4,' = Y Ax Swervep JERIMETER = 2 s

THE  BALTE CORRELATION -WHIULE FOR FPipE FZoW, 13

APLOCERIATE ALSO FOR LARGE (/D PASSAGET 7%FILAL ©F

THE O PDITIONER ., THIS [7 UJED OVER AIOS7 05 FHLE ConvprT7inER,

/7T L APEP-LETTMATES R (5 CONPEANSATZON CLCURS. 7 ALSe
Loy Alo7r PROPGERLY REFRESENT 7HE ITREAATION YALLE A7 !
THE BAFFLE NOJE. STAGCHNATICN HEAT fLUXES Skiould &€ cess (0 7)
e o SHAX. GALFLE B4 pE 72 Low (jf’J‘?’iGﬁM PSS JELOCI7IES F
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CONEITIONER _HO T GAS GEOMETRY | woon wo.

GEOMETRY CONSISTS 0F PRASTACE LENGTH, WIOTH,
HELEHT, AVD TAPER,
PASSAGE HEICHT :

THERE 15 NO HEAT 7RANSFER REQUIREMENT
SAECIFICALLY GOVERNING HE/GHT. 755 +HAYy HE
CHOSEN OA) 7HE BASIS OF CTHER PEIIGN,

STRESS, IR WE/GHT CONSIGERATIONS, 7THAE onLy
REQUILEPIENT 7S THAT

SURFACE  AREA Ay =2NHL
CRo5 S -SECTION AREA Ax = WSE = NHMHE

WHESE W = He7 GAS Flow/RATE

G = HOT AT AMASYy VELCITY
N T Np, KT EAT PASTAGES
H = PASSAGE FE/GHT

5= PASTAGE WIP7TH (NO GUigéE RARS)
ASSUMES : EACH SIBE PLATE /5 EQUIVALENT 70 /i BAFFLE
No HEAT HipUT 780 OR Qo7 70M

PASSAGE LENGTH

FROM ABoVE w0 £AUATIONS

WHERE & AnD Ax EVALUATED A7 SAME Pornr
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COMDTIONER HOT EAS GEOMETRY | woon o

OATE:

PASSACE WIPTH

HO7 GAS pPASSACE WIP7H SELECT/ON REQUIRET
CALE , AS 17 AFFECTS CONDITIONER LENETH /Wo’ﬂf)
CO0LANT PATTA6E HEIEHT (WE/EH T, BAFFLE BEND
RALIS ). THE SMALLER 7HE @4 P, THE MORE COMPACT
ANy LIEHTER 7HE ConD/ITIONER, MA//MUM PASTAEE
WIGTH /5 GASEL ON MANUFACTURING AB/ILITY AND
TOLEXRANCE REQUIREMENTS. FOR GUTIMUM REJULTS, A
TIERT FTOLERANCE Ar 7HE BACK HALF oF 7HEL
COPEITZOPIER 15 HIENLSY AESTTRALBLE., 780 LARLE A
WitrTH RESULTS /N REPUCEL HEART TRANIFER; 790 JpiAll
A VALJE RESULTT /N EXCESIIYvE CHAAMBER PRESSURE
REQCINEMENTT (LIMITEP 8 375 pSIA L /0/0 RECULATRRS).
N APLITION, SMALL GCAPS MAY GE HORE pRANE 70 LN G
THOUCH pOpE PATA REQ D 78 JE7 MWIMUM GAP 70 r16€7 /

T PAUT g/l T

CONSIDERNG AGOVE JTEMS, A A/N/MUM GAL
WipTH ) OF ABOUT .OSOM. HAT GEEN JOMEWHAT
ALL17RARIY SELECTED. TA/ MAY & PECREAED
N A LATER, APVANCED PEI/EN . T7 15 NOTELD 7HE
ZRED ty BAFFLE QPERATEL SATIAFACTORILY W/7TH

AgpsrtaX, - O33 . MIN. AL,

ﬁﬂf.}/‘l&é,— 7ALER

THE PASTAGE WIPTH A7 7HE FRRWARE END ofF 7THE
BAFFLE 75 TAPERED /N ORDER 70 RESTRICT IMAX/pUm
G /A - LIMITED BY L/FE LoNTIPERATIONS 75 ALBoU7T
Sz B/ IN-TEC. AT MR |, THIS HAS RELATIVELY atpAor?

