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FOREWORD 

This report, prepared in accordance with G.O. 07634 is submitted in accordance 
with Contract NM9-12802, Exhibit A (Statement of Work), Task X I 1 1  (Subscale 
Helium Ingestion and Two Dimensional Heating). 

ABSTRACT 

Reported herein are descriptions of the test hardware, facility, procedures, 
and results of electrically heated tube, channel and panel tests conducted 
to determine effects of helium ingestion, two dimensional conduction, and 
plugged coolant channels on operating limits of convectively cooled chambers 
typical of Space Shuttle Orbit Maneuvering Engine designs. 

Helium ingestion in froth form, was studied in tubular and rectangular single 
channel test sections. 
three channel panel. Burn-out limits (transition to film boiling) were 
studied in both single channel and panel test sections to determine 2-D 
conduction effects as compared to tubular test results. 

Plugged channel simulation was investigated in a 
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S M R Y  

A total of 103 electrically heated tube, channel, and panel tests were con- 
ducted t o  obtain data on the effects of geometry (2 -D  conduction), helium 
ingestion and plugged channels on MMH burnout limits. Eighty-five of the 
tests provided satisfactory data (the remainder were checkout, calibration, 
and tests wherein automatic cut occurred before stable conditions were 
achieved). 

An initial test series (8  tests) with a symmetrically heated round CRES tube 
were conducted. 

to be used as a reference for the channel and panel tests. 
also conducted in the same tube with helium froth ingestion of varying amounts 
ranging from 5 to 30 percent by volume. 
percent reduction in MMH heat flux capability due to helium ingestion. 

These tests verified reproducibility of previous tube data 

Nine tests were 

These tests indicated a 15 to 20 

Thirty-seven tests were conducted with two different single channel geometries 
at two heated lengths simulating throat and injector end Conditions. 
tests indicated significant reduction in MMH burnout heat flux capability 
(based on 1-D values) at injector end conditions as predicted analytically. 
There was little effect of helium ingestion on maximum burnout heat flux levels 
in the channel test sections. 

These 

A total of 31 tests were performed with two 3-channel panels of markedly dif- 
ferent geometry. 
channel data indicating the validity of the latter type test sections. 
helium bubble and plugged channel simulation tests showed that considerable 
cooling benefit is obtained from the adjacent MMH cooled channels. 

Simple burn-out type tests agreed favorably with single 
Infinite 
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INTRODUCTION 

Under Task VI1 of the SS/OME Reusable Thrust Chamber Contract (NAS9-12802), 
electrically heated tube tests were conducted with MMH and 50-50 fuels to 
establish correlations for prediction of transition-to-film boiling (burn- 
out) to be used in the prediction of local coolant safety factor in OME 

thrust chamber designs. 
eratively cooled thrust chambers which were subsequently satisfactorily 
operated over a wide range of chamber pressures and mixture ratios simu- 
lating OME operating conditions. 

These correlations were used to design two regen- 

Under Task IX of this contract certain adverse operating conditions were 
investigated to assess, in an economical manner, their possible impact on 
OM€ chamber operation. These adverse conditons included hot start simula- 
tion (as might occur during an ascent trajectory start with external heating 
from the SSME and SRB engines) and helium ingestion in either froth or 
discrete bubble form (should a bubble trap or surface tension device fail 
on the vehicle). 
burn-out heat flux were investigated using asymmetrically heated rectangular 
passage test sections. 

In addition the effects of two-dimensional conduction on 

Task XI11 of this contract (reported herein) essentially extended the effort 
initiated under Task IX in terms of helium ingestion and 2-D conduction 
effects. 
rectangular channels each were evaluated t c ,  determine helium bubble, plugged 
channel, and 2-D conduction effects on operating limits. 

In addition, two asymmetrically heated panels composed of three 

Testing was conducted at the Thermal Laboratmy of the 9-1 Division of 
Rockwell International. The test program was performed in September 1974. 
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DISCUSSION 

TEST FACILITY AND INSTRUMENTATION 

Tests were conducted at the B-1 Division Thermal Laboratory, where previous 
OME heated tube test programs were conducted. 
schematically in Fig. 1 for tube and single channel tests and Fig. 2 for 
the three channel panel tests. 
through shutoff, throttle, and check valves into the test section. Flowrate 
is measured by turbine flowmeter(s) and calibrated orifice(s). 
viewing section is installed downstream of the test section for visual and 
photographic observation of the flow with helium ingestion. 

The facility is shown 

Coolant flows from the pressurized tank 

A glass 

The test section consists of an electrically heated tube, channel, or panel 
section in a GN -purged box for safety (Fig. 3). Inlet and outlet pressures 
and temperatures of the coolant are measured. 
to indicate the onset of film boiling. 
voltage applied to the ends of the test section via terminal bars. A back 
pressure regulator ma-ntains the desired pressure at the end of the test 
section. 

