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FIRST QUARTERLY PROGRESS REPORT 
RESEARCH STUDY ON INSTRUMENT UNIT 

THERMAL CONDITIONING HEAT SINK CONCEPTS 
MARCH I 1  TO MAY 31, 1966 

INTRO DUCT1 ON 

This  r e p o r t  reviews the  work accomplished by the  AiResearch Manufactur ing 

D i v i s i o n  of The Gar re t t  Corporation, Los Angeles, Ca l i f o rn ia ,  between March I I  

and May 3 ! ,  1966, under Nat ional  Aeronautics and Space Admin is t ra t ion  

Contract  NAS8-11291. T h i s  con t rac t  i s  f o r  a research study on instrument u n i t  

thermal c o n d i t i o n i n g  heat s ink  concepts. This  repo r t  i s  the  f i r s t  q u a r t e r l y  

progress repo r t  under the referenced con t rac t  which was signed on March 1 1 ,  

1966. The prev ious repo r t  under t h i s  con t rac t  was issued under AiResearch 

repo r t  number 66-0612. 

PSOGRESS SUMMARY 

I n  the  f i r s t  q u a r t e r l y  repo r t i ng  per iod  work was accomplished i n  t h e  

Under Task I, Water B o i l e r  Heat Sink Module, a rev iew was f o l l o w i n g  areas: 

made of e x i s t i n g  wick heat t r a n s f e r  endurance and w ick ing  r a t e  data from the  

Apo l l o  evaporator program and AiResearch Company sponsored work, and a l i t e r a -  

t u r e  rev iew was made. 

setup was completed, and d e t a i l  drawings were s ta r ted .  Procurement o f  metal 

f e l t  wicks f o r  t e s t i n g  was i n i t i a t e d .  Under Task 2, Water Subl imator Heat 

Sink Module, ana lys is  o f  t h e  mechanism and important design parameters o f  

subl imators  was undertaken. Analys is  o f  breakthrough pressure f o r  bo th  l i q u i d  

and vapor breakthrough was completed. 

t e s t e d  i n  o rder  t o  o b t a i n  a b e t t e r  understanding o f  t h e  processes t h a t  occur 

i n  subl imators.  

o f  var ious  porous p la tes  was started, and a number o f  porous p l a t e s  were pro- 

A p re l im ina ry  design o f  a w ick  module performance t e s t  

A t ransparent  subl imator  was b u i l t  and 

Design o f  a t e s t  apparatus f o r  sub l imat ion  performance t e s t i n g  

cured f o r  t e s t i n g .  Some bench t e s t s  w 

PROBLEM DEFINITION 

During the  f i r s t  t w o  weeks o f  the  

e s t a b l i s h i n g  a r e a l i s t i c  problem d e f i n  

parameters s tud ied  and module designs 

i n t e r e s t  t o  the  NASA. The pre l im inary  

AIRESEARCH MANUFACTURING DIVISION 
Lm Angeles Caitfotnm 

r e  run  on these p la tes .  

program, e f f o r t  was concentrated on 

t ion, i n  order  t o  ensure t h a t  t h e  

nvest igated w i l l  inc lude t h e  ranges of  

problem statement was reviewed a t  a 

66-0768 
Page I 



~8 
8 
I 
1 
I 

meeting a t  Marshal l  Space F l i g h t  Center on March 31, 1966. P a r t i c i p a n t s  i n  

the  meet ing were: 

A i  Research 

P. J. Berenson 

D. C. C o i l a r t  

J. J. K i l l a c k e y  

L. B. P e l t i e r  

!?. A. Stem 

MSFC - 
R. Huneidi 

R. Wegr i c h  

J. Vaniman 

General concurrence i n  the  problem statement def ined 

paragraphs was obtained. 