EFEECT ON SURFAcE AREA REQUIREMENTT.
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LIMITIN G o7 GAS MAST VELOCITY -

MAXIMMUP VALUE oF G- /5 CONSIOEREY 7@ £ Tan/c
COAGITIONS (A =1). THL Lindy7A77o0/) CAN OCCUR AT
E/7HER FHE LprrREArt o LowAI7TREAM LNY ofF 7HE
CONDITIONER , DEQENJIWE oN pmIXTURE RA770 £ X7
FEAPERATURE,

ForR gEgFrECT FAS:

REPOAYT NO-

R = R /w7

T = Ta e L) { AACH w0, =)

& = /@&

AAKX oy oy

PRSI S LE N AL

WHERE &= [ACOUSTIC HELOCITY _
T = SHIETINE SPECIFIC HEAT KA770 = FIMR)
7= STATIC TEAPERATURE
CREVITAT10AL  CorSTANT (376 ¢ /;, 32, z%)

%f—’ GAT  Cons7ANT

R = ONIVERSAL GA5 CaNI7TONT

B = MOLECULAR WE/IEHT = £ (MIXTURE /aa-my
P = S7A7:C PRESTUKE

P 2 TETAL PRESSURE

FRETIURE DROPS ARE SUCH THAT Jpssréam Fo

7)., =z (’é%)%

TSEICA,, REfew 7 ARE SHNotut) JA/ FOLLOWING F/80RE.

RESOLTY 1iICATE  frdX, EX1T 2AT VELOCITY
& ZY¥0 pi/d  dpsypeas & L£Xo 7 e PO RESUCTS A

iy ~ . FF L8/ W™ J£C
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[ onre, CONDIT/ONER HOT GAT GEOMETRY| wesuno. ]

SURFACE AREA  REQUIREMENTS ~As
70 OFTAN SURFACE AREA, THE FOLLOWING EQN.

/S SoLVED: L
A/GZ =‘/(%)a//4r
oK A.r - 7 de = 5 2_/%

X:‘o G/A d.cx“

THIS CAN BE AgpmroxiMATED /—7/1//72-‘ PIEFERENCE
FORM , NOTING  THAT |

AR = M,,Gcm(z;& Tae, ) = u;m, 4H,, .
LA = /{/AV (7;'; _ ”"'24./

THE WALL SURFACE TEMPERATURES ARE BATE€EL oA/
STEALPY STATE, TUWO - DIMENITONAL ANALYSES A7 A
FALTICULAR GAS FEMPERATURE ANP HEAT 772AM1FER
COELLLC/ENT (WITR AgpfQfRIATE LALUES FAR A andd 7
FTR TRE  con Ll I700/ L0 //9"624,4/:;?:, ANE ALLS70 1 ATE

CHANNEL GEOMETRY AAY THERMAL CONPUCTIVITY ).

CONSEQUENTLY BETWEEN ANY 7WO GIEN Ko7 GAS
TEMpERATURES, 7THE AVERVGE Cp- (0R ENTHALPY CHANSE
oirecTey ) Witl GIVE AL, AN THE 2-D ANALYS/S
CwES AW AVERACE S/ A; THL HeLss A SURFACE
AREA Rea'v Be7ween/ ﬂfe Z  TEMPERATURES, 7HE€
TRrHL SURFALE AREA /S THEN 7HE Jur oF 7H€E
VEREMENTRE. VALUES, 7HT ALSG GIV/ES THE RELATIVE
PEAT FLUX A0 fHo7 EAS 7EMPERATURE pflo F e

(7, &4 »s XA_)
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CONELTIONED Hr TEMP . PROFILE. | uoonno