2 
Wall temperatures are measured 

Heating rates are controlled by the 

GN2 is used to purge the test section container and the flow system. 

A GHe system is used for the helium ingestion tests. 
a high-pressure GHe bottle, a regulator, a calibrated flow orifice, and a 
check valve. The helium system is connected, as shown in Fig. 1 or 2, for 
the helium froth tests. 
(Fig. 4) which was located close t o  the test section to minimize agglomera- 
tion of the bubbles. 

The system consists of 

The mixer is a perforated tube sealed in a "T" 

For the helium bubble tests, the mixer Tee is replaced with the bubble flow 
circuit shown in Fig. 1 or 2 .  Operation of this circuit is described under 
TEST PROCEDURES. Essentially, the system provides initial steady-state flow 
of MMH, followed by injection of a known quantity of helium at nearly constant 
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pressure to accurately simulate flow of a slug of helium through a regen- 
eratively cooled thrust chamber. 

Instrumentation parameters, ranges, and display forms are listed in ‘Fable 1 
A schematic of instrumentation locations is given in Fig. 
channel panel test section. 

5 fo r  the three 

TEST HARDWARE 

Test hardware consisted of circular tube, single rectangular channel, and 
three channel panel assemblies. 
were conducted in a 0.125-inch O . D . ,  0,069-inch I . D . ,  CRES 321 tube. The 
nominal heated test section lengths were 8 . 9  and 4.0 inches. 
blocks are brazed to the tube as shown in Fig. 6 to provide uniform electri- 
cal contact around the circumference of the tube. The terminal blocks are 
mounted to the micarta base, which has slotted holes to allow for thermal 
expans ion. 

The tube burnout and helium ingestion tests 

Copper terminal 

The assembly for the two-dimensional heated tube tests consists of a ten- 
inch rectangular tube onto which circular tube ends are welded for flow 
coimection. Voltage 
applied to the ends of the strip through the attached copper terminal blocks, 
as shown in Fig. 7, provides an asymmetric heat input t o  the tub1 which simu- 
lates heating of the hot wall or” the chamber. 
simulated because the back-wall material has been shown analytically to have 
little effect on the heat flux distribution in the area of the intersection 
of the hot wall and land. In addition, a nickel close-out on the test section 
would affect the electrical heat distribution. 

A copper strip is brazed to the tube along one surface. 

The nickel close-out is not 

Three copper terminal blocks were brazed to the rectangular test sections to 
provide for nominal heated lengths of  2.5, 6 ,  and 9 inches. 
length of 9 inches was selected based on a predicted burnout heat flux (2-D) 

The maximum heated 

2 level of 4 . 2  Btu/in -sec corresponding to a velocity and subcooling of 
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TABLE 1. INSTRUMENTATION FOR ELECTRICALLY HEATED TUBE TESTS 

Cal ibra t ion  
Parameter Symbol Range Display 

0 - Oscillograph 
R - Pen Recorder 
P - Panel Gage o r  Meter 
* - Helium Tes ts  only 

Pressures,  p s i a  

Coolant Or i f i ce  I n l e t  

Coolant Or i f i ce  A P  

Tube I n l e t  

Tube Outlet  

GHe Supply 
GHe Or i f i ce  I n l e t  

GHe Or i f ice  AP 

Temperatures, F 

Coolant Or i f i ce  

Coolant I n l e t  

Cco 1 ant Out 1 e t  

Coolant Temp. Rise 

Tube Wall 

GHe Or i f i ce  I n l e t  

Coolant Flowrate, cps 

Tube Voltage 

Tube Current,  amps 

Automatic Cutoff 

PFS** 

DPF** 

PTI** 

PTO* * 
PHS 

PHI 

DPH 

TF** 

TFI+ * 
TFO** 

ATC** 

Th'l 
TW2 
TW3 

THI 

FC** 

v 

I 

0-500 

0-50 

0-500 

0-500 

0-3000 

0-500 

0-50 

R 

R 
r .\ 
R 
P* 
P* 
P* 

60- 100 
60-100 

60-400 

60-400 

60-2000 

60-100 

** Denotes Two Measurewnts Required f o r  Dual Flow Ci rcu i t  U t i l i zed  
in  Panel Tests  
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2 5 . 2  ft/sec and 131 F, respcct ivcly.  

design values in the Aercjet Gcnerai SS/OM!E at 1 location 6.9 inches down- 
stream of the injector. 
throat region velocity (1S.h  f t / s ec )  and subccoling (2!7 F) at a predicted 
burnout heat flux (2-D) of 3hut 4.0 to 4 . 5  Btu/in'-sec. 

rhese latter conditions represent normal 

The short hcatcJ length of 2.5 inches Sim!ates 

- 

Three test sections of two different cross-section geometries wer? fabricated 
and tested. 
channel design at a point 6.9 inches from the injector face. 
represents an extreme 2-D geometry (wide land) t o  better evaluate geometry 
effects. The pertinent channel dimensions are noted in Table 2 .  

