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1 . O  SUMMARY 

This r e p o r t  summarizes a ser ies  o f  thermal vacuum t e s t s  conducted 

i n  the NASA-JSC Space Environment S imulat ion Laboratory from ;larch through 

J u l y  1973. The t e s t s  were designed t o  support the  development o f  the Orb i t e r  

Ac t i ve  Thermal Control  System (ATCS) and inc luded t e s t i n g  o f  a wide heat load 

range modular r a d i a t o r  system (MRS) conf igured t o  the  March 1973 OrLi t e r  base- 

1 i n e  system, a candidate weight reducing rad ia to r lwa te r  coo l ing  system, and a 

smal ler r a d i a t o r  system w i t h  a h igh performance r a d i a t o r  coat ing. 

The t e s t  system consisted o f  e i gh t  modular panels arranged i n  var icus 

plumbing con f igura t ions  t o  represent the base1 i n e  and a1 te rna te  systems. The 

in tegra ted  rad ia to r /wa te r  t e s t  inc luded the YRS and a f l a s h  evaporator o r  sub- 

1 imator w i t h  exhaust duct and nozzle t o  reduce water vapor impingement on the 

vehic le .  For the  coat ings t e s t  the MRS panels were coated w i t h  s i l v e r  backed 

Te f lon  attached w i t h  e i g h t  candidate adhesives. 

The t e s t s  v e r i f i e d  the performance o f  the basel ine system and obtained 

de ta i l ed  design in fo rmat ion  f o r  app l i ca t i on  o f  a wide heat load range modular 

r a d i a t o r  system t o  the  Orb i t e r .  The two candidate ATCS weight reducing designs 

have undergone extens ive concept v e r i f i c a t i o n  t e s t i n g  and t h e i r  system opera t i  n j  

cha rac te r i s t i c s  have been determined i n  s u f f i c i e n t  d e t a i l  f o r  app l i ca t i on  t o  t he  

Orb i te r .  Design in fo rmat ion  has been obtained f o r  an i n teg ra ted  rad ia to r lwd te r  

coo l ing  system t h a t  provides f o r  veh i c l e  heat r e j e c t i o n  as we l l  as water management 

o f  the  excess f u e l  c e l l  water. Processing techniques have been developed and 

v e r i f i e d  f o r  t he  app l i ca t i on  o f  a h igh performance thermal con t ro l  coat ing t o  

l a rge  r a d i a t o r  areas subjected t o  a temperature range o f  -280°F t o  +160°F. 



2.0 I NTRODUCT i ON 

The Space Shu t t l e  O r b i t e r  Ac t i ve  Ther~ ia l  Control  System (PTCS) cons is ts  

o f  a coo lant  loop t h a t  f lows t o  var ious l oca t i ons  throughout the veh i c l e  ( F i g u r e  1 )  

absorbing heat through heat exchangers w i t h  sub-loops and removing heat i n  t he  

heat r e j e c t i o n  subsystem. F igure  2 shows a s i m p l i f i e d  schematic o f  the loop i nc l ud ing  

the heat r e j e c t i o n  subsystems used i n  t he  d i f f e r e n t  rnissio3 phases, The sub jec t  

o f  the  t e s t  program discussed here in  i s  the  o n - o r b i t  heat r e j e c t i o n  system which 

cons is ts  o f  a space r a d i a t o r  and expendable water system. 

Although the r a d i a t o r  design coadi t ions,  con f i gu ra t i on  and l o c a t i o n  on 

the Orb i t e r  were n o t  f i r m l y  estab l ished a t  t he  t ime o f  the  t e s t  prggram (March - 
J u l y  l973) ,  i t  was an t i c i pa ted  t h a t  the r a d i a t o r s  would be mounted on the  i n s i d e  

sur face o f  the  cargo bay door and would r e q u i r e  a1 1 o r  a major p o r t i c n  o f  the a v a i l a b l e  

door area. This arrangement prov ides p r o t e c t i o n  dur ing  launch and !.e-entry and f o r  

the  most p a r t  combines the r a d i a t o r  "deployment" and door opening i n t o  one func t ion .  

The forward 30 f e e t  o f  the  door has i grea te r  opening angle  than :he a f t  segment. 

Deployment o f  t h i s  forward segment o f  t +e  r a d i a t o r  away from the  door a l lows  rad ia -  

t i o n  from both sides, increas ing t h e  heat r e j e c t i o n  c a p a b i l i t y .  F i gu re  l a l s o  shows 

a t y p i c a l  c ross-sect ion i l l u s t r a t i n g  t h e  r a d i a t o r  conf igurat ion.  One-half of t he  

radf a t o r  i s  thus one-sided and the  o ther  h a l f  i s  a two-sided r a d i a t o r .  

The Space Shu t t l e  miss ion o b j e c t i v e  o f  d e l i v e r i n g  and r e t u r n i n g  a v a r i e t y  

of payloads t o  and from e a r t h  o r b i t  r e s u l t s  i n  a wide range o f  heat r e j e c t i o n  r equ i r e -  

ments both between missions and w i t h i n  a p a r t i c u l a r  mission. A proposed design t o  

meet t he  wide heat r e j e c t i o n  c r i t e r i o n  cons is ts  o f  a modular r a d i a t o r  system x i t h  

panels added o r  de le ted as requi red.  Each modular panel uses t he  wide heat load 

con t ro l  technique developed by t he  Vought Systems D i v i s i o n  (References 1 and 2 ) .  

The f l o w  passages ( tubes)  on each panel a re  arranged i n  a "U" shaped p a t t e r n  

(F igure 3 )  w i t h  f low c o n t r o l  o r i f i c e s  a t  t he  i n l e t  o f  each tube t o  mainta in  the  pro- 

per f low d i s t r i b u t i o n  among t h e  tubes. The innermost tube i s  designated t he  prime 

tube and i s  plumbed separately f rom the  remaining bank o f  main tubes. A f low c o n t r o l  

va lve regula tes t he  f l ow  s p l i t  between the main and prime tubes t o  mainta in  the  

des i red o u t l e t  temperature. During low load cond i t i ons  t he  m a j o r i t y  of t he  f low 

i s  routed t o  t he  prime tube and the  main tubes begin t o  stagnate dae t o  reduced 

f low. The main tubes sequen t ia l l y  stcgnate (outer-most tube f i r s t )  as the load and 

f low a re  reduced. A t  t he  lowest load, approximately 99% o f  t he  panel f l o w  i s  rou ted  

through t he  prime tube and a l l  bu t  the main tube adjacent t o  the  prime tube may be 

stagnated. T rans i t i on  t o  n igh  heat t .e ject ion cond i t i ons  i s  accomplished by 

sequen t ia l l y  thawing the  tubes i n  the reverse order  o f  s tagnat ion as the  f l o w  c o n t r o l  



valve routes more f l ow  t o  the rr.?in tubes. A t  the h igh  heat r e j e c t i o n  c -qd i t i ons  

t he  m a j o r i t y  o f  the  f l ow  i s  t o  the main tubes, a l l  tubes a re  f l o w i r  ,.. and 

f u l l  heat r e j e c t i o n  c a p a b i l i t y  of the panel i s  achieved. A h igh tl; low heat oad 

r a t i o  o f  86:l f o r  two sided r a d i a t i o n  and 50:l f c r  one sided r a d i a t i o n  have b e m  

demonstrated f o r  these panels (Reference 2 )  . 



3.0 TEST PROGRAM 

Previous tes t i ng  o f  the modular rad ia tor  system (MRS) had evolved from 

the basic element t es t s  described i n  Reference 1 through the s ing le  and twc panel 

tes ts  reported i n  Reference 2. The t e s t  program described herein i s  f i n a l  concept 

v e r i f i c a t i o n  and provides the basis fo r  de ta i led  app l ica t ion  o f  the MRS t o  the 

Orbi ter .  

The National Aeronautics and Space Administrat ion sponsored and j o i n t l y  

conducted w i t h  Vought Systems Div ic ion  a ser ies o f  tes ts  invo lv ing  the tlRS concept 

i n  support o f  development o f  the Orb i te r  Act ive Thermal Control System (ATCS). The 

t e s t  was conducted i n  the NASA-Houston Space Environment Simulation Laboratory 

thermal-vscuum Chamber A from March through Ju ly  1973. The t e s t  was d iv ided i n t o  

three major phases: 

(1 ) ;1RS Tests 

(2)  Integrated RadiatorIExpendable Cooling System Tests 

(3) Improved Radiator Coati ng Tests 

The object ives o f  the f i r s t  phase o f  t es t i ng  were to:  (1 : - ve the MRS 

design concept by demonstrating the panel f l e x i b i l i t y  and "bui ld i  ck" approach 

t o  system design, (2) denonstrate the #RS perfcrmance over the f .  . nge of Orb i te r  

heat loads, environments and f low conf igurat ions, and (3) p rov id t  ~ t a  t o  support 

the Orb i te r  rad ia to r  design/development. Phases 2 and 3 invest igated possib le ATCS 

weight reducing designs inc luding the use o f  excess f u e l  c e l l  water t o  suppl ement 

the rad ia to r  heat r e j e c t i o n  and the use o f  improved rad ia to r  coatings t o  reduce the 

rad ia to r  size. The object ives o f  phase 2 were to:  (1 ) ob ta in  performance data on an 

integrated radiator/evaporator design concept which provides f o r  the Orb i te r  heat 

r e j e c t i o n  and management o f  the excess fue l  c e l l  water and ( 2 )  evaluate the water 

evaporator overboard vent t o  minimize water vapor contamination. The ob jec t ive  of 

phase 3 was t o  evaluate various adhesives f o r  at taching 2 low solar  absorptance/high 

mi t tance coating t o  the panels under thermal -vacuum condi t ions  . 

3.1 Phase 1 - HRS Tests 

This sect ion describes the Modular Radiator System Shut t le  Configuration 

Tests conducted i n  the NASA-Johnson Space Center thermal vacuum fac i  1 i t y  (Chamber A) 

from 5 March 1973, through 23 March 1973. The tes ts  were conducted under the 

supervision o f  the Crew Systems 

1 ' Aerospace Corpora t i on designed, 

D iv is ion  o f  JSC. Vought Systems D iv i s ion  o f  LTV 

manufactured, and instrumented the rad ia to r  panels 



and f low bench used t o  supply the r a d i a t o r  system. The chamber f a c i l i t i e s ,  en- I 

vironment s imulat ion and data gather ing and reduc t ion  were suppl ied by NASA-JSC. 
I 

3.1.1 Test Object ives 

The general t e s t  ob jec t i ves  were: 

1. Provide data whic' w i  11 support d e t a i l  design of the O r b i t e r  r a d i a t o r s  

by de f in ing  performance 1 i m i t a t i o n s  w i t h  environments and f l u i d  temperatures 

cha rac te r i s t i c  o f  O rb i t e r  operat ion. 

2 .  Demonstrate performance o f  e i g h t  modular r a d i a t o r  psnels i n  a v a r i e t y  

o f  se r ies  and para1 1 e l  f l o w  arrangements w i t h  balanced and unbalanced panel environments. 

3. Demonstrate t h a t  a modular r a d i a t o r  system perfmmance range capa- 

b i l i t i e s  s a t i s f y  O r b i t e r  requirements. 

4. Demonstrate general modular r a d i a t w  system cperat ional  capability i n  

a thermal -vacuum environment. 

5. I nves t i ga te  t e s t  performance o f  var ious candi date Orbi t e r  r a d i a t o r  

panel arrangements t o  support a n a l y t i c a l  p red ic t ions  . 
6. Provide data f o r  verification/correlation of math model p red i c t i ons .  

The t e s t  was d iv ided  i n t o  th ree  major groups w i t h  s p e c i f i c  ob jec t i ves  as 

fo l lows:  

GROUP 1 - SIMULATED BASELINE SYSTtM - One-sided Radiators 

o Demonstrat? performance o f  t he  March 1973 Rockwell 

I n te rna t i ona l  Corporat 

u r a t i o n  w i t h  a v a r i e t y  

env i ronmen t s  . 
GROUP 2 - ALTERNATE SYSTEM - TWO-S 

on basel i ne O r b i t e r  conf i g- 

o f  heat loads and thermal 

ded Radiators 

o Demonstrate performance o f  r a d i a t o r  p o r t i o n  of an 

a1 te rna te  rad ia to r -wate r  heat r e j e c t i o n  system. 

o I nvzs t i ga te  r a d i a t o r  system response t o  step changes 

i n  o u t i e t  temperature con t ro l  p o i n t  t o  support the 

Phase 2 t es t i ng .  

GROUP 3 - DESIGN DATA 

o Compare p e r f o m w c e  o f  r ad la  t o r  systems plumbed i n  

var ious a1 t e r n a t i v e  arrangements. 

o Evaluate engineering design adequacy o f  the panels. 

o Evaluate simulated low a/c coat ings. 



o Demonstrate system paral 1 e l  f low stabi 1 i t y  w i  t h  

skewed environments . 
o 3emonstrate system performance during t r a n s i t i o n  

between high and low heat loads (freezing and 

thawing) i n  various paral l e l / s e r i e s  f low arrange- 

ments w i t h  balanced and unbalrnced environments. 

Four basic Orb i te r  conf igurat ions were approximated during the tes t .  The 

four configurations were based on a rad ia to r  design opt imizat ion study which permit ted 

the use o f  water evaporation t o  supplement rad ia to r  heat re jec t i on  when needed. 

The four conf igurat ions and corresponding f low loops are i 1 lus t ra ted  i n  F igcre 4. 