Hot Side F l u i d  

n t h e  f o l l o w i n g  

The hot s ide  f l u i d  w i l l  be representa t ive  o f  p o t e n t i a l  thermal 

c o n d i t i o n i n g  f l u i d s .  Wizhiii t h i s  broad range, the  f l u i d  f o r  u5e i n  t h i s  

program w i l l  be se lected on the  basis of  convenience and economy. 

ethy lene g lyco l -water  s o l u t i o n  w i l l  be used i n  order  t o  make maximum u t i l i -  

z a t i o n  o f  e x i s t i n g  t e s t  equipment. 

Water and/or 

Modu 1 e Heat Load 

The modules w i l l  be designed f o r  maximum heat load o f  3400 B tu  per hr 

( I kw). The t o t a l  maximum heat load for  a t y p i c a l  a p p l i c a t i o n  may be around 

6 kw. The design, therefore,  w i l l  permit  module s tack ing  t o  meet var ious 

heat loads w i t h  t h e  same design. Studies w i l l  i nc lude u n i t s  t h a t  a re  capable 

o f  meeting any heat load f r o m  C t o  f u l l  load, and a l s o  w i l l  i nc lude an inves- 

t i g a t i o n  o f  t he  des ign simp1 i f i c a t i o n s  t h a t  would be permi t ted  w i t h  much less  

v a r i a t i o n  i n  t h e  heat load, say from f u l l  load t o  two- th i rds  load, for example. 

A l l  modules w i l l  be capable o f  a number o f  r e s t a r t s .  

Hot F l u i d  I n l e t  Temperature 

The i n l e t  temperature o f  t he  hot f l u i d  w i l l  be v a r i e d  between 45 and 9OoF. 

Out le t  temperatures o f  45OF and 6OoF w i  1 1  be invest igated, w i t h  c o n t r o l  t o l e r -  

ances o f  ? 2 *  and +5'F. 

g rea tes t  i n t e r e s t  t o  the NASA, t h e  o u t l e t  temperature w i l l  be t rea ted  para- 

m e t r i c a l l y .  Trans ient  changes i n  i n l e t  temperature of  up t o  5 deg per min 

w i l l  be inves t iga ted .  

Whi le o u t l e t  temperatures i n  the  range o f  6OoF are  o f  

AIRESEARCH MANUFACTURING DIVISION 
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Operat i nq Envi ronment 

The modules w i l l  be designed t o  operate i n  g r a v i t y  environments f rom 

one g t o  zero 9. V ib ra t i on  environments t y p i c a l  o f  Saturn systems w i l l  be 

considered i n  the  design. No v i b r a t i o n  t e s t i n g  w i l l  be performed. Th is  

requirement.wi11 be accounted f o r  by o n l y  us ing  designs which are  expected t o  

be ab le  t o  su rv i ve  it. The ambient pressure for t h e  modules w i l l  be hard- 

vacuum t o  14.7 psia.  

Requ i red  Operat i na L i  f e  

The u n i t s  inves t iga ted  w i l l  be capable o f  s a t i s f y i n g  opera t iona l  l i f e -  

t ime  requirements o f  f rom 4 hr t o  as much as 90 days. The e f f e c t  of long 

d u r a t i o n  opera t i on  on bo th  subl imators and b o i l e r s  w i l l  be considered. 

Water U t i l i z a t i o n  E f f i c i e n c y  

The optimum water ut- I ! I z a t  Ion c a ~  range anywhere f rm va!ues aroufid 

40 percent t o  100 percent depending on the  length  o f  mission, t he  c y c l  i c a l  

ope ra t i on  o f  t h e  evaporator, and the t r a d e o f f  between f i x e d  weight and expend- 

ab le  weight. Water u t i l i z a t i o n  w i l l  be t r e a t e d  paramet r ica l l y ;  however, a 

goal o f  90 percent m i n i m u m  for long-durat ion systems w i l l  be considered. 