One geometry was selected to simulate the Aerojet General OME 

The other geometry 

The 3-channel panel is constructed in a similar mznner to the single channel 
test sections and is shown jn Fig. S .  

on each end into which tubes (flattened on one end) are inserted and brazed in 
order to achieve individual flow control of each channel. 
torially in Fig. 9. 
and tested. One panel channel geometry was identical to the single channel 
geometry simulating the A J G  OME coolant passage design discussed previously. 
The other panel geometry simulates a 10 inch diameter (E = 3) combustor with 
a constant width land (straddle mill cutter design). The narrow land (0.040 

inch) was selected to eliminate 2-D conduction effects. 
geometries are also noted in Table 2 .  

The panel incorporates a flared region 

This is shown pic- 
Two panels of different channel geometry were fabricated 

C 

The panel channel 
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TEST P90CEDURE 

Pretest Calibration and Checkout Procedures 

The coolant flowmeters were calibrated in water. The coolant flow measuring 
orifices were calibrated in water and checked 
The helium flow orifice was calibrated in he1 
technique in an inverted beaker. The quality 
characteristics Here checked v i suz l?y  thrcugh 

mentation calibrations, in terms of galvonome 

against the flowmeters in MMH. 
um using the displacement 
of the froth and the bubble 
r glass viewiiig scctisn. Iisti-,.i- 

er deflections for the oscillo- 
graph recorder, were checked periodically during the test program. 

Burn-Out Tests 

The burn-out type tests in both the tube and single rectangular channel were 
conducted by first establishing the MMH flowrate (higher than the expected 
burn-out value) at the desired back pressure setting. The power level was 
then'increased to the desired test value. The MMH coolant flowrate was then 
reduced gradually until a sudden increase in wall temperature occurrred 
indicating transition to film boiling. 
the wall temperature exceeded the preset cut-off value (usually 1200 F). 

The power was cut automatically as 

In the case of panel burnout type tests the flowrate was maintained constant 
(due to the difficulty of reducing flowrate in both circuits simultaneously) 
and the power increased gradually until a sudden wall temperature increase 
occurred. 

Helium Froth Burn-Out Tests 

The helium pressure was set to provide the desired flowrate through the cali- 
brated choked flow orifice (0.0017 inch diameter). The helium was then 
admitted t o  the test section through the mixing tee with the back pressure 
regulator set at the selected value (usually % 170 psig). The charts were 
then turned on and the MMH f1owra:e established at a value higher than the 
expected burn-out level. The electric power was increased gradually to the 
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selected level. 
wall temperature increase occurred and automatic power shut off initiated. 
The @&I flow and then the charts were shut down. 

The MMH flowrate was then decreased slowly until a rapid 

No helium froth tests were conducted with the panel test section. 

Hclium Bubble Tests 

It was anticipated, A t  the t ime t h e  t c s t  p lan was wiitteii, iiiai various d i s -  

crete helium bubble tests would be conducted in the single rectangular channel 
and panel test sections. 
operation resulted in deletion of single channel bubble tests in favor of 
increased froth and 2-D burn-out testing. 
indicated that 3 continuous helilim flow (i.e., infinite bubble) could be main- 
tained in the center channel at heat flux levels consistent with expected 
chamber values. 
bubble duration tests. The discrete bubble test procedure (used successfully 
in Task IX) is discussed in detail in the Task IX Test Report. 

Subsequent deemphasis o f  bubble importance on chamber 

In addition, the inj+.ial panel tests 

This result eliminated the necessity of conducting finite 

In the case of the infinite bubble tests (i.e., continuous helium flow) con- 
ducted with the 3-channel panel, the secondary valve (normally closed) was 
uncoupled and the primary valve (normally open) actuated to the closed posi- 
tion. The desired helium flow through the secondary circuit (to the center 
channel) was then established by helium tank pressure in conjunction with a 
choked flow orifice (0.0135 inch diameter). 

Plugged Channel Tests 

Two approaches were generally utilized to simulate plugged channel operation. 
Initially, nominal lyMH flow was established in the outer channels with a small 
helium purge in the center channel. 
a rspid wall temperature excursion occurred and automatic power shutdown 
initiated. 

The power level was then increased until 

19 
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The second technique s t a r t e d  with nomina: MMi flow i n  a l l  t h r c e  channels. The 

power was increased t o  t h e  se l ec t ed  value. The flocr i n  t h e  center  channel was 

then gradual ly  decreascd t o  zero w i t h  readings taken a t  var ious intermediate 

flow levels. 