THE  COANHTIONEL Hy TEMIERATURE FPROfF/LE /T
NETTAMINED A7 7THE FTAME 77ME AS 749E o7
CA" FESULERATULE PROFIULE:
<N - , AH
A (W‘d/'/)f/z w )flor GAS
FOF A SELECTED f, BYPASS (¥07%), Hy 7 Av
EXIT LOCATIONS, Fo Ang Ho7 ¢AS FZOWRATET ANY

INLET CONDITIWNS ) THE HIOROEEN TEMEP . prioFiié
/T READILY PETELMINED US/AIGC 7HRE ABCYE EQUATION.

FOfE A FIOS7 GUESS, 7HE FHEAT 1/pU7 WAS ASSUMEY
T S PLIT EQUALLY BETwWEEA UPPASS AN DOUN PASS
CHAMNNELS, THIS DOES AMOT RESULT /) Ans ELRSS 1A/
SR LACE AXEA AS HEAT fLUX /S QUITE /MSENS/TIVE 72
Hy FEpF, TN ACTML FPRACTICE, EMEN TROUSH THE
HEATED WALl TEMP, PROFIEE L NCT VERY JEMS/T7YE
T Cppass OF DORMPAST CHANNEL LOCAT7roN, A LARFER
FHAT0F 0 F MERT COEYT 76 CLoltPER (LLPAIS) cHANNEL,
DUE 7o HEAT TRAMSFER FROM WARMER DownoAss
CARNEL 78 UPPATS CHANMEL. AS A RESUWT7 7HE
ACTUAL.  TEpp, PLITTRIGUTZ0N 1] CETHRNED THRU
AL STEFRTIVE PROCEDYFE. TAHE BArss £ ANLLys/S
PrOERA 1 LDETCIAEY LAT7ER SolWET FTHIT LIS 77rH0770/Y

PIFECTLY, THERELY LLPEAIING WITH [)7ERAT0N
SR L ORE
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CoNpr 71 ONEL Hs (0r ) CHANAIEL HEz6 2 T uoow wo

DATE:

CONDITIENES PRODELLIANT CHANMNEL HE/GH 7 -
Ax = %z ) S G =N ak

WHER £ Y = M A
o N, = H=A

WHERE Ay = 7074L CRO-SECTION AREA
| Wy,) = COMPITIONEL pRCPELLANT FLWEATE
= ” . ., MUS VELOCITY
= CHAMNEL W/OTH
b = CHANMVEL HE/E AT
Ne = 78700 wo, CHAMVELS(EACH prlecr/on)
Ny Z5HNo. BAFFLEST = W-BAFFEES +/ [siwve pLATEs]
Ny = No. CHANNELT ZBAFFLE | ONE DIRECTOA
L= LAwo WipTH
H= VAFgle HERHT
A = DIFFERENCE BETWELN EOCE L/SrANCE
AND Y2 LAND (EAcH EDSF)

W /G =Ny H My M) (fiz)
oF B (e )1 ) NgH - N

FRoM Ho7 GAS GEOMETRY :
_ e = Mo /5, = NHSE (Wo BckAsE Arsoartt )

5 o Hor e AT PSSAGE WIP7H (B &up
Wy
b AZE Y Cue VG, £ £ Azo0
]w";f?& We )(7 ,4;?;) é;

ASTOMPTION OF N0 6000 SINCE //NS':z)\ = 1Z%o04 " 08"
S ASH 2 085 - LO/E ~NECIGIELE FOR ANALYSLS

Clutz
a
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MODEL MO. .

S7TEEL crofEouT
HavnEs 13 DAL LE 2.