Ground Test A t t i t u d e  

Tes t i ng  w i l l  inc lude two  a t t i t u d e s  w i t h  respect t o  grav i ty ,  namely, 

upward f l o w  and downward f low.  The r e s u l t s  o f  t h i s  t e s t i n g  w i l l  be c o r r e l a t e d  , 
w i t h  a n a l y t i c a l  p red ic t i ons  o f  t he  one g performance together  w i t h  ana lys i s  

o f  zero-g performance. 

t o  lead t o  conf idence t h a t  t h e  modules w i l l  operate as requ i red  i n  g r a v i t a -  

t i o n a l  f i e l d s  ranging f r o m  zero  g t o  one g. 

' 

Th is  combination o f  ana lys i s  and t e s t i n g  i s  expected 

DEVELOPMENT PLANS 

Development p lan  o u t l i n e s  were prepared f o r  Task I ,  Water B o i l e r  Heat 

S ink Module, and Task 2, Water Sublimator Heat S ink Module. These o u t l i n e s  

a r e  inc luded as Tables 1 and 2, respec t ive ly .  A development p lan  f o r  Task 3, 

Thermal Cond i t ion ing  Panel w i t h  Sel f -contained Heat Sink, w i l l  be prepared 

l a t e r  i n  the  program a t  t h e  conclusion of  survey and a n a l y t i c a l  work on the  

water b o i l e r  and subl imator.  Conceptual design o f  t he  thermal c o n d i t i o n i n g  

panels w i l l  probably de r i ve  f rom water b o i l e r  and subl imator  design studies.  

AIRESEARCH MANUFACTURING DIVISION 
Lm Angeles. Califorma 
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TABLE 1 

TASK I. WATER BOILER HEAT SINK MODULE DEVELOPMENT PLAN 

Subtask 

I .  Establ  i s h  Problem Statement and Test Plans 

2. Wicking I n v e s t i g a t i o n  

a. Review e x i s t i n g  data 

b. Screen wicks o f  d i f f e r e n t  kinds: n icke l ,  CRES, f iberg lass,  etc.  

I n v e s t i g a t e  e f f e c t s  o f  d e n s i t y  and thickness. 

c. Survey sur face-act ive agents: EDTA, Sterox, e tc .  Determine 

e f f e c t  o f  s u r f a c t a n t  treatment upon wick ing 1 i fe ,  rate, he ight .  

d. Determine a b i l i t y  o f  various wicks t o  wi thstand wet-dry cycles.  

e. Determine s u s c e p t i b i l i t y  of var ious wicks t o  contamination. 

I d e n t i f y  contaminants by spectrographic and photographic means 

i f  possible.  Devise means o f  reducing e f f e c t  o f  contaminants. 

f. Determine reasonable engineering mater ia l  s p e c i f i c a t i o n s  f o r  

wicks. 

3. Water Flow D i s t r i b u t i o n  

Analyze and t e s t  d i f f e r e n t  water f l o w  d i s t r i b u t i o n  techniques: 

a. Sponge-wick-porous p la te  

b. Spray nozzles w i t h  f l a s h i n g  

c. 

d. Other 

E f f e c t  of  f l o w  conf igura t ion  (mult ipass, counterf low, e tc . )  

4. Water Flow Contro l  

Analyze and t e s t  d i f f e r e n t  means of  c o n t r o l l i n g  water f l o w  w i t h i n  

acceptable l i m i t s .  Some possible c o n t r o l  schemes are:  

a. Wick temperature sensor t o  c o n t r o l  water i n  an o n / o f f  fash ion  

b. Heat t ranspor t  f l u i d  o u t l e t  temperature sensor t o  c o n t r o l  water 

i n  an on /o f f  fashion. 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles Callfornla 
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Subtask 

5 .  

6 .  

7. 

8 .  

9 .  

I O .  

C. 

d. 

e. 

TABLE 1 ( Cont inued) 

Sense heat load (heat transport fluid inlet temperature)to fix 

water on/off schedule. 

Constant water flow 

Other 

Heat Transfer Tests 

Test single modules to determine heat transtar coefficient as a 

function of pressure, wick material , wick thickness, and heat flux. 