A t h i r d  technique u t i l i z e d  only on t h e  l a s t  t es t  (No. L 0 3 )  simulated down- 

stream plugging. 
c i r c u i t  upstream of t h e  test  sec t ion  ( t o  simulate a common upstream manifold 

as i n  a t h r u s t  chamber). The center  c i r c u i t  was then blocked o f f  downstream 

of  t h e  view tube a f t e r  bleeding MMH i n t o  t h e  cen te r  c i r c u i t  t o  assure  l i q u i d  

trapped i n  t h e  tes t  sect ion.  

ou ter  channel c i r c u j t  and power increased u n t i l  a wall temperature excursion 

and automatic shutdown occurred. 

The center  channel c i r c u i t  was coupled t o  t h e  o u t e r  channel 

Nominal MMH flow was then es tab l i shed  i n  t h e  

POST-TEST HARDWARE STATUS 

During tes t  No. 33 (9 inch heated length t e s t s )  Channel Test  Section No. 4A 

( A J G  geometry) overheated r e s u l t i n g  i n  loca l i zed  melting of t h e  copper heat-  

ing s t r i p  and braze j o i n t  between t h e  CRES channel and closeout.  

t h e  braze j o i n t  leak ( e a s i l y  accomplished) would permit use of  t h i s  t es t  

sec t ion  i n  t h e  2 . 5  inch heated length pos i t i on .  (Repair of  t h e  copper heat ing 

s t r i p  is not recommended due t o  d i f f i c u l t y  of  assur ing con t inu i ty ,  uniform 

thickness ,  and good bond t o  t h e  CRES channel s ec t ion . )  

Repair of 

During tes t  No. 93 (9  inch heated length t e s t )  Panel No. 3 overheated due t o  

f a i l u r e  of t h e  automatic cut-off  device. 

l oca l ly  but t h e  channel sec t ion  remained i n t a c t .  

sequently u t i l i z e d  i n  the  2 . 5  inch heated length tes t  pos i t i on .  

The copper heating s t r i p  melted 

The tes t  sec t ion  was sub- 

Channel t es t  sect ions No. 4B (AJG geometry), No. SA (extreme 2-D geometry) and 

Panel No. 1 (AJG geometry) suffered no damage during tes t  and can be u t i l i z e d  

in any of t h e  t h r e e  heated length t e s t  pos i t i ons .  

was also undamaged. 

The tubular  test section 

20 
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Panel No. 2 i s  iden t i ca l  t o ,  and was intended a s  a backup f o r ,  Panel No. 1. 

This panel was not completed due t o  successful  t e s t i n g  of  Panel KO. 1. All 

p a r t s  have been machined and only f i n a l  assembly brazing is necessary t o  
complete Panel Yo. 2 .  

DATA ANALYSIS 

Burn-Out Tes ts  

The electrical  power, coolant o u t l e t  temperature aRd pressure,  and coolant 

flowrate were obtained from t h e  osci l lographs and pen recorders  a t  a point  i n  time 

j u s t  p r i o r  t o  t h e  recorded wall temperature increase ind ica t ing  t r a n s i t i o n  t o  

f i l m  bo i l i ng .  The o u t l e t  tem2erature and pressure  were u t i l i z e d  t o  determine 

o u t l e t  subcooling. The coolant ve loc i ty  was calculated from measured coolant 

flow and known test  sec t ion  flow area.  The n e t  heat  input was calculated from 

t h e  e l e c t r i c a l  power input  minus t h e  heat l o s s  due t o  conduction, convection 

and r a d i a t i o n  ( a s  determined from heat  l o s s  c a l i b r a t i o n s  without coolant flow). 

The ne t  heat input was compared with t h a t  absorbed by t h e  coolant t o  determine 

t h e  o v e r a l l  t e s t  heat balance. 

In t h e  case  of t h e  symmetrically heated round tube, t h e  e f f e c t i v e  heat f l u x  

was obtained from t h e  ne t  heat input divided by t h e  i n t e r n a l  surface area.  

For t h e  rectangular  channel and panel t es t s ,  however, t h e  as;-mmetric heat f l u x  

equivalent t o  t h r u s t  chamber heat ing condi t ions was determined using a two- 

dimensional thermal conduction model. The equivalent 1-D heat  f l u x  i s  essen- 

t i a l l y  t h e  t o t a l  heat generat ion (minus heat l o s s )  minus t h e  heat generated i n  

tile lands and closeout ,  divided by t h e  width (lands p lus  channel) of t h e  t e s t  

sect ion.  In general ,  t h i s  heat  f l u x  l eve l  i s  about 10-15 percent lower than 

i f  it were assumed t h a t  a l l  of  t h e  heat geperation occurred i n  t h e  copper s t r i p  

and none i n  t h e  CRES sec t ion .  