The baseline conf igurat ion (3 )  w i t h  1436 f t 2  o f  e f f e c t i v e  are? can r e j e c t  

the Orbi ter  heat loads without supplemental water evaporation. For each cargo Say 

door, two panels are permanently attached t o  the a f t  door segments and four more panels 

are mounted back-to-back and separately deployed from the forward door segment. The 

12 panels are i d e n t i f i e d  as A through L on Figure 4. 

Configurations 1 and 2 requ i re  supplemental water evaporation t o  s a t i  sfy 

heat re jec t i on  requirements, but  a l l  panels are permanently attached t o  (and supported 

by) cargo bay door segments. Configurations 1 and 2 d i f f e r  only  i n  the deployment 

angle of the forward doors. The e igh t  panels are i d e n t i f i e d  ABCD, GHIF and the en- 

vironments are s im i l a r  t o  those o f  Panels G C D ,  GHIF o f  Configurat ion 3. 

Configurat ion 4 consists o f  f ou r  panel s which are  separately deployed from 

the forward cargo bay door segments. The panels are uninsulated so tha t  they rad ia te  

from both sides. The ana ly t i ca l  t rade study indicated that ,  w i t h  supplemental water 

evaporation, t h i s  concept y ie lded a weight optimum design. The four  panels are 

i den t i f i ed  as M, N, 0 and P since the two-sided conf igurat ion does not  correspond 

to  any panels i n  the other three conf igurat ions. 

3.1.2 Test Descript ion 

The Modular Radiator System (MRs) f o r  t h i s  t e s t  consisted o f  e igh t  

6 ft x 12 f t  f l a t  panels arranged i n  f l ow  patterns s im i l a r  t o  thcse being considered 

for the Orbi ter .  Each panel consists o f  extruded tubes welded t o  0.02 inch aluminum 

sheet on 6.0 inch centers i n  a U-shaped pat te rn  as shown i n  Figure 3. The overlunder 

tube arrangement (Figure 3) provides f o r  completely redundant f low passages, but  on ly  

the "under" passage was used i n  t h i s  t es t .  Thorough thermal vacuum tes t i ng  of two 

o f  the panels has previously been performed (Ref. 2) and a l l  e igh t  panels and the f low 

bench were checked out  i n  the VSD thermal vacuum chamber p r i o r  t o  the Chamber A t es t s  



t o  insure sa t i s f ac to r y  operat ion o f  a l l  equipment and v e r i f y  a i l  operat ional  

procedures. (Reference 3 )  

The e igh t  panels were i n s t a l l e d  on the f l o o r  o f  Chamber A as shown i n  

F igure 5. Numerous remote con t ro l  on-off valves and panel in terconnect ing l i n e s  

i ns i de  the  chamber al lowed f o r  a wide v a r i e t y  o f  se r i es l pa ra l  l e l  f l ow arrangements 

t o  be tes ted  w i thou t  chamber repressur iza t ion  and rep1 umbing . Two d i f f e r e n t  mix ing 

valves were used dur ing t he  t e s t  t o  con t ro l  the prime and main mixed temperature. 

A thermal ly  actuated va lve suppl ied by Pyrodyne was used dur ing some po r t i ons  of 

the t e s t  (mostly dur ing t r ans ien t s ) .  This va lve has a f i x e d  s e t  p o i n t  o f  47-49°F. 

The second va lve was an e l  ectro-mechanical valve and con t ro l  u n i t  o r i g i n a l  l y  

d e s i ~ n e d  f o r  use i n  the Skylab Apo l lo  Telescope Mount (ATM) coolant  loop. The va lve  

con t ro l  u n i t  was modi f ied by VSD t o  prov ide o u t l e t  temperature con t ro l  po in t s  o f  

40°, 50°, and 70". The Skylab requirement f o r  leakage throuqh the 3.TP va lve "c losed" 

s ide  i s  much higher than t h a t  requ i red  f o r  HRS tes t i ng .  Thus, add i t i ona l  r e s t r i c t i o n  

was added manually dur ing var ious phases o f  the  t es t ,  such t h a t  the leak r a t e  was 

reduced t o  approximately 1 % o f  f u l l  f l ow.  

Inst rumentat ion 

A t o t a l  o f  39 f l u i d  temperatures were measured f o r  the  f low system. The 

measurements included prime and main i n l e t  and o u t l e t  temperatures f o r  each panel, 

the  main and prime system i n l e t s ,  two mixed ou t l e t s ,  two mixed prime o u t l e t s  and 

mainlprime mixed o u t l e t .  I n  order  t o  o b t a i n  good accuracy over the  f u l l  range of 

expected temperatures two ranges o f  thermocouples were used f o r  each f 1 u i d  temperature 

measurement. The low range i s  from -300°F t o  -40°F and the  h igh  range i s  -60°F t o  

+200°F. I n  a d d i t i o n  t o  t he  f l u i d  temperatures there  were 37 thermocouples on each of 

the C panels fo r  d e t a i l e d  evaluat ion o f  i n d i v i d u a l  panel performance. 

A t o t a l  o f  11 f l o w  measurements were made, i nc l ud ing  t o t a l  system, main 

system, prime system, and 4 panel o r  p a r a l l e l  l e g  f lows i n  both the  prime and main 

system. This flowmeter arrangement ( t o t a l  f l o w  p lus  f l o w  i n  each l eg )  i s  such t h a t  

w i t h  the l o s s  o f  any one flowmeter a l l  f l ows  a re  s t i l l  knowr~. The main and prime system 

and panel flows were measured w i t h  3 d i f f e r e n t  ranges o f  flowmeters t o  improve the 

accuracy over the  r e l a t i v e l y  wide range of expected f lows (0-2200 l b / h r ) .  I n  a d d i t i o n  

t o  the f low measurements the  pressure drop o f  each panel was measured w i t h  a pressure 

transducer. 

Numerous o ther  temperature, f low and pressure measurements were taken t o  

monitor the t e s t  equipment and chamber f a c i  1 i t i e s .  



Environment Simulation 

The environment was simulated by a temperature contro l  led panel located 

immediately below the rad ia to r  panels as indicated i n  the sketch o f  Figure 6. A 

freon li loop and a l i q u i d  n i t rogen loop flowing i n  separate tubes were used t o  

contro l  the panel temperatures. The rad ia to r  panel absorbed heat was based on the 

simulator and rad ia to r  temperatures inc luding the effect o f  re f1  ected energy. 

The top side o f  the rad ia tor  panels were insulated f o r  the one-sided tes ts  

so tha t  the chamber LN2 co ld  wa l ls  were no t  required. For tho two-sided tes ts  a 

simulated cargo bay door replaced the top s ide i nsu la t i on  and the chamber co ld  wa l ls  

used. 

Test Configurations 

During the f i r s t  week the panels were insulated on one s ide and two flow 

loop arrangements tested t o  inves t iga te  the performance o f  segments of conf iqurat ions 

1, 2 and 3. Flow loop a (Figure 7)  i s  used t o  simul3te the two panels on one cargo 

bay door f o r  cmf igura t ions  1 and 2; a l l  of the panels o f  conf igura t ion  2 w i t h  a low 

a/€ coating; and 1/4 o f  the upward fac ing  panels combined w i t h  a l l  o f  the downward 

fac ing panels o f  conf igurat ion 3. 

F l w  loop 6 (Figure 8) simulates the p a r a l l e l  t o  ser ies f low setup of the 

baseline system f o r  one cargo bay door. One half  o f  he upward panel area and a l l  

of the downward fac ing area a re  simulated f o r  t h i s  t e s t  arrangement. Since the f low 

loop of Figure 7 simulates a l l  upward fac ing  panels o f  conf igurat ion 3, the o u t l e t  

temperature a t  p o i n t  X ( a f t e r  one h a l f  o f  the upward fac ing panels) i s  used a t  the i n l e t  

temperature for  corresponding condit ions w i t h  f low loop B (Figure 8).  The temperature 

a t  p o i n t  Y (af ter 3/4 of the upwarc fac ing panels) i s  used as the i n l e t  temperature 

f o r  corresponding condit ions w i t h  the arrangement o f  Figure 9 which simulates the 

o b t l e t  leg  o f  both cargo bay doors. 

The second week o f  t es t i ng  invest igated three more f low loops (Figures 10, 

11 and 12) t o  demonstrate v e r s a t i l i t y  o f  f low arrangements, the e f f e c t  o f  panel i so-  

la t ion ,  panel shadowing, and l i m i t a t i o n s  on performance. Freeze-thaw charac ter is t i cs  

of panels connected i n  various para1 l e l / s e r i e s  f low arrangements were a1 so obtained 

during these tests. 

For the t h i r d  week o f  t es t i ng  the i nsu la t i on  was configured t o  simulate 

the cargo bay door and the performance o f  c o n f i ~ u r a t i o , ~  4, (two-sided rad ia t i on )  

invest igated w i t h  flow loop y (Figure 10). This f low lcop simulates the rad ia to rs  

on both sides o f  the forward 30 ft. o f  the cargo bay and represents the f u l l  r a d i a t o r  

s y s t m  wher: txpendable water i s  used t o  supplement the rad ia to r  heat re jec t i on .  



3.1.3 Test Results 

The sixty-four t es t  points run during the three-week t es t  series have 

been divided i n to  three major groups as follows: 

GROUP 1 - 

GROUP 2 - 

GROUP 3 - 

SIMULATED BASELINE SYSTEM 

o Nominal f3 = 78" envirorment 

o Skewed environments 

o Cold soak and recovery 

TWO-SIDED RADIATOR SYSTEM 

o Nominal f3 = 78" environment 

o B = 0° environment 

o Cold soak and recovery 

DESIGN DATA 

o Low a le  coating simulation 

o Response t o  set po in t  changes 

o A1 t e r m  t i v e  plumbing arrangements 

o Heat load transients 

Each major group has been fur ther  subdivided t o  include t es t  points which together 

form the baseline system o r  are d i r ec t l y  comparable t o  each other. 

Simulated Baseline Tests 

Table 1 shows the t es t  data heat re jec t ion f o r  the Group 1 simulated base- 

l i n e  system. For those t es t  points which simulate ha l f  o f  the system the average heat 

re jec t ion over the o r b i t  i s  doubled t o  get  the system heat re ject ion.  It i s  assumed 

tha t  as one side o f  the system i s  a t  the maximum heat re jec t ion the other side i s  a t  

the minimum so tha t  the o rb i t a l  average o f  one side i s  approximately the same as the 

t o t a l  system. Table 1 indicates tha t  t es t  groups 1.1 through 1 . 5  do not r e j ec t  the 

desired heat loads. The dif ference i n  heat rejected and heat load f o r  t es t  groups 

1.6 and 1.7 i s  due t o  the ou t l e t  temperature control point  and s l i g h t  differences 
between the main and prime system f low s p l i t s  between the t es t  segments. The fact 



that  tes t  groups 1.1 through 1.5 do not re jec t  the heat load i s  a t t r ibuted to  two 

reasons. F i rs t ,  although the to ta l  tes t  area agrees wi th  the baseline area, the 

d is t r ibu t ion  between the top panels and the cavi ty panels i s  d i f fe rent .  Second, 
the t es t  environments are generally higher than desired resu l t ing i n  a lower heat 

reject ion. 
The t es t  and baseline areas are: 

TEST - BASELINE 

Top Panels 1152 1030 

Cavity Panels 288 41 0 

TOTAL 1440 f t 2  1440 ft2 

The baseline heat re jec t ion can be estimated by adjusting the t es t  heat re jec t ion 

on the top panels and cav i t ies  by the differences i n  areas. Table 2 presents the 

resu l ts  of t h i s  analysis f o r  tes t  groups 1 .l, 1.2 and 1.5. The extrapolated resu l ts  
are close t o  the desired heat re jec t ion f o r  t es t  groups 1.1 and 1.2 ind icat ing tha t  

w i th  lower environments the heat load could be met. The resu l ts  o f  t es t  group 1.5 

indicate tha t  the baseline system as tested w i l l  not r e j ec t  the system heat load wi th  

the Y;,: i n  cavi ty orientat ion. A f low reversal valve which routes the f low through 

the hot cavi ty panels f i r s t  then t o  the top panels o r  a f low porportioning valve t o  

route the flow t o  the cold cav i ty  would improve heat re jec t ion  f o r  t h i s  orientat ion. 

The low heat re jec t ion f o r  t e s t  groups 1.3 and 1.4 i s  a t t r ibuted t o  higher 

than desired environments. For example, the comparison o f  t es t  points 5 and 8 shown 

i n  Figure 13 indicates tha t  the high environment on panels 1, 3, 5 and 7, t e s t  po in t  
8, cat1.& the i n l e t  t o  the cavi ty panels (panels 8 and 6) to  be the same f o r  both 

tt ; points and resulted i n  the same ou t l e t  temperatures. 

Test groups 2.1 through 2.4 examined the performance o f  the radiator  port ion 

of the ana ly t ica l ly  determined weight optimum radiatorlwater heat re jec t ion system. 

Table 3 swm~r izes  the t es t  resu l ts  of these t es t  groups. Test po in t  22 examined the 

radiator  performance i n  the expected design o rb i t .  The resu l ts  indicate a maximum 

avaporation heat load o f  17,864 BTUIhr which i s  close t o  the nominal 16 1 b/hr rate. 

I t  should also be noted tha t  the maximum heat re jec t ion occurred during TP-27 which 

represents a sun i n  cavi ty orientat ion. This i s  i n  d i r ec t  contrast t o  the baseline 

system which indicated tha t  the sun i n  cavi ty o r b i t  i s  the worst case condition. 