Use existing equipment to the extent possible. 

Temperature Control 

Analyze and test different methods of controlling heat transport fluid 
temperature. Some possible methods are: 

a. Backpressure control to establish boiling temperature 

b. Liquid bypass to limit heat transfer rate 

c. Combinations, or other 

Module Geometry 

Determ ne optimum module geometry and flow arrangement. 

method for selecting fins and wick-fin arrangement. 

Test Modu 1 es 

Build and test modules based upon the above tasks, for heat transfer, 

control, carryover, on-off, etc. 

Determine 

Design Recomnended Optimized Boiler Module 

Heat Exchanger with controls, water supply, etC. 

Final Report 
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TABLE 2 

TASK I1 WATER SUBLIMATOR HEAT SINK MODULE DEVELOPMEW PLAN 

Subtask 

1. Estab1 ish Problem Statment and Test Plan 

2. Analysis 

a. Establish basic mechanisms 

b. Evaluate control schemes 

c. Develop porous plate specification 

d. Correlate results of bench tests with single module and three 

module sublimators 

e. Develop basic design techniques 

f. Optimize full-size sublimator design including control system 

3. Procure Porous Plate Test Specimens 

a. Vendors to be considered: 

( I )  Mott Metallurgical 

(2) Aircraft Porous Media 

(3) LMSC 

(4) Clevite 

(5) To be determined 

b. Possible materials: 

( I )  Nickel 

(2) CRES 

(3) Monel 

(4) Nichrome 

(5) Noble metals and plastics 

(6) Titanium 

rn I AIRESEARCH MANUFACTURING DIVISION 66 - 0 768 
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TABLE 2 ( Cont i nued) 

Subtask 

c. Plate size shall be approximately 3.5 in. by 7.0 in. by 0.035 in. 
(to be used throughout test program) 

5. 

d. Plates to be obtained with initial bubble point between 2.0 and 

10.0 in. of mercury (with water). 

possible (greatest porosity). 
Water flow shall be maximum 

4 .  Porous Plate Bench Tests 

a. Initial set of tests to include all or a portion of the following: 

( I )  Initial bubble point 

( 2 )  General bubble point (boi 1 ing pressure) 

(3) Water flow at 1.0 in. Hg pressure differential 

(4) Nitrogen pressure drop at 1.0 Ib per min flow with discharge 
to ambient and 2.0 mn Hg abs 

(5) Water retent ion pressure 

(6) Flow uniformity 

(7) Effect of surface treatment to produce nonwetting 

Single Module Testing 

a. Basic goal will be to relate results of bench tests to actual 

sublimator performance. 

a full-size sublimator. 

This data will then be used to optimize 

b. Test unit will incorporate one 3.5 in. by 7.0 in. porous plate 

and will use a constant heat flux electrical heater. 

c. Tests will be run to determine the following: 

( I )  

(2) Limits of mixed-mode operation 

(3) Start-up characteristics 

( 4 )  

Maximum water supply pressure without liquid breakthrough 

Effects of surface treatments to promote hydrophobicity 

AIRESEARCH MANUFACTURING DIVISION 
Los hgeh Callforma 
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TABLE 2 ( Cont i nued) 

Subtask 

(5) 

( 6 )  

( 7) Transient response 

(8) Effect of dissolved gases in water supply 

Effects of operation at minimum and zero heatload 

Effect of ambient pressure variation 

d. Life tests will be run on selected single modules to evaluate 

effects of porous plate corrosion and/or microcontamination on 

sublimator performance. Porous plate selection will be guided 

by results of Apollo Air Trap Flow Degradation Testing. Tests 

will be run using single distilled water with one-half micron 
absolute filtration. 

6. Test Three-Module Sublimators 

a. 

b. 

Design to be based on results of  single module tests 

Basic goal will be to develop a practical design using a fluid 

heat source with a predictable set of performance parameters. 