2 1  
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Helium Froth Burn-@ut Tests 

Data ana lys i s  o f  f r o t h  burn-out t es t s  i s  e s s e n t i a l l y  t h e  same as  non-froth 

tes ts .  
according t o  t h e  dens i ty  of t h e  helium-Mhfll mixture based on t h e  volume percent 

of h e l i u m  at  i n l e t  temperature conditions.  
d i t i o n s ,  r a the r  than o u t l e t  temperature, implies t h a t  t h e r e  is  neg l ig ib l e  heat  

t r a n s f e r  from t h e  MMH t o  t h e  hclium bubbles i n  t h e  t es t  sect ion.  The use of 

o u t l e t  temperature condi t ions i n  ca l cu la t ing  helium volume percent would tend 

to  increase t h e  loca l  coolant ve loc i ty  by about 5 percent a t  t h e  most for t h e  

condi t ions t e s t ed .  

The primary d i f fe rence  is t h a t  t h e  coolant ve loc i ty  is calcil lated 

The use of i n l e t  temperature con- 

Panel Tes ts  

In t h e  case of t h e  3-channel panel burn-out tests, t h e  cer,ter and ou te r  channel 

condi t ions were not always iden t i ca l .  The approach taken i n  t h e  burn-out tests 
was t o  obta in  t h e  weighted average ve loc i ty  and subcooling of t h e  cen te r  and 

outer  channels i n  conjunction with t h e  heat  f l u x  when t r a n s i t i o n  t o  f i l m  b o i l -  

ing occurred. 

For t h e  plugged channel t es t s  i n  which the  cen te r  channel MMH flow was zero,  

t h e  ve loc i ty  and subcooling of t h e  ou te r  channels only were u t i l i z e d  i n  

r e l a t i o n  t o  t h e  experimentally determined burn-out heat  f lux .  

TEST RESULTS 

Round Tube Tes t s  

A t o t a l  of 19 tests were conducted with MMH i n  a c i r c u l a r  CRES tube.  These 

tes ts  consis ted of 2 power ca l ib ra t ion  runs,  8 non-froth burn-out type tests,  

and 9 burn-out type tests with various amounts of helium ingested a s  a simu- 

l a t ed  f ro th .  The non-froth tes ts  were conducted t o  e s s e n t i a l l y  checkout the  

heated tube t e s t  f a c i l i t y  and provide a reference f o r  t he  f r o t h  burn-out 

tests. 

2 2  
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The round tube reduced tes t  da ta  a rc  presen ed i n  Table 3. lleat f lux  levels 

ranged from about 1.b t o  0 . 5  Rtu/in--scc. Coolant v e l o c i t i e s  ranged from 13 

t o  44 f t / s e c  w i t h  siibcooling values of  35 t o  159 F. The heat balance ranged 

from about 5 t o  21 percent with an average ove ra l l  heat balance of  11.8 per- 

cent f o r  t he  17 tes ts  which underwent t r a n s i t i o n  t o  f i lm boi l ing .  

7 

The non-froth burn-out tests are compared i n  Fig. 10 with a l l  o f  t h e  previous 

round tube da ta  taken a t  Rocketdyne m d e r  t h e  cont rac t  and an earlier IRCD 

program. 

A b e s t - f i t  curve is shohm drawn through t h e  da t a  f o r  use as a re ference  f o r  

helium ingest ion,  channel and panel tests. 

used i n  t h e  Rocketdyne OME regenerat ively cooled chamber designs.  

curve e s s e n t i a l l y  followed the  lower bound ( r a the r  than t h e  average) of t h e  

burnout heat  f l ux  data .  

Fig. 10. 

The new da ta  are i n  exce l len t  agrGement with t h a t  taken previously.  

This curve i s  not t h e  same as t h a t  

The design 

The design curve is denoted by t h e  dashed l i n e  i n  

The helium ingest ion tests were conducted with t h e  same technique u t i l i z e d  

previously i n  Task 1X ( see  Test  Procedures). 

various amounts of  ingested helium, as taken through t h e  downstream v e r t i c a l  

s igh t  tube, are presented i n  Fig.  11. I t  should be noted t h e  r e s u l t a n t  flow 

is not t r u l y  a f r o t h  but r a t h e r  cons i s t s  of small d i s c r e t e  bubbles of he l ium.  
This i s  similar t o  t h a t  reported i n  Task I X .  

f ro th  pr imari ly  t o  d i s t ingu i sh  these  tests from t h e  la rge  d i s c r e t e  o r  continu- 

ous helium btlbble tests.  

Photographs of t h e  MMH flow with 

I t  has been r e fe r r ed  t o  as a 

Comparison of the  f r o t h  r e s u l t s  with the  zero-helium-ingestion round tube tests 
is presented i n  Fig. 12. The l imited d a t a  taken previously (Task I X )  is a l s o  

included f o r  comparison. 

burnott  heat f l ux  capab i l i t y  due t o  h e l i u m  ingest ion.  

capab i l i t y  is reduced about 15-20 percent.  

ingested does not appear t o  be a , ign i f icant  f ac to r .  

( 2 5 percent by volume) appear t o  degrade the  bwnout heat  f l u x  as much as 
la rger  amounts ( 5 20 percent) except,  perhaps, a t  the higher  heat flux level. 