Her EAS

HAYNES 1§88 BAFFLE /

CENESTIONE P
PROFELLAN T

! . i
L ! i }__ INSTLATE )
g * f‘ z BAk SURFACE
4 o s

FPROGRAN = DEAP (XBM 360) [OUTAUT = TEMPERATURES |
NETWORE : AS SHOWN ASOVE
INPOT :
CEOME TRY ¢ & - CHANNEL WIDTH
| £ - LAND WipTH
L - GRS WALL TH/ICANESS
f - CHANNEL HEBHT
Law - 8L WAL (CLUEOUT) 7 ASCANESS
MATL TABLET — 7HERMAL. CONDUCTIVITY VI 77842,
BOUNDARY :  HOT GAS  hy, TEMPERATURE
UPrASS Hy (0d) 77 5 Ae, , Aesy Ae
Pownrass H, (0s) 7z . Ay, A,; , he, D-14
CiFEERENT So INPUTT ACOunT FOR PIEFERENT L urVATIRE
ALE Lol EHNESS VALUE T o EACH CHANNEL JURFACE . wpuA
b AT Teuex s Twacy . PERMITL 4& = F('f;é'za)n 3 2= rMpIT
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PASE MO.
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AEPORY NO.

MODEL NO.

CONDITIENED Hr PREJIUKE pRoFILE

OATE:

7E CETAIN THE Ay pPREJFURE FPRoFILE, KEQUIRES
1) CHANNEL GEOMETRY (LensTH, HYLRAVLIC DIA)

2} MASS VELOCITY

3) ROVEHNESS , Reyweeos wo. <> £ :frrermon FRCToR
YY) FEMPERATURE PLPROFILE
oFf Lo MACH NO., FOTAL 7ZEAY ~ STA77C 7EMP.

PECAUSE
TETRL  FEMPS, JIEL FALCUSHOUT.
. 44 - Y5 ho z,a

HYORBULIC JIAMETER ofy
r Z/ o 1+4) t

oty = 2x 08"
= 00" (fy <22 ,4,,&.,)

.08 -
-o7r */

’ 0~ "
Zx.07 .0%2

O Gp, = £25 LOW-SEC, Ay =
2% B
o7y !
F’O[‘? Fe - - Cz'z %"JQQZI.OC JIJ! - qyo O
A 30-C &/ m-JeC ), 90

6/04' /aa/am/“o =.00/6°7
& = .0z2.

. ap ke G 294)

WHERE K= F Td, - FRICTION (035
© INLET K e . § Heap Lols
K~ ] HEA» LOJS |

@ Ex:7,
A% FrRoM NBS PROLERTY 726’:6)’ =fCF -f)
PESISN AP LATEw on/

T =SSR
P = /6€0C FPS5/A

- AP

P 15 S7TATIC pRESTURE =
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07 6AS PRESIURE PROFIE. |woms .

HOT GAS PRESSURE PHROFILE BASEL ON
1) JWLETF CorPrTioNS & FLOWRATE
2) MAST VELOCITY pPROFILE
3) TEMPERATURE PROFILE
RECAVSE OF HI6H HOT GAS MACH Vo = [ , 17 /77

NECESSARY 70 PETERMNE F7O7/C FEMPERATUVRE AND
PLESTORE ITERATIVELY A7 BACH pLOINT :

Ay = S x Hor AS GAP ¢
wiTH MO GAS GUIZE RAILS, .08 <GAr wWiOTH <.of2”
CAy MATT VELOYTY L83 > Gup >.¥Y L8/ SEC
HYSRAOLIC DIA = Lo <oly < 129"
PRICTION FACTCR  ~ - 020
ap = kK €225
K= LA FRICTION LOTS

= . 5 IMLET L OJS
= [J. O OUTEE T oSS
SOANSC EX]T
| R = EXIT MALS VELOCITY.
A2 T Eﬁ's EXlvy Sonlc yELOCATY

Qg < 7/3; z/g;/ﬁ}7;7 7ﬂ;;}:
< T tmt) < 7sorN11 GE) Lonre]

L EXIT STATR. PRESSURE = ’2— 73 ( %y ) 7c
v, ' g7 iz
LT FOTAL PRESSURE = fé = /57 (/,z "5."') g1 LSon ¢ 7