Test group 2.4 examined the a l te rna te  systm performance i n  simulated 

O0 i n c l i n a t i o n  o rb i t s .  T h s e  o r b i t s  have been a n a l y t i c a l l y  shown t o  be not as severe 

as the 78' i n c l i n a t i o n  o r b i t s  tested i n  t e s t  group 2.1. A comparison o f  the r e s u l t s  

ve r i f i es  tha t  less water evaporation i s  required. However, the peak o u t l e t  temperature 
occurs during TP-61 ind ica t ing  tha t  the maximum instantaneous water evaporation r a t e  

i s  during t h i s  o r b i t .  This i s  important i n  s i z i ng  the evaporation system. The t e s t  

data ind icates a maximum water evaporation device heat load o f  19,048 BTUIhr. An 

examination o f  the t rans ien t  t e s t  environments t o  insure t h a t  they are representat ive 

of the o r b i t  and an ana ly t i ca l  v e r i f i c a t i o n  o f  the r e s u l t s  i s  requi red before a 

de f i n i t e  design c r i t e r i a  i s  established. The maximum and minimum t e s t  environments 

were lower than requested (a maximum dev ia t ion  o f  5.0 BTU/hr) i nd i ca t i ng  t h a t  the 
actual peak o u t l e t  temperature could be higher than the t e s t  data. 

Groups 2.5 through 2.8 are included i n  the two-sided rad ia t i on  t e s t  sub- 
group, a1 though these tes ts  were p r imar i l y  intended t o  t e s t  systen- out1 e t  temperature 

se t  p o i n t  change response. Table 4 s u n a r i z e s  the t e s t  r e s u l t s  o f  t e s t  groups 

2.5 through 2.8. Figure 14 shows a t yp i ca l  t rans ien t  heat r e j e c t i o n  r e s u l t i n g  from 

the  change i n  se t  p o i n t  temperature. As indicated the changes i n  r a d i a t o r  heat re-  

j e c t i o n  are accomplished i n  f i v e  minutes or less, i nd i ca t i ng  t h a t  the water evaporation 

device t o  be used w i t h  the rad ia to r  system should have a f a s t  response time. 
The maximum observed change i n  heat load was from approximately 45,000 t o  

70,000 BTU/hr (Test Points 53-54 and 56-59). This 25,000 BTU/hr change under the 

maximum load condit ions i s  above the an t ic ipa ted  change i n  load when the excess fuel 
c e l l  water i s  used t o  top o f f  the  rad ia to r  system (10,000 - 16,000 BTUIhr). Test 

p o i n t  52 had a lower than desired heat r e j e c t i o n  because the simulated heat load was 
low due t o  l i m i t e d  t e s t  equipment heater power f o r  the prime system. 

There were no observed f low i n s t a b i l i t i e s  due t o  the  rap id  changes i n  flow 
ra tes  f o r  the co ld  and skewed environments. 

A1 te rna t ive  Plumbing Arrangements 

A comparison o f  the heat r e j e c t i o n  per u n i t  area (Q/A) i s  shown i n  Figure 15 
f o r  panels plumbed i n  4, 5 and 8 p a r a l l c l  paths. This data ind icates t h a t  w i t h  equal 

panel i n l e t / o u t l e t  temperatures (TP-32, 33 and 15) ,  the O/A v a r i a t i o n  i s  51.0 t o  
55.4 ~ ~ ~ l h r - f t * .  TP-46 has a Q/A o f  62.5 ~ ~ ~ / h r - f t ~ ,  bu t  a lso  has a higher o u t l e t  

temperature ind ica t ing  a higher average rad ia t i ng  temperature. Therefore, a d i r e c t  

comparison between TP-46, and TP-32, 33 and 45 cannot be made. It i s  concluded t h a t  

changing the panel plumbing from 4 t o  8 p a r a l l e l  paths r e s u l t s  i n  approximately an 
8 percent decrease i n  heat r e j e c t i o n  capab i l i t y .  This agrees w i t h  previous ana ly t i ca l  

studies (pre-test predic t ions which were made f o r  an i n l e t  temperature o f  l l l ° F  instead 

o f  165OF). 



The e f fec t  of d i f f e r e n t  plumbing conf igurat ions f o r  the cav i ty  panels 

o f  the base1 ine system i s  shown i n  Figure 16. TP-48 and 49 indicate no d i f fe rence 

i n  system performance. The d i f ference between TP-20 and TP-48 and 49 i s  a t t r i b u t e d  

t o  differences i n  environments. The t e s t  resu l t s  again ind ica te  t h a t  the plumbing 
arrangement does not a f f e c t  the system performance. 

Heat Load Transients 

A t o t a l  o f  6 heat load t ransients w i th  f i v e  d i f f e r e n t  f l ow  configurations 

were conducted (Test Groups 3.4 and 3.5). A summary of t he  heat load t rans ient  t e s t  

points i s  shown on Table 5. Minimum-maximum-minimum and maximum-minimum-maximum heat 

load t ransients were tested w i t h  d i f f e r e n t  environments on para1 1 e l  panels . A maximum 

of f i v e  p a r a l l e l  panels w i th  a hot  environment on one panel and cold environment on 
the other fou r  have been tested. A1 1 f low arrangements operated s a t i  s fac to r i  1 y , w i t h  

no observed f low i n s t a b i l  i t ies .  

Simulated Low a/€ Coatings 

The low U/C coating performance was simulated by reducing the absorbed heats 

t o  the a n a l y t i c a l l y  determined values and r a t i o i n g  the t e s t  panel areas by the r a t i o  

of emiss iv i t ies  (cwhite paint/cdesired = .9/.76). Table 6 summarizes the  r e s u l t s  of 

t h i s  group o f  t es ts  and the t e s t  panel and simulated areas. 

3.1.4 Data Corre lat ion 

Accurate predict ions o f  the Orb i te r  rad ia to r  system performance i s  of 

prime importance i n  the  design and development o f  t h i s  heat r e j e c t i o n  system. The 

proposed loca t ion  o f  the  rad ia tors  attached t o  and/or deployed from the cargo bay 
doors introduces many design varf  ables such as rad ia t i on  from one side only, two- 

sided rad ia t i on  o r  back-to-back panels. The worst case o r b i t  and vehic le a t t i t u d e  

must be determined a n a l y t i c a l l y  f o r  each o f  these conf igurat ions t o  optimize the 

rad ia to r  design. The use o f  f low reversal o r  f low proport ioning valves introduces 

more variables which must be considered. An accurate model i s  needed t o  parametr ica l ly  

study a l l  design variables and insure optimum rad ia tor  performance. 

The uniqueness of the modular panel concept, the  valve stagnation method 
of heat load contro l  and the large s ize  o f  the rad ia to r  system present several modeling 

c r i t e r i a  not encountered i n  previous rad ia to r  systems. The mu1 t i -panel  conf igurat ion 

proposed for use on the Shut t le  requires t h a t  the model p red ic t  i n te rac t i on  between 

the panels; thus, d i c ta t i ng  a separate model f o r  each panel. I n  order t o  maintain 

s i m i l a r i t y  between the  models, accurate predict ions are  required over a wide range of 
i n l e t  t s p e r a t u r e s  i n  add i t ion  t o  the usual environment and f low var iat ions.  The 

downstream panel performance predict ions must be as good as the upstream panel pre- 



d ic t i ons  and the ind iv idua l  panel errors must not accumulate t o  compromise the 

t o t a l  rad ia tor  system performance. 

The developmental tes t ing  o f  the MRS provides approximately 300 hours 

of thermal vacuum t e s t  data f o r  thermal model cor re la t ion .  The t e s t  panels are of 
a d i f ferent  s ize  (6 '  x 12 ' )  than the ant ic ipated baseline panels (approximately 

11 ' x 15')  and the baseline panels w i l l  probably have a d i f f e r e n t  number o f  tubes, 

tube spacing and f i n  thickness. However, the modeling techniques developed from the 

t e s t  parel cor re la t ion  analyses can be used f o r  the baseline system model, thus 

improving the confidence o f  basel i ne  system performance predict ions . 
Model Descript ion 
The primary ob jec t ive  o f  the thermal model i s  t o  provide a too l  f o r  

performance predict ions o f  the rad ia to r  system under the design condit ions o f  maximum 

and minimum heat re jec t ion .  The maximum heat r e j e c t i o n  capab i l i t y  must be i n  the 

most severe environment and the minimum heat r e j e c t i o n  must be i n  the most favorable 

environment f o r  heat re jec t ion .  Predict ions o f  intermediate heat loads and environ- 
ments are desirable, bu t  are o f  secondary importance. 

These model object ives and the system operat ing charac ter is t i cs  have been 

used as the basis f o r  the  construct ion o f  the thermal model. A s ing le  tube i s  used 

t o  model the bank o f  eleven main tubes as depicted i n  Figure 17. The s ing le  tube 

f lu fd- to- tube hea5 t rans fer  and pressure drop charac ter is t i cs  are based on tube 

number 6 o f  the main system w i th  a fac to r  o f  11 appl ied so t h a t  the t o t a l  area for  

heat t rans fer  between the f l u i d  and tube i n  the model matches the main bank of tubes. 

The model includes the  prime tube f o r  low load operation when the ma jo r i t y  of the 

flow i s  i n  the prime system. 

During the t h i r d  week of t es t i ng  the rad ia tors  were allowed t o  rad ia te  

from both sides w i t h  a simulated Shut t le  cargo bay door on one side (see Figure 6). 

The t e s t  conf igurat ion was designed t o  y i e l d  an e f f e c t i v e  rad ia t i on  area from the 

cavity,  fcrmed by the panel and simulated door o f  0.67 times the panel area. This 

factor i s  based on analysis o f  the  Shut t le  conf igurat ion considering r e f l e c t i o n  be- 

tween the curved rad ia to r  and door. The thermal model a lso used t h i s  factor .  Veri- 

f i c a t i o n  of the model under the t e s t  condit ions does no t  v e r i f y  the model f o r  f l i g h t  

use because the t e s t  conf igurat ion i s  based on analysis only. 

Corre lat ion Analyses 

Pretest analyses were conducted f o r  the o r i g i n a l l y  planned 56 t e s t  points. 

This data was used f o r  rea l  time evaluat ion o f  the t e s t  condit ions and resu l t s  during 

the tes t .  For most o f  the t e s t  points, deviat ions from the planned t e s t  flow rates,  

i n l e t  temperatures and environments prevent the use o f  the pre- tes t  analysis fo r  



co r re la t i on  purposes. Table 3 shows a comparison o f  t e s t  r e s u l t s  and predic t ions 

for  several t e s t  points  f o r  which the t e s t  condit ions were c lose t o  those planned. 

As indicated, the model predic t ions agree we l l  w i th  the data w i th  d i f ferences 

a t t r i b u t e d  t o  d i f f e r e n t  t e s t  condit ions. 

The t e s t  points  used f o r  post t e s t  co r re la t i on  were chosen t o  g ive 
comparisons over a wide range o f  operating condit ions. It i s  no t  p rac t i ca l  t o  run 

the e n t i r e  t e s t  sequence; however, proper se lec t ion  o f  the t e s t  points  f o r  corre la-  

t i o n  w i l l  y i e l d  a model o f  known accuracy f o r  any an t ic ipa ted  operat ing condit ion. 

The most important operat ing cond i t ion  i s  a t  the maximum heat load and maximum 

design environment. Accurate performance p red i c t  ions f o r  t h i s  cond i t ion  are re -  

quired t o  insure t h a t  the rad ia to r  system capacity i s  s u f f i c i e n t  t o  meet the load. 

A h igh heat load w i t h  a co ld  environment cond i t ion  i s  best t o  determine model adequacy 

and h i g h l i g h t  possible sources o f  e r ro r .  Table 7 l i s t s  the t e s t  po in ts  chosen fo r  

co r re la t i on  and the range oi  var iables covered. As indicated low and high heat loads, 

low and h igh environments, skewed environments, var ious plumbing conf igurat ions, 

and one and two sided r a d i a t i o n  condit ions are considered i n  the co r re la t i on  analyses. 

The co r re la t i on  analysis concentrated on steady s ta te  performance predi  c- 
t ions.  Transient predic t ions have been made f o r  the two-sided rad ia t i on  se t  p o i n t  

change t e s t  po in ts  t o  show the e f f e c t  o f  t r ans ien t  i n i c t  temperatures and panel f low 

rates. No co r re la t i on  was done f o r  the t rans ien t  environment t e s t  po in ts  because 

only  steady s t a t e  environment data i s  ava i l ab le  a t  t h i s  time. Recovery t rans ien ts  

(minimum-maximum) heat load t rans ien ts  were a lso no t  cor re la ted  since the model 

does not  p red i c t  tube freezing. 

Resul t s  

Figures 18 through 22 present representat ive temperature maps compari ng 
the  co r re la t i cn  analys is  and the t e s t  data f o r  each o f  the f i v e  major condit ions 

chosen for  corre lat ion.  Tables 8 through 12 shows the comparison o f  heat r e i e c t i o n  

computed from the model predic t ions and t e s t  data corresponding t o  the temperature 

maps. 

The model p red ic t ions  show exce l len t  agreement w i t h  the t e s t  data f o r  the 

maximum design condit ions o f  high load and hot  environment. Predic t ions under minimum 

design condit ions of low load-cold environments i nd i ca te  good agreement w i t h  the 

measured data, but  evaluat ion o f  low load pred ic t ions  should consider the p o s s i b i l i t y  

o f  para1 l e l  f low i n s t a b i l  i t i e s  due t o  main system f reezing . Performance pred ic t ions  

under intermediate condi t ions i n  which the ma jo r i t y  o f  the f low i s  no t  i n  e i t h e r  the 

main or  prime system are adequate a1 though model improvements i n  t h i s  area may be 



- - 

desired. The primary modeling object ive o f  providing an ana l y t i c a l  technique 

fo r  performance predict ions o f  a mu1 t i -panel rad ia to r  system under the design 

condit ions has been met. 