There appears t o  be a d i s t i n c t  degradation i n  t h e  MI 
The burnout heat  flux 

The relat ive amount of helium 

Small amounts of helium 
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The reason for the cooling degradation is not clear. 
relatively large diameter helium bubbles inhibit the heat and mass transfer 
between the liquid .W and the small MMH vapor bubbles formed during the 
nucleate boiling process. 
resulting in transition to film boiling at a lower heat flux level. 
effort is required in this area to fully understand the cooling mechanism 
involved. 

It is possible that the 

This would tend to reduce the effective subcooling 
Further 
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Channel Tests 

Extensive testing was conducted with asymmetrically heated single channels. 
Two distinct geometries and two heated lengths were evaluated. The primary 
geometry (channels No. 4A and 4B) was selected to match the coolant passhie 
geometry in the Aerojet General OME regeneratively cooled chamber at a point 
6 . 9  inches downstream of the injector face specified as the most critical 
location. The heated length of 9.0 inches (actually 8.5 inches effective 
after adjusting for the intermediate terminal block in which no electrica: 
heating occurs) was selected to provide the design subcooling (131 F) at the 
predicted 2-D burnout heat flux level of 4.2 Btu/in -sec. 
1-D hot gas heat flux is 3.0 Btu/in -sec. 
selected to match throat subcooling conditions (217 F) at throat design 
velocity ( 2: 15 ft/sec). 

2 The effective 
2 The 2 .5  inch heated length was 

The alternate channel geometry (channel No. SA) was selected primarily to 
provide additional data on 2-D conduction effects. 
was utilized to provide an extreme 2-D wwirvti!x? goonetry. 
were maintained at the same values as channels No. 4A and 48 to facilitate 
data comparison and hardware installation. 

A wide land (0.150 inch) 
iIcatcC Icngths 

The redxed data for all of the channel tests are summarized in Table 4. The 
results of the 9 inch heated length channel tests are compared with the round 
tube (1-D) results in Fig. 13. It is apparent that, except at low V ATsub 
values where considerable tube data scatter exists, there is a significant 
reduction in the effective I-D huniout heat flux due to 2-D conduction effects. 
As would be expected, t!ie extreme 2-D geometry (wide land), shows the largest 
degradation in effective burnout heat f l u x  capability. 

The predicted burnout heat flux levels for the two geometries agree favorably 
with the experimental data as noted in Fig. 13. The analytical prediction is 
based on a 2-D conduction analysis as discussed in the Appendix of the Task IX 
Test Report (Rocketdyne ASR 74-131). The assumed superheat of 50 F refers 
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t o  t h e  max imum d i f fe rence  between t h e  wall temperature and c o o l m t  sa tu ra t ion  

temperature when t r a n s i t i o n  t o  f i lm boi l ing  occurs. 

The r e s u l t s  of t h e  2.5 inch heated length channel tests a r e  corqnred w i t h  

t he  round tube (1-D) r e s u l t s  i n  Fig. 14. The reduction i n  burnout heat  f l u x  

l eve l  is considerably less as compared to  t h e  9 inch heated length tests. 
Indeed at the  low V ATsub values t h e  A J G  geometry appears capable of  a 

higher heat  flux than t h a t  based on a 1-D tube value.  

t h e  low coolant bulk temperature r e s u l t s  i n  b e t t e r  cooling i n  t h e  land region. 

It  is poss ib le  t h a t  

An analytical evaluat ion of t h e  shor t  heated length t e s t s  was not undertaken 

due t o  t h e  f a c t  t h a t  t h e  channel geometry is not representa t ive  of  t h a t  which 

would be used i n  t h e  th roa t  region of t h e  chamber. 

H e l i u m  inges t ion  tests were conducted i n  t h e  AJG geometry channels only, a t  
both heated lengths.  These results a r e  presented i n  Fig. 15. There appears 

t o  be a s l i g h t  degradation i n  heat f l u  capabi i t y  i n  some cases although 
not near ly  as not iceable  as i n  the  case of  t h e  round tube tests. 

possibly be a t t r i b u t e d ,  i n  some manner, t o  t h e  non-uniform heat ing of t h e  

rectanguisr  t e s t  sec t ions .  Again, t h e  cooling mechanism with helium inges t ion  

is unclear and warrants f u r t h e r  study. 

This may 

33 
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Panel Tests 

.4 total of 31 tests were conducted with 
rectangular channels each. The channel 

MMH in two panels composed of three 
geometry of each panel differed 

markedly as described in the Test Hardware section of this report. 
primary areas of interest were investigated experimentally: 
bubble ingestion, (2) plugged channel simulation, and (3) simple burn-out 
type tests for comparison to single channel results. Both 9 inch and 2.5 

inch heated lengths were tested to simulate combustor and throat region con- 
ditions, respectively. 

Three 
(1) helium 

The reduced test data are presented in Table 5 .  