IS NOTED MHERE THAT I7T S5 THE EXIT CONL/TIoN
| waircH PEFERMINET JNJECTOK -END PRESSURE . TH/T
T SEMSiTHYE 7O FLOWRATE, TEMPERATORE, MIXTURE

| FATIC , ANY Ko7 EAS EXIT X-SECT/ON AREA.
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THE  7OTAL PRESSURE A7 EACH POINT WAS DETERAMAEY

B * |
4 ) &

o700 Py = 54. "/fa’ﬂ) 23/ Zv

STmd e /%é_ = (7orac /‘79/_,.) - G'tyyv/j;f

) R
WHERE /. = [ E’// '5}/ 75/)'] Frevre
v = & F
- " VL
A zﬁ

TOrAL

MAH NE, = V. e

o« ) o g

WHE L Ve LoChe A5 VELOCITY
a T §amlC VELOCITY
M= MRCH N0,
2 MoLEL ot AR WE/GEHT
V= SPECIFrC HEA7 KA7/70
Cp = SPECIEIC HEAT B Camsirns LIAESSUNE
G = CRAVITATIONAL CoMS7TRNT (35C 1, sec” /]
T~ = ENERGY COWNVERIION = 775 F/-48 / B7u

/TS REALNY SEEN THE ALEVE REQUIRES AN 1TERATTE
T CE e 70 SOLVE oVER EACH //Vfé/?VAL.
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HEAT™ TRANSFER COEF. (1Y7), h A \
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(W Ce ) HYDROGEN -

TP, NODE (T, FCpAXAYE

7YF WALL RESISTANCE o
(kKA/A x) -

[ —;pf- S

NI

;. <

T (7 —%— fé‘r'-‘.’l é

AAWEL,

T

52
j,;__l_ : \ '!,(/ P
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ot AR S
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:Ir | "
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\\\ /
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oate: BAFFLE [pMPUTER MoPEL.

MODEL ND, DEA p

INFUT
GEOMETRY

AX BETWEEN NODET
 CHANNEL W/OTH

LAND WIoTH

GAS WALL THICK.
CHANNEL HE/GHT
/-2 PASS LoCcA7/oON

HOT GAS
' INLET TEMPERATURE
hy - HEAT TRANSFER COEF.
Frow CAPACITY WCp /CHANNEL
by MULTIPLIER

CONDITIONED PROFPELLANT
INLET FEMPERATURE
be, - HEAT TRANIFER CCEF, UpPASS
free = HEQT THRANSHER COEF , POWN PASS
Fzow CAPACITY WCp,/ CHANNEL
he MULTIPLIER

PROPERTIES

IAITEAL  CONPIT7oN S
INITTAL. WALL TEMEP . POTRIBUTZON

WALL THERMAL CONDUCTIVITY V5 TEMPERATLLE

c9)
(70)

(r70)
r1e)
1o}

(10)

(1)
(7o)

S

(1

(/)
(re)
(10)

(1)
(1)

(TALLET)
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z2-a/1z-4a

METHOD FOR DETERMINING HOT GAS FLOW AREA

. ya 1705
= = w 'Yg 2 -
A = W/G* D [ RT. (7+1 )y 1 ]

WHERE THE PRESSURE & TEMPERATURE ARE EVALUATED AT
THE SAME POINT |
1) UPSTREAM ANALYSIS: USE COMBUSTION TEMPERATURE & U/S PRESSURE

2) DOWNSTREAM ANALYSIS: USE EXIT TEMPERATURE & EXIT TOTAL PRESSURE

TO DETERMINE EXIT TOTAL PRESSURE:

FRICTION LOSS: L 2
4P = Py -Py =135 355
1 P,y
SONIC EXIT: | vl |
] G* = P . '_Y_g_ 2 vY-1
021 RT Y+1
RTo2
2

. el |0
Poy/Pog * 1*“(T01/T02+1)“2*“ (v+1)7"1

WHERE « IS DETERMINED FROM THE THEORETICAL PRESSURE PROFILE