A survey o f  the predicted and measured pressure drops ( t yp i ca l  resu l t s  

a re  a lso shown on the  temperature maps o f  Figures 18 through 22) indicates good 

co r re la t i on  w i th  the exception o f  Panel 1. This panel had a d i f f e ren t  tube r e s t r  

design than the other panels and i s  not  included i n  the pressure drop co r re la t i on  

analysis. The predicted pressure drops f o r  those points which the model p red ic ts  

main system freeze-up are i n  considerable e r ro r  as expected. 

3.2 Phase 2 - Inteqrated Radiator Expendable Cooling System Tests 

The concept o f  using both rad ia tors  and expendable cool ing t o  provide 
a minimum weight ATCS derived from a study performed by VSD f o r  the Crew Systems 

i c t o r  

a 

D iv i s ion  (CSD) o f  JSC. This study explored the p o s s i b i l i t y  t h a t  by adding expendable 

cool ing t o  the rad ia to r  system, the reduct ion i n  required rad ia to r  area would provide 
a decrease i n  overa l l  weight which would more than o f f s e t  the extra weight o f  the 

expendable cool ing d w i c e .  The resu l t s  o f  the study indicated tha t  t h i s  in tegrated 

system concept d i d  provide a smaller launch weight fo r  the Orbi ter .  

The at t ract iveness o f  expendable cool ing i s  due to the substant ial  amount 

o f  excess water t h a t  i s  produced by the fue l  c e l l s .  This excess water must be expel 1 ed 

from the veh ic le  to reduce the launch weight o f  the storage tankage, but  i f  i t  i s  

expelled through an expendable cool ing device such as a f l a s h  evaporator, the  rad ia to r  
area requirement i s  lessened. 

Thus, the integrated V C S  involves launch w i t h  su f f i c i en t  water t o  a s s i s t  

a "unrrl ler" rad ia to r  during the peak load per iod ear ly  i n  the mission, followed by 

use of the expendable device i n  a "water management" mode t o  maintain onboard water 

a t  an optimum leve l  t o  accomnodate peak loads toward the end o f  the mission. 

3.2.1 Test Objectives 

The key object ives o f  the integrated system t e s t  can be sumrnari zed 

as f i l l o w s :  

o System v e r i f i c a t i o n  and s e n s i t i v i t y  

o Component performance data gathering 
o Plume d e f i n i t i o n  and nozzle v e r i f i c a t i o n  

o Mechanical, manufacturing s u i t a b i l i t y  



Since i t  has been demonstrated analy t ica l ly  that  a weight savings 

could r esu l t  from an integrated concept, i t  was desired t o  t es t  the su i t ab i l i t y ,  
sens i t iv i ty ,  and l i m i t s  o f  the control system designed t o  "al locate" heat re jec t ion 

between the radiator  and the expendable device while maintaining desired water 

levels. To t h i s  end, a l i m i t  condition series o f  tests were run t o  attempt t o  deplete 

and o v e r f i l l  the tank and t o  cause the control system t o  chatter. Also, typ ica l  

mission p ro f i l es  were run t o  gather response data on o rb i t a l  transient si tuations. 
The comparison o f  the f l ash  evaporator and the sublimator as potent ia l  

candidates f o r  select ion as Shutt le f l i g h t  hardware was another major object ive of 

the test .  

The supersonic nozzl es on each expendabl e cool i ng device are i ntended 

t o  d i r ec t  the e f f luent  vapor plume away from the Shutt le i n  such a way that  the vapor 
does not scatter back onto surfaces that  might be contaminated. Nozzles were de- 

signed t o  minimize t h i s  backscatter, and the chamber was instrumented to  measure 

the extent o f  the vapor plume. The actual p l u m  de f i n i t i on  and nozzle effectiveness 

was determined from subsequent nozzle component tests. However, the nozzles were 

included i n  the Integrated System Tests t o  ve r i f y  system operation. 

The general mechanical and manufacturing s u i t a b i l i t y  o f  the various 

components of the ATCS was also an object ive o f  the test ing. This also includes 

ver i f ica t ion o f  procedures such as startup and shutdown o f  devices and stagnation and 
destagnation o f  radiator  panels . 
3.2.2 Test Description 

Figure 23 i s  a s impl i f ied schematic o f  the integrated ATCS. The system i s  

made up of the f o l  lowing components. 

o Modular Radiator System 

o Expendable Cooling Device w i th  Nozzle 

o Water Storage System 

The radiator  system used i n  t h i s  phase o f  the tes t  was the previously 

described MRS. The eight  panels were arranged t o  represent configurat ion 4 (Figure 13) 

wi th  rad ia t ion from both sides including the simulated cargo bay door. 

Two d i f fe ren t  expendable cooling devices were used: a f lash evaporator (FE) 

and a sub1 imator. 

The f lash  evaporator i s  a heat transfer device i n  which water evaporates 

i n  contact w i th  the inside surface o f  a heat exchanger while Freon c i rculates on the 



outside surface. Figure 24 i s  a cutaway drawing o f  the device tha t  was used ,'or 

integrared tes t ing .  

The water i s  sprayed i n t o  the chamber on comnand from a sensing thermo- 

couple located adjacent t o  one o f  the freon tubes. For t h i s  tes t ,  the cont ro l  tem- 

perature was 40°F, which caused water spray (and heat re jec t i on )  whenever the Freon 

temperature was greater than 40°F. The spraying nozzle i s  designed t o  f low 16 1 b/hr  

f o r  a f u l l  open evaporant valve, and f o r  heat loads less than 16,000 BTUIhr, the 

ac t fon  o f  the thermocouple causes a rap id  pulsat ion a f  spray. Only a t  a 70°F o r  

greater i n l e t  f reon temperature w i l l  the FE spray water continuously a t  16 l b l h r .  

The sublimator i s  a device which depends f o r  operat ion on the formation 
of an i c e  l aye r  between the feedwater supply and the chamber vacuum. With the 

add i t ion  o f  heat from the Freon system, the i c e  layer  i s  continuousiy sublimated t o  

space wh i le  new i c e  i s  formed beneath. The ac t i on  o f  the ;ce layer  i s  such tha t  

"automatic" water demand i s  created i n  propor t ion t o  the heat re jected.  

The sublimator package was designed t o  reduce Freon temperature from 

a maximum of 70°F t o  40°F, a t  high load condit ions. For i n l e t  temperatures above 
70°F, i c e  i s  sublimated fas te r  than i t  can be formed, a cond i t ion  which w i l l  eventual ly  

, 
I 

lead t o  a "breakthrough," i n  which water i s  b o i l i n g  i n t o  the vacuum. When t h i s  occurs, 
I 

the heat load must be removed and a "dryout" period commenced, fol lowed by the re-  , 
establishment o f  the i c e  layer .  I 

i 
Each expendable cool ing device was f i t t e d  w i t h  a s i x - foo t  duct w i t h  two 

45' bends t o  simulate a t yp i ca l  rou t i ng  problem aboard the Orbi ter .  I n  addi t ion,  a ! 

supersonic nozzle was mated t o  each duct i n  order t o  assess the degree of backscatter 

onto the o r b i t e r  surface. The nozzles were designed by personnel o f  the Propulsion 

and Power D iv i s ion  (PPD) o f  JSC, and these PPD engineers a lso had primary responsibi-  

l i t y  for  de f in ing  the vapor plume v i a  p a r t i c l e  counters located a t  various po in ts  i n  
the chamber. 

Both ducts and both nozzles were heated t o  prevent i c e  buildup. The 

ducts were heated by rou t ing  Freon f l ow  around them, as shown i n  Figure 25. The 
nozzles were f i t t e d  w i t h  e l e c t r i c a l  heaters. Figure 25 a lso shows a comparison of 
the  s ize  requirements o f  t ke  two nozzles. The d i f fe rence i n  s ize  between sub1 imator 

and FE ducts i s  due t o  the d i f f e r e n t  pressure ranges required f o r  operat ion of these 

devices . 
The water storage system cont ro ls  the amount o f  water stored by sensing 

the current  l eve l  i n  the water L n k  and modifying the MRS set  p o i n t  temperature, 
which i n  t u r n  modif ies the water demanded by the FE or  sublimator. The purpose of 
t h i s  arrangement i s  t o  e f f i c i e n t l y  manage the excess fue l  c e l l  water by using i t  as 



a heat sink i n  an opt imal ly  welght-ef fect ive manner. Use o f  t h i s  water provides a 

reduct ion i n  the rad ia to r  area requirements. 

I n  e f fec t ,  a t  peak heat r e j e c t i o n  loatis, both rad ia to r  and evaporative 

heat sink are  needed to r e j e c t  the load, and the system design po in t  i s  t o  provide 

j u s t  enough rad ia to r  area such t h a t  a t  the worst environmental extreme, the peak 

load can be rejected. A t  lower loads, the evaporative device i s  used t o  maintain 

tank water leve l  between 85 and 95% f u l l ,  and the IrFS i s  used as required. 

The i n te rac t i on  between MRS and evaporative device i s  provided by the 

tank quant i ty  meter and i t s  e f fec t  on set  po in t .  As \I;; example of t h i s  'n te rac t io r~ ,  

i f  the tank i s  only  85% f u l l ,  the rad ia tors  a re  asked t o  provid: a low (40") set  

point,  which, i n  turn, causes the evaporative device t o  t u r n  o f f  ( i  .e. , use no water). 

Thus the tank begins t o  f i l l .  Conversely, if the tank i s  a t  i t s  high-water mark, a 

high MRS se t  p o i n t  i s  s ignal led and water i s  used by the evaporator, thus r e j e c t i n g  

heat and lowering the tank l eve l .  

The water tank wa,; f i l l e d  w i t h  a f u e l  c e l l  s imulator which simulated 

fuel c e l l  water flow consistent w i t h  an t ic ipa ted  veh ic le  heat loads. 

3.2.3 Test Results I 

This sect ion sumnarizes the t e s t  data i n  terms o f  the key object ives of 

the t e s t  program. For purposes o f  discussion, these r e s u l t s  a re  grouped t o  inc lude I 

(1 ) modular rad ia to r  performance, (2) evaporator performance and respcnse ( inc lud ing  I I 
nozzle heating tests) ,  (3) sub1 imator performance and response ( inc luding nozzle 

h e a t i w  tests) ,  (4) nozzle performance, and (5) system-wide aspects of performance, ! 

inc luding i n te rac t i on  between MRS. expendable cool i ng device, and water management 

sys ten. 
Modular Radiator Sys tm 

The MRS performance i s  evaluated by observation o f  the f o l  lowing parameters; 

(1 ) steady s%te heat r e j e c t i o n  and (2 )  r ap id  response t o  change i n  o u t l e t  temperature 
se t  point .  Both of these a t t r i  butes were demonstrated i n  the MRS test ing,  and were 
reve r i f i ed  i n  these tests. 

Table 13 i s  a d isp lay  o f  heat r e j e c t i o n  by the rad ia to r  main and bnnk 
c i r c u i t s  for  each t e s t  point .  The t o t a l  rad ia to r  heat r e j e c t i o n  can be seen t o  be 
adjustable between essen t i a l l y  zero and 67,500 BTU/hr f o r  t o t a l  Freon flow ra tes  of 

2200 lb /h r .  The a b i l i t y  o f  the MRS t o  r e j e c t  t yp i ca l  s h u t t l e  heat loads was demon- 

s t ra ted  again as i t  had been i n  previous tes t ing .  

The quick resp~nse  t o  se t  p o i n t  changes can be seen i n  Figure 26 fw 
several t e s t  points.  No more than a three minute delay was observed between a se t  



point  change and the establ ishrnent of the desired out1 e t  temperature. 

Flash Evaporator 

The performance of  the FE i s  sumnarized i n  Figures 27 and 28. F i y - ?  27 

shows the i n l e t  temperature t o  the evaporator (downstream o f  the d u i t )  and tl? ou t l e t  

temperature. This data indicates that the FE provides adequate ou t le t  temperature 

control for sudden changes i n  i n l e t  temperature from 40 t o  50°F, 50 to  70°F, 70 t o  53' 
and 50 to  40°F as well as f o r  rapid cycles between 40 and 50°F (day 121, 1500 to  

1700 hrs.). The calculated heat re jec t ion v r u s s  the FF i s  shown i n  Figure 28. 

This data demonstrates the a b i l i t y  o f  the FE to  ,~pp ly  anv heat re jec t ion between 

0 and the design value a f  16,000 BTUlhr. 

Estimates of f lash evaporator effeciency were made throughout the t es t  by 

comparing the rejected heat t o  the amount ~f water consumed. The parameter hfg re-  

presents the r a t i o  o f  these two quanti t ies, and f o r  perfect  e f f ic iency would equal 

the la ten t  heat o f  vaporization o f  water. Typical average hfg valses are shown 

below, for one-hour periods o f  r e l a t i ve l y  stab1 e t es t  conditions: 

From To Rejected ChangeIn Fuel Cel l  Calc. hfg 
Heat (BTU) Tank Level ( l b )  Hz0 ( l o )  Usage ( l b )  (Bfl l/ l  b) 

The FE was shown to be operating w i th  i t s  normal e f f ic iency for the 
major i ty  o f  the test.  