The simplest data to evaluate is that of the burnout type tests wherein the 
MMH flow was the same in all three channels. 
in terms of burnout heat flux versus the familiar V.ATSvB parameter, is 
compared with the single channel test results in Fig, 16. 
that there is excellent agreement between panei and single channel tests for 
both the 9 inch and 2.5 inch heated lengths. 
the validity of single channel tests. 

The results of these tests, 

It is apparent 

This result tends to support 

Also included in Fig. 16 are the burnout heat flux test results for Panel 
No. 3. 
on Panel No. 3, a limited number of tests were conducted as time permitted.) 
The geometry of this panel is characterized by narrow lands and wide channels 
and is intended to simulate a 1-D conduction geometry in the combustion region 
of a 10 inch diameter combustor. 

(Although the original test plan did not call for this type of test 

The results of the 9 inch Panel No. 3 tests are seen to fall on the 1-D 
(round tube) correlating curve. 
Panel No. 3 sufficient electrical power could not be generated to verify the 
1-D design at heat flux levels higher than about 1.5 Btu/in -sec. It should 
be noted that this heat flux level is about what would be expected for the 
10 inch diameter combustor at nominal operating conditions. 

Due to the much larger cross section of 

2 
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The s ing le  2.5 inch Pa.*el No. 3 t e s t  i s  seen t o  ind ica t e  a much higher  heat 

f lux  capab i l i t y  than p- i i c t ed  from t h e  1 - D  cor re la t ion .  Since t h i s  channel 

geometry is a l s o  similar t o  a throa t  design (i .e. ,  narrow land width = 0.c740 

inch) ,  t h e  t e s t  r e s u l t  would ind ica te  t h a t  current  OME chambers may be over- 

designed i n  the  th roa t  region. 

Th.: i n i t i a l  helium bubble t e s t  s e r i e s  u t i l i z e d  a ;ontinuous helium f lowrate  

i n  t h e  center  channel (i.e.,  i n f i n i t e  bubble) someuhat less than t h a t  which 

would occur i n  t h e  chamber a t  naminal design jacke t  pressure droy. 

purpose of t he  t-st was t o  determine t h e  maximum heat  f l u x  level ;ha t  could 

be sustained with an i n f i n i t e  bubble ( i n  conjunction with adjacent channel 

MMH cooling a t  nominal flow) before proceeding with t h e  d i s c r e t e  bubble tests. 
The r e s u l t s  of t h i s  tes t  series indicated,  however, t h a t  an i n f i n i t e  bubble 

could be to l e rz t ed  at heat f l ux  l eve l s  approaching t h e  nominal combusfor design 

value of 2.0 Gtu/ir. -sec. The ne t  e f f e c t  of t h i s  i n i t i a l  test  series was t o  

el iminate  t h e  planned d i s c r e t e  helium bubble tests s ince  no burnout would occur 

f o r  t h e  sho r t e r  dura t ion  (2 second maximum baseo on f a c i l i t y  bubble t r a p  

volume) helium bubbles with adjaceiit channel MMH cooling. 

The 

2 

The remainder of t h e  panel tests were concerned w i t h  ..imt;:ating plugged channel 

flow condi t ions.  

tests were c o n h c t e d  with a small helium purge i n  the  center  ckmnel  t o  assure  

no trapped MMH l i qu id  o r  vapors. 

with t h e  i r i t i a l  t e s t  series which u t i l i z e d  a mucl. higher hel ium f lowrate  

indicated no d i f fe rence  i n  burnout l i m i t .  

t r i b u t e s  negl ig ib le  cooling benef i t  a s  predicted from theore t i ca l  ca lcu la t ions .  

A lesser number of tests were conducted with nominal MMH flow i n  t h e  center  

channel which was gradual ly  reduced t o  zero. 

t o  simulate complete upstream plugging of a channel. 

Two primary approaches were u t i l i z e d .  The miljority of t h e  

A comparison of t h e  low helium purge r e s u l t s  

This implies t h a t  t he  helium con- 

Both of these  types of t e s t s  tend 

A s ing le  test  (No. 103) was a l s o  conducted which simulated complete downstream 

plugging with MMH trapped i n  t h a  t e s t  sec t ion .  The center  and outer  flow c i r -  

c u i t s  were coupled upstream o f  t he  t e s t  s ec t ion  t o  s imulate  e f f e c t s  of a common 

i n l e t  manifold as u t i l i z e d  i n  OME chamber designs.  

39 
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E v a l x t i o n  of t h e  plugged channel tests a r e  somewhat more d i f f i c u l t  than 

simple burnout type tests. 
V-ATmB parameter of t h e  MMH flow i n  t h e  outer channels when 
t r a n s i t i o n  t o  f i lm boi l ing  occurred i n  t h e  test sec t ion .  This approach 
allows a somewhat quan t i t a t ive  evaluation of test r e s u l t s  which can be 

applied t o  a chamber design t o  es t imate  sa fe ty  margin with a completely 

plugged channel. 