Figure 29 i s  a composite p l o t  o f  pressure and temperature data taken 

during the nozzle and duct heating test .  The f a l l i n g  nozzle throat  and duct 
tmpcrature was observed for approximately 2-112 hours follow1 ng the tu r  dng off of 

the duct heater. As the duct and/or nozzle became ice-clogged, the FE chamber 
pressure began a rapid r i s e  u n t i l  a1 1 vapor f low stopped, a coodi t i o n  that  was observed 

by the duct temperatures s tar t ing upwards again. When the Freon was routed back t o  

the duct, the clogged duct/nozzle condition was a l lev ia ted and r e ~ t a r t  of the f lash 
evaporator was accomplished. 

Sub1 imator 
Faci 1 i t y  problems encountered during the sub1 imator port ion of the 

integrated t es t  caused substantial reduction i n  the time avai lable for sub l im to r  

testlng. Furthenare, even durlng the rduced time available, mny  t e s t  p r o f i l e  



changes were made on a rea l t ime basis to  maintain sublirnator operation. Thus, 

component data taken was not  as complete as tha t  taken on the !4RS/flash evaporator 

system. 

Figure 30 i s  a recording of the sublimator i n l e t  and o u t l e t  temperatures. 

The many i n l e t  temperature spikes which can be seen are rea l  time manual increases 

which were under t~ken t o  restore sublimator water f low and prevent long t e s t  delays. 

The reason t ha t  the f low stopped i n t e rm i t t en t l y  dur ing low load operation could be 

re l a .  ,d t o  f a c i l i t y  problems ( loca l i zed  freezing o f  the water l i n e  i n  the unheated 

sect ion).  However, t h i s  charac te r i s t i c  i s  t yp ica l  o f  low load subl imator operation. 

The excursions i n  the o u t l e t  temperature above 40°F are representat ive of breakthrough 

phenomenon and show the sublimator's s e n s i t i v i t y  t o  higher-than-spec-1 i m i  t heat loads. 

I n  cases such as th is ,  the i c e  layer  must be reformed a f t e r  a complete subl imator 

dryout period. Considerable design margin (excess capaci ty)  w i  11 be required t o  i n -  

sure against complete loss o f  heat rejectSon f o r  higher than ant ic ipated heat loads. 

Due t o  f a c i l  i t y  problems the performance o f  the subl imator under c y c l i c  

and step changes i n  i n l e t  temperature was no t  obtained. Further t es t i ng  w i l l  be re-  

quired t o  ve r i f y  t h i s  design requirement. 

Nozzle Performance 

No plume data were obtained from the in tegrated system tes t .  A supersonic 

nozzle was included 9n each expendable cool ing device t o  demonstrate t o t a l  system 

performance. Subsequent nozzle t es t s  were conducted without the MRS w i t h  the 

expendable cool ing device operatea i n  the same manner as observed i n  the system tests.  

Three different nozzle conf igurat ions were tested: supersonic, sonic ( o r i f  i c e )  and 

PI ugged 
Typical impact pressure data taken w i t h i n  the water vapor plume a re  shown 

i n  Figbres 31 and 32, The spec i f i c  t e s t  condi t ions correspond t o  the f l ash  evaporator 

w i t h  no nozzle (sonic i l o i ~ l e )  and the sublimator w i t h  supersonic nozzle. The measure- 

ments are seen t o  be 'r! general agreement w i t h  the predict ions.  It i s  apparent from 

t h i s  data tha t  the supers- n i c  nozzle conf igurat ion resu l ted  (as predicted) i n  general ly 

higher impact pressure readings than f o r  the conf igurat ions w i t h  no nozzle, r e f l e c t i n g  

i t s  tendency t o  concentrate mass f low near the center1 ine. 

Quartz c r ys ta l  microbalances (QCM's) were used t o  measure mass f l u x  i n  the 

nozzle e x i t  plane i n  order t o  determine the nozzle "back-flow". Sumnary data f o r  the 

"hack-flow" measurements are shown i n  Figures 33 and 34. The data o f  Figure 33 are 

scattered, p a r t i c ~ l a r l y  for  the no nozzle case, but  the general trends are as ex- 

pected: the supersonic nozzle conf igurat ion resu l ted  i n  less bacitflow than w i t h  no 

nozzle and the backflow tended t o  increase w i t h  increasing f low ra te .  The estimated 



means f o r  the data from the two conf igurat ions shows a reduct ion of approximately 

a fac tor  of 3 w i t h  the supersonic nozzle, compared w i th  a predicted value of 3.7. 

The data o f  Figure 34 indicates a backflow reduct ion of approximately 3 

t o  4, which compares w i t h  the supersonic nozzle over the no nozzle conf igurat ion. 

The plugged nozzle data a lso corre lates q u i t e  wel l  w i t h  predic t ions.  

A more s ign i f i can t  nozzle effect iveness i s  the t o t a l  mass flow a t  angles 

greater than go0. This parameter must be determined ana ly t i ca l l y .  Corre lat ion of the 

t e s t  data and analysis ind icates tha t  the expansion angle o f  the plugged nozzle i s  

i n  the range o f  110' t o  118", r e s u l t i n g  i n  an effect iveness r a t i o  o f  25 t o  100. 

A s im i l a r  analysis ind icates t h a t  the supersonic nozzle w i l l  reduce backflow by a 

fac to r  o f  3 t o  10 f o r  the sublimator, w i t h  a s l i g h t l y  higher value possib le f o r  the 

f lash evaporator because o f  reduced boundary layer  e f fec ts  w i t h  the shor ter  nozzle. 

System Performance 

The performance o f  the in tegrated systems has two aspects: (1)  the adequacy 

o f  water l eve l  contro l  system t o  prevent o v e r f i l l i n g  o r  deplet ion o f  the water tank, 

and (2) the s e n s i t i v i t y  o f  the MRS/expendable cool ing device t o  changes i n  se t  point .  

The l a t t e r  performance c r i t e r i o n  should demonstrate t h a t  t o t a l  heat r e j e c t i o n  i s  

acceptable even though the "a l loca t ion"  o f  t h i s  r e j e c t i o n  may change rap id ly .  These 

two aspects o f  system performance w i  11 be discussed separately. 

The water supply t o  the storage tank i s  displayed i n  Figures 35 and 36 fo r  

FE and sublimator. This f l ow  r a t e  was keyed t o  the heat load during the mission p r o f i l e  

t e s t  points.  Figure 37 shows the water l e v e l  i n  the  tank dur ing a h igh load, h igh flow 

t e s t  point .  It can be seen t h a t  the tank quant i ty  can be con t ro l l ed  a t  these con- 

d i t ions .  The maximum tank quant i ty  t h a t  was observed during the t e s t  was 98 l b .  

During the design l i m i t  cases, worst case condi t ions were se t  up i n  an 

attempt t o  o v e r f i l l  the tank. The system was a1 lowed t o  drop t o  a cold-soaked 

condi t ion by running fo r  several hours a t  a low i n l e t  temperature. Then the tank 

was manual l j  f i l l e d  t o  94.7 lbs, o r  j u s t  below the p o i n t  a t  which a 70°F se t  p o i n t  

switch would occur. A t  t h i s  p o i n t  a h igh heat load was applied, but  a l a g  was 

assumed t o  e x i s t  between the high water f l ow  r a t e  and the  increase i n  rad ia to r  i n l e t  

temperature. Thus the tank began f i l l i n g  a t  a r a p i d  rate,  the se t  p o i n t  was changed 

t o  70°F, but, due t o  the i n l e t  temperature t o  the rad ia tors  coming up slowly from 50°F, 

the evaporator could no t  operate t o  remove tanked water. 

Figure 38 shows t h a t  tank quant i ty  peaked a t  approximately 98 l b s  before 

the rad ia to r  o u t l e t  temperature got  high enough t o  requ i re  expendable cool ing. 

Another key t e s t  ob jec t ive  was t o  observe system performance under c y c l i c  

condit ions. These condit ions were generated i n  two ways. I n  the design 1 i m i  t runs, 



the water flow t o  the tank and tne  heat load were set 3' j u s t  sucb a oo in t  t ha t  

the 85 l b  tank quant i ty  ind ica tor  would be set i n t o  continual cvc l ing.  That i s ,  a t  

a 50°F set  po in t  the tank would be depleted below 85 lb ,  a t  which t i n e  a 40°F set 

po in t  wobld cause f i l l i n g  again t o  ra i se  the tank leve l  above 85 l b .  The resu l t i ng  

valve swings occured approximately every 11 minutes, and as can be seen from Figure 

39, resul ted i n  no loss o f  contro l  fo r  the waporator.  

I n  a re la ted mission simulation, the cycl ing environment caused i n l e t  

temperatures t o  the evaporator t o  cycle. This was due t o  the i n a b i l i t y  o f  the rad ia to r  

t o  maintain 40°F se t  po in t  f o r  a 150 ~ ~ ~ l h r - f t 2  imposed environment. Again, the 

evaporator was able t o  maintain a constant o u t l e t  temperature despite t i i ~  var ia t i on  i n  

i n l e t  temperature. 

3.3 Phase 3 - Improved Coatings Tests 

The use o f  silver/FEP Teflon* f i l m  as a thermal cont ro l  surface f o r  space 

rad ia tors  i s  based on a favorable sol,.:r absorptance/emi t tance r a t i o  i n  the 0.08 t o  0.01 

range, a stab1 e solar absorptance varying between 0.06 and 0.08, high transparency, and 

minimal degradation i n  the charged p a r t j c l e - u l t r a v i o l e t  rad ia t i on  environment of near- 

s~aCe i~e f .4 ) .  The cambination of propert ies ava i lab le  i n  the  silver/FEP f i l m  could r e s u l t  

i n  both area and weight reductions f o r  the Orb i te r  rad ia to r  system which has baselined 

the  use of 293 white pa in t  as the thermal contro l  surface. The silver/FEP thermal 

contro l  mater ia l  consists o f  FEP t e f l o n  f i l m ,  Type A, w i t h  a layer  o f  s i l v s r  deposited 

on one s ide by vacuum evaporation t o  a thickness o f  10i)O-2000 A.U. The s i l r e r  i s  pro- 

tected by an evaporated overlay o f  Inconel 6 0 W  t o  a thickness i n  the 1000-2000 A.U. 

range. The Inconel serves t o  r e t a r d  chemical at tack on the  s i l v e r ,  a ids the handleabil i t y  

of the fi lm, prevents mechanical damage t o  the s i l ve r ,  and furnishes a bondable surface 

for the f i l m .  The silver/FEP funct ions as a second surface m i r ro r  since the attachment 

from the rad ia tor  panel i s  t o  the metal l ized surface o f  the  FEP; t h i s  leaves the  bare 

FEP exposed as the rad ia t i ng  surface. The favorable hemispherical emittance, s = 0.8 

t y p i c a l l y  of the FEP i s  thus retained. The FEP absorbs r e l a t i v e l y  l i t t l e  i n  the solar  

wavelength region, meaning t h a t  the solar  absorptance, a = 0.08 t y p i c a l l y  o f  the s i l v e r 1  

FEP f i l m  w i l l  be essent ia l l y  t h a t  o f  the s i l v e r .  Al ternate thermal contro l  mater ia ls  

include pa in t  systems, fused s i l i c a  sheets w i t h  evaporated metal coatings, and die- 

l e c t r i c  coated metals. Paint  systems are 1 i m i  ted by r e l a t i v e l y  high solar  absorption 

and deter io ra t ion  o f  propert ies (pr imar i l y  increased absorption) w i th  exposure t o  the 

charged p a r t i c l e  u l t r a v i o l e t  rad ia t i on  environment. The op t i ca l  propert ies of the 

* DuPont Trademark 

** Internat ional  Nickel Co. Trademark 
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metal l ized s i l i c a  sheets are excel lent,  but t h e i r  app l ica t ion  t o  larqe, i r r c g l  3 r  

surfaces poses a severe economic and technological problem. The d i  e l  ec tr; c co= ted 

metals, t y p i c a l l y  s i l i c o n  monoxide coated aluminum, do not  have optimum op t i ca l  pro- 

pert ies, and are d i f f i c u l t  t o  apply t o  contoured areas o f  the desian l i k e l y  LO be 

required by the rad ia to r  panels o f  the  Shut t le  Orb i te r  vehic l  e(Ref .4 ) .  Technical problems 

w i t h  silver1FEP i n  previous work on f l i g h t  hardware scale rad ia to r  panels i n  thcrmal- 

Vacuum tes ts  extending i n t o  the cryogenic temperature regime have been numerws (Ref 2) .  
These include (a) thermal expansion mismatch between the aluminum rad ia to r  and the 

'silver1FEP f i l m ,  (b) adhesive bond f a i l u r e  between the aluminum and the silver1FEP film, 

and (c) delamination o f  the metal l ized layer (s )  from the FEP f i l m .  

The key object ives o f  the present inves t iga t ion  are  t o  (a) establ ish bonding 

materials and processes f o r  the s i  lver/FEP thermal contro l  mn t e r i a l  t o  Orb i te r  radiatc ' r  

panels and (b) subject the selected adhesives t o  a thermal vacuum t e s t  on f u l l  x a l e  

MRS panels under the thermal cycles and environments ant ic ipa ted f o r  the 'Jrb i ter  vehicle. 

3.3.1 Adhesive Select ion 

P r i o r  work on silver/FEP as a thermal contro l  mater ia l  f o r  rad ia to r  panels 

o f  the type required by the Orb i te r  vehic le was disappointing. Even though suppl ier  

experience and recommendations regarding adhesive and app l ica t ion  process were posi t ive,  

an off-the-shelf s i l ver /Tef lon  f i l m  separated from the rad ia to r  sk in  during a f u l l  scale 

thermal-vacuum test(Ref.2). With t h i s  experience i n  mind, a concerted pvsh was needed 
toward so lu t ion  of the attachment problem o f  the silver/FEP f i l m  t o  thc aluminum 

rad ia tor  panel. A mu1 t i p l e  e f f o r t ,  w i  t h  both industry and NASA 1 aboratories cont r ibu t ing  

t o  attachment method screening and sel e c t i  on, was undertaken. LTV Aerospace Corp. , 
Vought Systems Div is ion  (VSD) was selected t o  have overa l l  responsi b i l  i t y  f o r  evaluat ion 

of screening t e s t  resu l ts ,  applying candidate s i  lver/FEP-adhesives t o  the modular 

rad ia tor  panel t e s t  a r t f c les ,  thermal-vacuum t e s t  conduct, and analysis of t e s t  data. 

Organizations cont r ibu t ing  t o  the program include: 

(1) NASA Langley Research Center 

(2) NASA Goddard Spacef: i g h t  Center 

(3)  NASA Johnson Space Center 

(4) G.T. Schjeldahl Corp. 

(5) WcDonnell Douglas Co. - East 

(6) LTV Aerospace Corp., Vought Systems D iv i s ion  



Each of these organizations recommended several adhesives and bondinq concepts and 

performed the i n i t i a l  screening tes ts  on t h e i r  select ions.  The screenin? tes ts  

consisted o f  immersion of bonded panels i n  l i q u i d  ni t rogen fol lowed by a thaw cyc le  

t o  ambient temperature. The t e s t  panels consisted o f  0.020 inch 6061-T6 aluminum 

sheet, 2 by 19 inches as the bdherend. SilverIFEP s t r ips ,  1 by 4 o r  1 b j  P, bj. ^.CQ5 

inches were bonded t o  these adheret~d sheets t o  form the element t e s t  panels. 

F ina l  se lect ion o f  adhesives t o  be i n c l ~ ~ d e i  i r  the therms' ..xuum t e s t  of 

6' x 12' modular rad ia to r  panels was based on p e ~ ?  t?r  t s  a t  cryoqenic, ambient, and 

elevated temperatures as wel l  as cryogenic soak tests .  Outgassing data were also 

taken on the selected candidates, but  due t o  the lack  o f  absolute standards and 

speci f ic  requirements f o r  the Orb i ter  Vehicle, t h i s  data was no t  used for d isqual i f ica-  

t i o n  o f  a promising adhesive. The peel strength and outgassing data were taken on the 

adhesives t ha t  the ind iv idua l  laborator ies  f e l t  were most promising from t h e i r  i n t e rna l  

screening tests. Each organizat ion prepared peel t e s t  and outgassing specimens t o  

NASA-JSC-SMD spec i f ica t ions using adherend substrates p r e ~ a r e d  by VSD. Resul t s  of the 

peel t es t s  run  a t  NASA-JSC-SMD are  given i n  Table 14. Only the fo l lowing adhesives 

o f  those 1 i s t e d  i n  Table 14 had measurable peel strengths a t  -300°F; Adiprene L-100 

urethane, RTV 560 s i l  Scone, and Permacel 6962 doubl e backed Kaptonlsi 1 icone. ! 
The outgassing data on the various adhesives are included i n  Table 15 f o r  

reference purposes only; absolute outgassing 1 i m i  t s  f o r  the Orb i ter  and i t s  payload are 

y e t  t o  be established. 

Representatives from NASAIJSC-Crew Systems D iv is ion  and Structures and 

Mechanics Div is ion,  NASAILangley, NASAIGoddard, VSD, McDAC, and Rockwell In ternat iona l  

pa r t i c ipa ted  i n  the f i n a l  se lect ion o f  adhesives. A prime considerat ion i n  choosing 

adhesives was t o  get  the widest va r ie ty  o f  chemical tvpes which might func t ion  i n  the 

ant ic ipated -280°F t o  +I 75°F thermal environment. The f o l l  owing adhesives were selected 

f o r  evaluat ion on the  modular rad ia to r  panel s : 

IDENTIFICATION TYPEIAPPLICATION INVESTIGATOR 

RlW 560 s i l icone12 p a r t  brush VSD 

Myst ic A117 s i l  iconelcontac t La ng 1 ey 

SR585 s i l  iconel t ransfer  laminate Mc WC 

Permacel 6962 s i 1  icone-Kaptonltransfer 1ami nate VSC 

Crest 7343 urethane-aluminum12 p a r t  ho t  mix Langl ey 

Adiprene L-100 urethane12 p a r t  ho t  mix Goddard 

Adiprene L-167 urethane12 p a r t  ambient mix VSD 

6401 903 polyester/ t ransf  er laminate Schjeldahl 
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Variat ions i n  the s ize o f  the silver/FEP f i l m  as i t  influenced handling and coat ing 

operations were a lso invest igated. For t h i s  reason silver/FEP f i l m  was spec i f ied  

from the suppl ier,  G. T. Schjeldahl , i n  various widths from 1" t o  48". Three of 

the adhesives, Permacel 6962, SR585, and 64501903 were appl ied t o  the silver1FEP 

by Schjeldahl on a laminat ing machine t o  form a tape. The resu l t i ng  laminates 

could be handled as tape w i t h  tack varying from n i l  (6401903) t o  moderate (Permacel 

6962) t o  very high (SR585). Each of the adhesives was appl ied by VSD per i ns t ruc t i ons  

from and under the d i r e c t  supervision o f  the cont r ibu t ing  laboratory. Tab1 e 16 sum- 

marizes the app l ica t ion  and cure technique used f o r  each adhesive. 

3.3.2 Thermal Vacuum Testing 

The ob jec t ive  o f  the modular rad ia t ,v  coat ing evaluat ion was t o  determine 

the a b i l i t y  o f  the coat ins t o  adhere t o  the panels over a wide range of MRS operat ional 

condit ions. The t e s t  included both one-sided and two-sided rad ia t ion .  The one-sided 

tes ts  consisted o f  maximum and minimum heat load operat ion under environments simulat ing: 

1. Typical o r b i t a l  cyc l  i c envi ronments (0 degree i n c l  i n a t i o n  solar  

oriented, 270 N.M.) 

2. Maximum o r b i t a l  f l ux  expected f o r  steady s ta te  

3. Minimum o r b i t a l  f l u x  expected f o r  steady s ta te  

4. Deep space simcl ?ti on w i t h  LN2 temperature environment 

The worst combinations o f  maximum and minimum heat load and the four  simulated environ- 

ments were tested t o  provide as wide a range o f  panel temperatures as possib le w i t h  

these condit ions. The panels were mounted f o r  the thermal-vacuum tes ts  w i t h  the s i l v e r 1  

Teflon coated surface down fac ing the I R  s imulator panels as i l l u s t r a t e d  i n  Figure 40. 

The two-sided tes ts  were designed t o  ob ta in  the coldest expected panel tem- 

peratures (-250°F range) and most severe thermal shock. Both sides o f  the panels were 

exposed t o  the LN2 environment and the heat load was cycled between the maximum and 

minimum. 

The philosophy o f  the t e s t  was t o  as near ly  as pgssible subject a l l  seven 

panels t o  the same condit ions i n  order t o  provide an equi table t e s t  f o r  each adhesive. 

For t h i s  reason the seven panels were f l ow  connected i n  p a r a l l e l .  I n  order t o  evaluate 

the coat ing cond i t ion  throughout the tes t ,  a base1 i ne  performance p o i n t  w i t h  LY2 

environment and 163OF i n l e t  temperature was establ ished a t  the s t a r t  o f  the t e s t  and 

repeated a t  regular  in te rva ls .  A comparison o f  the heat r e j e c t i o n  o f  the panels a t  

these points  along w i t h  video monitor observations gave an i nd i ca t i on  of any change 

i n  the s ta te  o f  the coating. The t e s t  condit ions began w i t h  nominal panel temperature 

var ia t ions  and proceeded t o  more severe temperature condit ions t o  determine l i m i t s  on 



the adhesives. 

The t e s t  panel o u t l  e t  temperatures f o r  the base1 i ne performance points  are 

compared i n  Table 17. The panel o u t l e t  temperature i s  a func t ion  o f  the heat re jec ted  

by the panel and w i l l  therefore i nd i ca te  changes i n  the condi t ion o f  the coating. 

Should the coat ing dislodge from the aluminum panel o r  should the Tef lon delaminate 

from the s i l v e r ,  the thermal emiss iv i ty  o f  the panel would be reduced from the 0.08 

value f o r  the silver/FEP Teflon, t o  about 0.25 f o r  bare aluminum o r  s i l v e r .  The 

dislodgedldelaminated por t ion  would ac t  as a rad ia t i on  shie ld.  This would reduce 

panel heat r e j e c t i o n  s ign i f i can t l y  and r e s u l t  i n  an increase i n  panel o u t l e t  temperature. 

The t e s t  data ind icates a degradation i n  performance o f  panels 4 and 6 between base1 i ne 

po in ts  2 and 3 and 7 and 8. The second p o i n t  was j u s t  p r i c r  t o  the f i r s t  co ld  soak 

and the t h i r d  was j u s t  a f t e r .  Between points  7 and 8 a longer co ld  soak w i t h  the rap id  

recovery was conducted. The thermal performance o f  the other  f i v e  panels d i d  no t  

degrade during the one-sided tes t .  The data o f  panel 4 cor re la ted  w i t h  v isua l  obser- 

va t ion  v i a  TV which indicated some o f  the coat ing dislodged between the second and 

t h i r d  basel ine points.  The TV observations o f  panel 6, however, d i d  no t  c l e a r l y  i nd i ca te  

a change i n  the coating. Some dislodgement o f  corners o f  coat ing s t r i p s  were noted 

on panel 7; however, t h i s  was never apparent from the thermal performance during the 

one-sided tes t .  I n  comparing the o u t l e t  temperatures o f  the seven panels, i t  i s  noted 

t h a t  there was a range o f  30°F v a r i a t i o n  i n  the f i r s t  basel ine p o i n t  p r i o r  t o  any deg- 

radat ion of coatings. This d i f fe rence was due t o  f low r a t e  d i f ferences between panels 

caused by assymetrical plumbing and f l ow  contro l  valves i n  the t e s t  equipment. 

An analysis o f  the panel pressure drop and o u t l e t  temperature data ind icated 

t h a t  the flow d i s t r i b u t i o n  among the seven panels changed throughout the t e s t  due t o  

performance degradation i n  some panel s . Thus, the observed change i n  o u t l  e t  temperature 

of panels 4 and 6 between basel ine po in ts  inc lude the e f f e c t  o f  panel f low changes and 

i t  would be expected tha t  the other  panel o u t l e t s  would change due t o  f low changes. A 

detai  l e d  system analysis ind icated good co r re la t i on  o f  f l ow  anc ou t l  e t  temperature fo r  

the f i r s t  baseline po in t  except f o r  panel 2. The analysis ind icated tha t  t h i s  panel 

s ta r ted  w i t h  a degraded coating. Between the time o f  coat ing app l ica t ion  and de l i ve ry  

of panel 2 t o  JSC,delaminated areas between the FEP and s i l v e r ,  3-6 inches i n  diameter, 

were observed. Panel 2 was f i e l d  refurbished w i t h  approximately 75% o f  the silver1FEP 

replaced, ind ica t ing  the p o s s i b i l i t y  o f  a degraded coat ing a t  the s t a r t  of the tes t .  

The analys is  showed agreement w i t h  the observed o u t l e t  temperatures i nd i ca t i ng  t h a t  

panels 4 and 6 performance began degrading a f t e r  the number two basel ine p o i n t  and 

continued t o  degrade du r i  ng the tes t .  Another d e f i n i t e  step downward i n  performance 

between points  seven and e igh t  was noted. As we l l  as i nd i ca t i ng  tha t  panel 2 began 



w i t h  an i n f e r i o r  coating, i nd i ca t i on  tha t  t h i s  condi t ion dearaded somewhat during 

the t e s t  w i t h  the o u t l e t  temperature increasing from an average o f  5 degrees above 
the ana ly t i ca l  value f o r  the f i r s t  four  baseline points  t o  an average of 10 degrees 

f o r  the l a s t  four .  I n  the l a s t  baseline po in t  a l l  the panel o u t l e t  temperatures were 

above the ana ly t i ca l  predic t ion.  The trend o f  the data, however, a t  the end of the 

one-sided t e s t  ind icates panel 4 performance had degraded s ign i f i can t l y ,  panel 6 

somewhat, and panels 2 and 7 ind icated the p o s s i b i l i t y  of some damage. This cor re la ted  

we l l  w i t h  the post t e s t  examination o f  the coatings which indicated the only undamaged 

panel coatings were panels 3, 5 and 8. 

i l ,e  o u t l e t  temperature data f o r  the two-sided tes ts  are a lso given i n  Table 17. 