The approach taken herein was t o  determine t h e  

Not a l l  tests underwent t r a n s i t i o n  t o  f i l m  boi l ing.  Test ing w a s  conducted 
only at nominal heat flux leve ls  corresponding t o  OM€ t h r o a t  and combustor 

design conditions.  

(or  reduced V-ATsuB values) should have been attempted i n  order  t o  obta in  a 
g rea t e r  amount of burnout da ta  with plugged channel operation. 

Hindsight ind ica tes  t h a t ,  perhaps, higher heat  flux l eve l s  

The r e s u l t s  of t h e  plugged channel tests a r e  compared with t h e  nominal channel 

burn-out r e s u l t s  i n  Fig. 17. 

maximum heat f l u x  capab i l i t y  with plugged channel operat ion.  

expected s ince  t h e  heat  input t o  t h e  uncooled center  channel tends t o  concen- 

tra?e i n  t h e  adjacent corners  of t h e  MMH cooled channels r e s u l t i n g  i n  a 
!ocally higher e f f e c t i v e  heat fl-ax l eve l .  

I t  is apparent t h a t  t he re  is a degradation i n  

This is t o  be 

Also included i n  Fig. 17 are t h e  nominal A J G  OME design values a t  var ious 

chamber locat ions.  

f e a s i b l e  operat ion a t  V-ATsuB values less than nominal OME design condi t ions.  

In ac tua l  p rac t i ce ,  however, t h e  V.ATsve value i n  t h e  channels immediately 

adjacent t o  a plugged channel w i l l  decrease due t o  an increased heat  load with 

r e su l t an t  decreased loca l  subcooling. 

V*ATsuB 
channels t o  t h e  cooler adjacent MMH cooled channels. 

attempted i n  t h i s  t a sk .  

I t  should be noted t h a t  t h e  plugged channel da ta  ind ica t e  

The ac tua l  extent  of t h e  reduction i n  

would requi re  ana lys i s  of t h e  heat t r a n s f e r  from t h e  W i n  t hese  

Such an analys is  was not 

41 



A comparison of the data from tests 99 (upstream plugging) 3nd 103 (down- 
stream plugging) indicates no significant difference in the burnout 
correlation for these two conditions. No indication of detonation was 
observed during the test with the downstream plug indicating that the MMH 

was simply boiled out of the center channel. 

In summary, the data of Fig. 17 can be utilized in conjunction with a detailed 
conduction analysis to estimate the reduced safety factor profile resulting 
from a completely plugged channel. 
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CONC LUS I O U  

The initial test series with a symmetrically heated round CRES tube in the 
relocated test facility indicated excellent ieproducibility of previous M4H 
burnout data. 
a significant reduction in M H  burnout capability of about IS to 20 percent. 
Small amounts of helium ingestion ( 2 5 percent by volume) appeared to be 
nearly as detrimental as the larger ingestion flowrates ( 

tested. 

Helium ingestion tests in the same tube test section indicated 

20-30 percent) 

Asymmetrically heated single channel burnout tests simulating combustor con- 
ditions exhibited a marked reduction in the WH burn-out heat flux capability 
compved to the round tube data. 
bility is due to heat concentration in the corners of the channel. 
analytical prediction of this effect appears feasible using a 2-D computer 
conduction mode’ 
tube data. 

This reduction in apparent heat flux capa- 
Adequate 

anjunction with the 1-D :orrelation obtained from round 

The 2-D conduct Dn = 
sections simulating throat coc King conditions (but not geometry). 
may be due to the greater subcooling associated with the short heated length. 
Further analytical effort is required to better understand the short test 
section results. 

x t  appears much less severe in the sh@rt channel test 
This result 

Helium ingestion tests with the single channel test sections indicated neg- 
ligible effect or burn-out heat flux capabilities. It is not clear whether 
the reduced effect of helium ingestion on channels compared to tubes is due 
to geometry or asymmetric heating. 
not appear to be a nroblem in current OME channel design thrust chambers. 

Suffice to say that helium ingestion does 

The asymmetrically heated 3-channel panel tests agreed quite well with single 
channel tests in regard to burnout heat flux capability. 
models are, therefore, a valid means of determining basic 2-D burnout data. 

The single channel 
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The infinite helium bubble and plugged channel tests indicate significant 
cooling is achieved by the adjacent IYMH cooled channels. 
that nominal heat flux levels could be sustained with zero center channel 
flow at V-ATsuB values in the adjacent channels less tha- nominal OM€ 

design values. 
plugged channel requires a detailed conduction analysis (inclcding several 
channels) to determine the coolznt temperature profile (and subcooling) in 
the channel immediate;y adjacent to the plugged channel. No difference 
w 8 s  noted between upstream and downstream plugging tests. 

Testing showed 

Actual feasibility of chamber operation with a completely 
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