The second baseline po in t  appeared t o  have some di f ferences i n  f low ra tes  from the 

f i r s t  points. The o u t l e t  temperature increased about 10°F f o r  panel 2 from the f i r s t  

t o  the second baseline point ,  by 12°F f o r  panel 5 and 13OF f o r  panel 7. Panel 6 o u t l e t  

temperature, however, decreased by 24"F, panel 8 by 5OF and panel 3 by 3°F. This 

combination of increases and decreases i n  panel out1 e t  temperature precludes drawing 

conclusions regarding the  s t a t e  o f  the coat ing from the o u t l e t  temperature data except 

f o r  panel 2. No pressure drop data were obtained i n  the second base1 i n e  p o i n t  due t o  

instrumentation problems; therefore, no f low r a t e  data were ava i l ab le  t o  resolve the 

o u t l e t  temperature changes between the f i r s t  and second baseline points.  The panel 4 

coating, which suffered some loss  o f  adhesion i n  the  one-sided t e s t -  was restuck t o  

the panel by hand p r i o r  t o  the two-sided test ing,  thu explaining the improved performance 

o f  t h i s  panel. The t h i r d  basel ine p o i n t  f o r  panel 2 ind icates a p o s s i b i l i t y  o f  some 

futher degradation o f  t h i s  coating. The two-sided t e s t i n g  was not  completed due t o  

leaks which developed i n  the  Freon 21 cool ing loop. 

No degradation o f  the  three undamaged panels was observed from the the:mal 

data of the two-sided tests.  Further degradation o f  t he  damaged panel coatings could 

not be determined from the thermal data except i n  the case o f  panel 2. 

3.3.3 Coatings/Adhesives Evaluation 

No change I n  the  si lver/FEP coat ing on :ny o f  the rad ia to r  panels occurred 

during the normal c y c l i c  condit ions o f  on-orb i t  simulation. This r e s u l t  i s  supported 
by (a) video monitor sweep over the panels i n  rea; t ime during the thermal-vacuum tes t ,  

(b) 1 imi  ted  d i r e c t  v isual  observation o f  the panels, (c) stab1 e thermal performance 

th ru  the normal c y c l i c  po r t i on  o f  the tes t .  Coating fa i l u res ,  evidenced by video o r  

thermal ind icat ions,  occurred during the i n i  t i a l  co ld  soaklrecovery cycle. L imi ted 
data ava i lab le  ind icates the fa i l ed  area on ce r ta in  panels progressed w i t h  subsequent 

co ld  soaklrecovery cyc l  es . 



Fai lures were apparent i n  four o f  the adhesives (560, A1 17, 7343, G401903) 

a t  the conclusion o f  the e igh t  6 hour cold soak/recover; cycles (one sided). No 

fa i l u res  i n  the remaining four  adhesives (585, 6962, L-100, L-167) during the two 

subsequent two-sided 12 hour cold soaklrecovery cycles were noted. The extent of the 

f a i l e d  areas increased during the 12 hour co ld  soaklrecovery cyc le  on the panels 

w i th  560, A117 and 7343 adhesives as d e t e r ~ i n e d  by v isual  observations. The cond i t ion  

of the silver/FEP coat ing on each rad ia to r  panel before and a f t e r  the thermal-vacuum 
t e s t  i s  sumnarized i n  Table 18. The width o f  the FEP f i l m  d i d  no t  in f luence o r  induce 

coating f a i l u r e  w i t h  any o f  the adhesives invest igated. The hand leab i l i t y  and ease of 

app l ica t ion  w i t h  a p a r t i c u l a r  adhesive can be used as major c r i t e r i a  f o r  f i l m  width 

select ion. 

3.4 Tube Anomaly Inves t i a t i on  

During the concluding phase o f  the coat ing adhesive tes ts  and the complete 

six-month series o f  thermal-vacuum tests,  ruptures occurred i n  the c o o l a ~ t  tubes on 

three MRS panels. Four tube ruptures on three panels (out o f  a t o t a l  of seven panels 

and 89 tubes i n  t e s t )  were noted during a thaw cyc le  f o l l a d n g  a two sided r a d i a t i o n  

condi t ion (prime tube bypassed1 t o  a l i q u i d  n i t rogen s ink  temperature. After a co ld  

soak of some twelve hours w i t h  temperatures as low as -270°F measured, a recovery 

t rans ien t  was started. The MRS i n 1  e t  temperature up-ramp was 60°F/ hour maximum. 

Approximately 24 minutes i n t o  the thaw, tube 5 on panel 6 developed a leak. Tube 7 

and possib ly  tube 9 of panel 5 began t o  leak some 34 minutes l a t e r .  The thermal up-ramp 

was halted, bu t  the thaw continued, causing tube 10 o f  panel 3 t o  rupture about 46 

minutes a f te r  the  i n i t i a l  leak was detected. The f a i l u r e  locat ions are  diagramed on 

the sketch i n  Figure 41. Note tha t  a l l  f rac tures  occurred between the tube bends. 

An analysis o f  the t e s t  anomaly ind icates t h a t  the tube rupture was caused 

by non-uniform thawing o f  frozen tubes. The tubes were no t  attached t o  the r a d i a t o r  
f i n  a t  the tube bends (corners) causing the  corners t o  remain frozen, due t o  a poor 

conduction path t o  the adjacent hot  tube, a f t e r  the r e s t  of the tube had thawed. The 

f 1 u i d  trapped between the f rozen corners underwent thermal expansion, causing h igh 

pressures and tube deformat+m t o  occur. A f te r  repeated thaw cycles and deformation 
the tube f a i l e d .  

Meta l lu rg ica l  analyses o f  the tubes were conducted t o  determine the  mode 

of f a i l u r e  and condi t ion o f  the 6063 extruded aluminum tubing. Elect ron fractography 

coupled w i t h  macroscopic examination was used t o  determine t h a t  the mode of f a i l u r e  

was d u c t i l e  tension. Considerable deformation was found a t  each f a i l u r e  s i t e  i nd i ca t i ng  

tha t  f a i l u r e  was preceded by considerable y ie ld ing .  The primary topographic feature 



observed from the scanning e lect ron microscope examination was elongated dimples, 

i 1 lus t ra ted  by Figure 42, which indicates a tensi  le/shear mode o f  crack propogation. 

Chemical analys is  and mechanical property measurements inc luding Rockwell 
hardness and st rength tes ts  ind icated tha t  the tubing mater ia l  was 6063-T42 aluminum. 

A t yp i ca l  transverse sect ion o f  the tube i s  shown i n  Figure 43. The lower 

tube was t y p i c a l l y  o f f  center as-manufactured. The f rac tu re  fol lowed the t h i n  wal led 

area o f  the tube a t  each f a i l u r e  locat ion.  Physical tube outside diameter measurements 

on a l l  panels ind icated tha t  the ma jo r i t y  o f  tubes had deformed between the  tube corners 

and i n  some instances between the i n l e t  and o u t l e t  and the corners. 

The data p l o t t e d  i n  Figrue 44 show t h a t  concentric wa l ls  i n  the coolant 

tubes cause considerably lower stress l eve l s  t o  be developed a t  a given temperature of 
Freon 21. I n  add i t ion  the heat treatment o f  6063 t o  the -T6 cond i t ion  ra ises  the y i e l d  

strength t o  the 33 - 36 k s i  range a t  cryogenic temperatures. Maximum temperature d i f -  

ferences o f  3 5 O F  were measured between frozen corners and thawed tubes a t  mid-points. 
Assuming a concentr ic tube and a de l ta  o f  3S°F from -211°F t o  -176'F, a s t ress of 
26 k s i  would be induced i n  the coolant tube by expansion o f  the F-21. This i s  below 

the y i e l d  s t rength o f  ca.33 k s i  f o r  6063-T6, a1 lowing a thaw under these condit ions t o  

leave the tube undamaged. 

F igure 45 presents measured temperature data during the 1 a s t  freeze-thaw 
cycle i n  which the  tube f a i l e d .  This data ind icates t h a t  the sect ion between the tube 

corners thawed approximately 3 minutes before the corners. The f l u i d  i n  t h i s  sect ion 

thus underwent thermal expansion whi 1 e constrained by the frozen corners. The trapped 

f l u i d  was heated t o  approximately -180°F before the tube corners thawed and allowed 

the tube t o  f low. This demonstrates the postulated f a i l u r e  mechanism and indicates 

t h a t  thermal ly at taching the tube corners t o  the rad ia to r  f i n  t o  provide uniform 
heating of a f rozen tube would prevent o r  reduce the trapping. 

The rad ia to r  t e s t  panel s have undergone extensive previous thermal vacuum 
tes t i ng  inc luding as many as 17 freezelthaw cycles. Panels 1 and 2 were tested i n  

February o f  1972, a l l  e igh t  panels were included i n  a checkout t e s t  i n  the VSD simulator 

i n  December 1972, and a l l  e igh t  panels were tested i n  the present Orb i te r  ATCS (Act ive 

Thermal Control System) Development Tests. Panel 1 was not  included i n  the f i n a l  

two phases o t  t h i s  t es t .  Table 19 sumar i  zes the number o f  freeze/thaw cycles and 

observed f l u i d  trappings t h a t  each panel was exposed to. Since the panel thermocoup 

were no t  located such t h a t  a l l  t raps on a l l  tubes could be recorded, an estimate of 
the number o f  t raps based on the avai lab1 e measurements has been made. This est imat 

f s  a lso included i n  Table 19. 

1 es 

i o n  



4.0 CONCLUSIONS 

A series of thermal-vacuum tes ts  have been conducted over a s i x  month 
period from February through Ju ly  1973 i n  support o f  the Orbi ter  ATCS development. 

Performance data has been obtained f o r  the Idarch 1973 Rockwell base1 ine  rad ia to r  

conf igurat ion as wel l  as deta i led  design information f o r  app l ica t ion  o f  a wide heat 

load range modular rad ia to r  system t o  the Orbi ter .  Two candidate ATCS weight reducing 
designs have undergone extensive concept v e r i f i c a t i o n  tes t ing  and t h e i r  system 

operating character is t ics have been determined i n  s u f f i c i e n t  d e t a i l  fo r  app l ica t ion  

t o  the Orbiter.  Design information has been obtained f o r  an integrated radiator lwater  

cool ing system t h a t  provides f o r  vehic le heat re jec t i on  as wel l  as water management 

of the excess fue l  c e l l  water. Processing techniques have been developed dnd v e r i f i e d  

for the  app l ica t ion  o f  a high performance thermal contro l  coat ing t o  la rge rad ia to r  

areas subjected t o  a temperature range o f  -280°F t o  +160°F. 

Speci f ic  conclusions f o r  each t e s t  phase are given i n  the fo l lowing 
paragraphs. 

4.1 Phase 1 - MRS Tests 

The Phase 1 MRS tes ts  accumulated over 300 hours o f  panel operat ion i n  a 

thermal vacuum environment w i t h  no problems. Performance data has been obtained for  

Rockwell's baseline system and the a l te rnate  two-sided conf igurat ion f o r  a va r ie t y  

of known environments and heat loads representat ive o f  the  shu t t l e  design conditions. 

Design data for  a1 ternate plumbing arrangements, heat load t rans ient  capabi 1 i t i e s  and 

simulated low a/e coating operation have a lso  been obtained. A l l  t e s t  object ives 

have been met. 

The maximum observed baseline system heat re jec t i on  was 76,600 BTUIhr 
obtained i n  segmented tests, and 52,931 B N I h r  f o r  the a1 ternate system. The minimum 

observed heat r e j e c t i o n  was 8260 BllJ/hr f o r  the basel ine system and 4163 BTUIhr fo r  

the a l te rnate  system. The t e s t  resu l t s  ind ica te  the a p p l i c a b i l i t y  of the MRS t o  the 

Shuttle; however several differences between the t e s t  and baseline panels should be 
examined i n  fu tu re  test ing.  These dif ferences include: the  panel size, the panel 

aspect r a t i o  ( length t o  width),  and the reach (maximum distance between frozen and 

non-frozen tubes during low load). It i s  a lso recomnended t h a t  f u t u r e  tes t i ng  include 

the e f f e c t  o f  backside and edge heat leaks, 

The concept of modular rad ia to r  panels used t o  "bui ld"  a system t o  the required 

area was demonstrated by obtaining operating data f o r  panels plumbed i n  e igh t  



di f ferent  serieslparal 1 e l  arrangements wi th skewed and balanced envi ronrnents re- 

presenting e ight  d i f fe ren t  si tuations. Each o f  the t es t  panels provided the same 
performance under simi 1 ar heat 1 oads and envi ronrnents . 

A to ta l  of  17 t es t  points were made to  co l lec t  design data to  support de ta i l  
design of the shut t le  radiators, The t es t  data indicates tha t  any convenient plumbing 
arrangement can be used (up t o  e ight  panels i n  para1 l e l  ) w i th  only a s l i gh t  degradation 
i n  performance due t o  l o w  panel flows (laminar flow heat transfer coeff icients). The 
t rans i t ion between the minimum and maximum heat re jec t ion rates was demonstrated for a 

var iety o f  series/paral l  e l  f low configurations w i th  balanced and unbalanced environments. 
No unstable f low conditions were observed during any o f  the tests. 

The simulated low a/c coating tests indicates that  the HRS should operate 
sa t i s fac to r i l y  w i th  a low a/c coating and that  the performance i s  i n  the range used 
i n  previous heat re jec t ion system weight optimizatiofi studies. 

Data f o r  thermal model correlat ion has been obtained by recording t o t a l  

system and individual panel i n l e t  and ou t l e t  and tube temperatures, flow rates and 
pressure drops f o r  approximately 302 hours o f  test ing, Correlat ion of the t es t  data 
and thermal model predict lons have ver i f ied the model use for  design and performance 
studies. The model predict ions show excel lent agreement w i th  the t es t  data for the 
high heat load-hot environment conditions; thus indicat ing tha t  one o f  the primary 

objectives o f  the model (providing good predict ions under maxiinum load design conditions) 
has been met. The second primary object ive o f  providing good performance predict ions 
under the minimum load design conditions has also been met, a1 though low load correlat ions 

were generally not as good as the high load. Careful evaluation o f  the low load pre- 

d ict ions are required to insure tha t  flow i n s t a b i l i t y  i n  para l le l  f low paths caused by 
erroneous panel '';*eete predict ions do not cause large errors i n  system performance. 

As expected, predict ions under condltions i n  which the major i ty  o f  the f low i s  not 
routed t o  e l  ther the prime o r  main system are the least  accurate, but are considered 
adsqua te. 

Comparison o f  predicted and measured panel pressure drops over a wide range 
of flaws and temperatures indicates accurate model predict ions and should insure 
accurate panel flow ra te  predict ions i n  any panel plumbing arrangement. 

4.2 Phase 2 - Intecrratd System Tests 

The integrated concept was tested and generally ver i f ied aver a wide range 

of conditions. Although the t es t  was subject t o  many problematical si tuations, none 



was related t o  a f a i l u re  re lated to  the system aspect, i .e., the ternperlture control 

system or  the water level  indicators. The water tank level  was maintained wi th in  
acceptable l im i t s ,  and heat re jec t ion was i n  the amounts desired and predicted. 

The system response t o  rapid changes i n  heat load, and t o  mission-type 
cyc l lc  heat load was stable, wi th the f lash  evaporator maintaining desired ou t le t  

temperature wi th in  adequate 1 i m i  ts .  System operation wi th  the sub1 imator was not 

ver l f ied.  Due t o  the poss ib i l i t y  that  the operational problems encountered by the 

sub1 imator were caused by f a c i l i  t y  problems, further test ing should be done. 

The test lng to determine necessity o f  duct and nozzle heaters resulted i n  

a conclusSon that  the nozzle heater i s  not required, but the duct heater i s  required 

t o  prevent i ce  buildup although the i ce  buildup i s  probably i n  the nozzle throat. 

Comparative data for FE and subllmator was acquired on a component level,  

although the system performance o f  the sublimator was confused due t o  fac i  1 i t y  

problems. Again, further test lng I s  indicated. 

4.3 Phase 3 - Im~roved Coatinss Tests 

Four coatings/adhesives, two s l l  icones and two urethanes, were carr ied 
through the t es t  sequence suc~essfu l  l y  . 

There was no damage t o  any o f  the panel coatings u n t i l  the panels were 
exposed to  temperatures below -200°F. 

The heat re jec t ion o f  the panels was nominal for  an undamaged s i  lver/FEP 
coating regardless of the adhesive used. 

The most promising adhesives were the si l icones, Permacel 6962, and 

G.E. SR585, which were applied t o  the silver/FEP Teflon f i l m  t o  form a laminate tape. 

The urethanes have the disadvantages o f  a potent ia l  l y  c a r d  nogenic cu r l  ng 
agent and d l f f  i c u l  t appl icat ion process. 

The laminate adhesives i n  tape form required a vacuum bag/heat c w e  t o  
adhere during the crjogenic temperature excursion. 

Adhesives wi th  a t t rac t l ve  thermal performance properties may be impractical 
for appl icat ion to hardware for reasons such as high tack o r  bubble formation during 
cure. 

4.4 Tube Anomaly Investlqatlon 

The t es t  anomaly i s  understood. Non-uniform thawing of frozen tubes due t o  

unattached tube corners caused sections of the f l u i d  underqolng theme1 wpms lon  t o  

be constrained. Repeated thaw cycles and tube deformations resulted i n  eventual tube 
fai lures. The f a i l u r e  was for tu i tous i n  that  a new tube design c r i t e r i a  was found 



(tube attachment to  the rad ia tor  f i n  must be uniform). Analysis i ~ d  ~ c a t e s  that  

concentric extrusion holes and heat treatment o f  the tubes will prevent the a r ~ o ~ l y  

even i f  non-uniform thawing does occur i n  future desions. 
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Predicted 
Test 

Predicted 
Test 

Predlcted 
Test 

Predlcted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

TABLE 8 

HEAT RW ECTION 

TEST POINT a 1A 

PRIME - 
4.4 

-23.9 

TOTAL - 
5544.7 
6076.6 

1210.3 
996.4 

3496.5 
3073.4 

1999.1 
1865.3 

5484.7 
5749.5 

1176.6 
994.3 



TABLE 9 

HEAT REJECTION 

TEST POINT y 51 

PRIME - 
535.0 
264.6 

MAIN - 
11111.6 
11536.2 

TOTAL - 
Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predi t ted 
Test 

Predicted 
Test 



TABLE 1 0 

HEAT REJECTION 

TEST POINT a 17 

BTU/ HR 

PRIME - 
135.3 

0 .0  

MAIN - 
571.4 
551. 

TOTAL - 
706.7 
551. 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

3redi cted 
Test 



HEAT REJECTION 

TEST POINT y 53 

PANEL 

1 

2 

3 

4 

5 

6 

7 

8 

SYSTEM - 

PRIME - 
311.3 
103.0 

TOTAL 

6628.2 
6696.7 

6655.2 
6526.3 

2491 .O 
2022.1 

2686.1 
2160.0 

Predicted 
Test 

Predicted 
f est 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predicted 
Test 

Predlcted 
Test 



TABLE 12 

HEAT REJECT1 ON 

TEST POINT a 14 

PRIME - 
307.5 
234.3 

MAIN .- 
2951.5 
2245.7 

1 OTAI. 
7 

3259. 
2480. 

-1 939.7 
-2080.8 

2690.6 
2537.6 

-6341 - 4  
-6019. 

3260.3 
2507.4 

1711. 
1617. 

2702. 
4202.2 

4062.7 
1798.9 

6079.5 
4499.3 

Predicted 
Test 

Predicted 
Ter t 

Prcdlcted 
T a t  

Predicted 
Test 

Predfcted 
Test 

Predlc ted 
Test 

Predicted 
Test 

Predicted 
Test 

Fred1 c ted 
Test 



C U U L A T S D  HEAT REJECTIm 



TABLE 13 (cont'd) 
I 

L 

TEST POINT 

22 

23 

24 

a 
26 

27 

28 

29 

30 

RADIATOR 
PRIME TUBES 

1,579 

- P  

306 

- 189 

- 260 

1,494 

5,903 

553 

210 

I "" 

TOTAL 

45,609 

31,019 

44, m 
42,701 

22 , 981 

- 

42,246 

50,883 

50,330 

REKT REJETItN(BTU/hr) 
RADIATOR 
BANK TtTBES 

29,910 

13,980 

28 , 770 

31,073 

16,310 

27,030 

39,690 

37,460 

A- 

33 

34 

35 

36 
3 

77,701 

38,545 

57,908 
" 

EVAPORATOR/ 
SUBLIKrATOR 

14,120 

15,110 

15 , 6110 
L1 ,820 

6,933- 

17,840 

9,313 

10,640 

12,660 

66,080 

23,910 

41,490 

545 

Ssa 

- 

1 0 ~ 1 6 ~  

14,1.90 

15 430 



i; 

1. ADHESIVE 

TABLE 14 PEEL STRENGTHS OF SILVERIFEP 
TEFLON BONDED TO 6061-T6 ALUMINUM ADHEREND 

VSD DATA 

i LA IDENTIFICATION 

: I, 
! RTV560, surface prep: wet sand/ 
i 180 g r i t  A1203, MEK wet wipe, 
. . i wipe dry 
! 1 
!' 

RTV560, surface prep: Penn Wal t84l  

Emerson & Cumning #6 
surface prep: wet sand/l80 g r i t  
A1 203, MEK wet wipe, w i  pe dry 

Permacel 6962 
surface prep: wet sand1180 g r i t  
A1 203, MEK wet wipe, wipe dry; 
overlay removed before cure 

P e m c e l  6962, surface prep: wet 
sand/l8O g r i t  Al2O3, MEK wet wipe, 
wipe dry; cured w i th  overlay on FEP 

Test Temperature: 75OF 

PEEL STRENGTH PEEL STRENGTH 
lb/in(avg. o f  4) 
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FIGURE 2 SIMPLIFIED ATCS SCHEMATIC 









FIGURE 6 DETAIL OF IHSULATION ON PANELS AND EHYIROREWT SIMULATOR 
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FIGURE 15 

COMPAP ISON OF PLUMBING ARRANGEMENTS 

AVG INLET OUTLET HEAT 
CONFIGURATION TEST ENV . TEMP TEMP REJECTION (?/A 

POINT BTUIHR F T ~  OF OF BTUIHR BTWHR F T ~  

165.2 111.0 31,909 55.4 
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COtKIGlX?tT;O:i a 

FIGURE 18 TEST POIIlf  CORRELATION 

Tmp Main 142.7(139.2) 

~ m p  prime 88.9(105.) . 

T i n  Main  178.3(178.3) 

T i n  Prime 91 .5(91a5) 

Flow Main 1094.(1094.) 
Flow Prime13.2(13.2) 

Temp t b i n  119.8(118.) 

T a p  Prime 86.6(100.) 

. i 

Flow Main 545.1(611.) 
Flow Prime 6.6(8.2) 

-. . 
AP Main 5:4(5.7) 

Flow Main 5$8.9(607- 

Flew Prime 6-s(7 .6)  

Numbers i n  parenthesis a re  t e s t  values 

Hubeis  not  i n  parenthesis a r c  predicted values 

Temp Main 143.3(141. 

Temp Prime 89.3(102. 

1 Pa;r1 1 AP Main 5.6(5.7 

AP Main5.7(5.7) 
Panel 

1 AP b i n  5.6(6.5) 

Temp MaIn120.8(119.) 
Temp Prlme 87.3(lOl. 

Panel 
5 

Temp Main LpS.!i~l~S.. 
Temp Prime 85.9(102.: 

Tout Prlme 85.2(80. ) 

Temp Hixed Prime and I4aln 9 7 . u )  





I T i n  R a i r  55.3(55.3) 
T i n  Prime 53.2(53.2) 

Flow Main ~ l . l ( l 7 . 1 )  
Flow P r h  2 549. (559.) 

Flow b!ain 17.1!17.1) 
Flow Prime 549. (549.1 

Flow Ma in  
Flow Prime 

Temp Mai n -1.4) 
Tmp ?rime m . 2 )  

T a p  Main -99.4(-84.) 

Temp Prime 51.2(47.9) 

I = .  . 
AP Main Om(O.0)  

Temp Ffa i n  a 

Tmp Prime I T a p  Maln -118.5L-91.) 
Temp Prime 50.1(46.9) 

* I 

Pan@1 AP Hnrin o . (w(o .~)  7 
s 

Tap h i n  -117.5(-89.1) Temp Main 

Imp Prirae 49.: (46.9) -- Tamp Prime -- 
I 

i n  parenthesis are  

not in  parenthesis 

tesf. values T0b t Priil:e 49.1(46.9) 

are  predicred values 
Temp HIwed Prime and Main  44.4(46.9) 
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CONFIGU4ATIU~~ a 

FIGURE 22 TEST FOIIiT 14 CORRELATION 

I T in  Main 18.4(18.4) 

T i n  P r i ~ e  l52.4(152.4) 

Flow Main 1615.(1615.) 

F l o ~  Prime 626.(626.) 
1 1 

Flow Main 801.9(752.) 

Flow Prime 313.2(342. ) 

I i - 
AP Main 10.7(15.0) 

I 
. 

Temp Main 3.(6.5) 
l ~ e m ~  Prime 148.9(149.7) 

Pa;el I AP Main 10.7(11.7) - 

- 

Flow Main 413.11786.: 

Flow Prime 312.8(35C. 

T m p  Main.-9.6(-4.9) 

Temp Prime 145.5(145.) 

Panel 
P Main 11.(12.1; 

Iremp Main 3.2(6.5) I Temp Pr i n e  148.9 
T 0 . m  

I temp Main -9.3(-12.9j , 1 Tem; Prime 945;. 9l 

I P a r 1  I A? Main i:i!31 
I 

Temp Main -28.8(-22.2 

Temp Prime 141 - 6  m 

Temp t<ain 49.9(53.2) -- Temp ~ a i ~ 3 6 . 3 ( - 2 9 . 2 :  
Temp Prime 144.4(145.) Temp Prime 138.3 

T=T 
1 Tout Main 7.6(13.1) 

Numbers i t  parenthesis ? r e  t e s t  values 

/ 1 Numbers not i n  parenthesis are predicted values 

Tout Pr i~ne 141 -4t138.3) I 
Tsnp Mixed Prime and Hain 48.9(49.) 

1 
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FIGURE: 

I . . . . . . . . . . . ,  

- Q - Test Csta-lrixed Outlet Tenp - Set Foint  Teu+ 

1600 1630 17CO 
Day 121 T.lme(hrs) 







To 7. 3 :;ct-or-c! 
a lioa sloppcd 

I 
FIGURE 29 I 

I 

3APORATOR PEBFOBLANC3 DURING DUCT ANT! A 

NOZWlE rnTL3.R 
Nozzle fi 

Hca!er I , /  

On 1;; 

- 4,2 LL a 

4 
!{EATER OFF 

&A 4 

Duct 
Heater Off 

- Xozz le Throat Te mp. h 

' AK0012 - Due E X I ~  Temp 

1 U I _ - _ _ t _  ' -----+.- 
06:i.L 07 : & O p  G9:E I ~J:u;.I I I:UG 

DAY TEST Ihf.E (HRS) 
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FIGURE 37 

WATm QUANTITY DURING ~~~~1 AND HEAT LOAD TEST POmT 

1800 2000 2200 2400 0200 0400 C6CC - Day 120 I - -Day 121 ---------------a 
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