Tests will be run to evaluate the following: 

( 1 )  

(2) Overall performance 

(3) 

Start-up character i st ics 

Effect of water supply pressure on start-up and shut-down 
and steady-state performance 

Minimum heat load without complete freezing 

Maximum heat flux (maximum heat transport fluid inlet 
temperature) 

(4) 

( 5 )  

( 6) Transient response 

(7) Operat ion with 1 iquid bypass (Vernatherm) control 

(8) Control concepts required to operate at zero heat load. 

Consider use of inlet temperature sensing to control water 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles @Wornla 
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TABLE 2 ( Cont i nued) 

Subtask 

flow. Allow unit to dry out at zero heat load by using 
residual heat capacity to sublime remaining water. 

Relationship to single module test results ( 9 )  

7. Design Recomnended Optimized Sublimator Module 

Heat Exchanger with controls, water supply, etc. 

8. Final Report 
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TASK I: WATER BOILER HEAT SINK MODULE 

Review o f  E x i s t i n q  Wick Data 

1 .  Wick  Endurance T e s t i n q  

AiResearch has conducted a ser ies o f  1000-hr wick performance t e s t s  as 

p a r t  of t h e  A p o l l o  g l y c o l  evaporator program. 

i n t e r e s t  invo lved 3 in .  h i g h  by 6.4 i n .  wide n i c k e l  f e l t  metal wicks o f  

15 percent density, w i t h  an average pore s i z e  o f  0.00165 in .  

heated on both sides w i t h  e i e c t r i c a i  heaters separated f r o m  t h e  wicks by o f f -  

set  rectangular  f i n s .  Four thermocouples were used t o  measure t h e  p l a t e  

temperatures, two adjacent t o  t h e  top talf o f  the  wick, and two adjacent t o  

t h e  bottom h a l f  o f  t h e  wick. 

The ser ies  of  t e s t s  o f  s p e c i f i c  

These wicks were 

F i v e  d i f f e r e n t  types o f  t e s t s  were run. Two o f  t h e  wicks were brazed as 

received, two  were ox id ized  a t  800°F i n  a i r  and one was saturated w i t h  a 0.1 

percent s o l u t i o n  of Sterox NJ, a surface-act ive agent. 

e f f e c t  o f  water f i l t r a t i o n  some o f  t h e  samples were fed water t h a t  had gone 

through a IO micron f i l t e r ,  w h i l e  the o thers  were fed  water t h a t  had gone 

through one-half micron f i l t r a t i o n .  Table 3 shows t h e  r e s u l t s .  On t h e  bas is  

o f  performance change, t h e  best performance was obtained w i t h  t h e  sur fac tan t -  

t r e a t e d  wick, which a c t u a l l y  increased 19 percent i n  performance over t h e  

1000-hr t e s t .  

t h e  brazed-as-received wick w i t h  one-half micron water f i l t r a t i o n ,  which 

dec l ined i n  performance o n l y  5 percent. The specimens which were fed  IO 
micron water had performance degradations o f  51 percent and 36 percent, 

respect ive ly ,  wh i le  t h e  ox id ized  w i c k  which had one-half micron f i l t e r e d  

water, had a performance degradation o f  23 percent. 

apparent ly  prevented any degradation and a c t u a l l y  led  t o  a s i g n i f i c a n t  increase 

i n  performance w i t h  time, t h e  effect of t h e  sur fac tan t  was a l s o  t o  decrease 

i n i t i a l  performance by a s i g n i f i c a n t  amount. 

To i n v e s t i g a t e  t h e  

The best o v e r a l l  performance of  t h e  f i v e  specimens t e s t e d  was 

While the  sur fac tan t  

The f o l l o w i n g  conclusions can be drawn from these 1000-hr t e s t s .  

a. Water f i l t r a t i o n  and water p u r i t y  i s  of  great importance. Water 

t h a t  was f i l t e r e d  through a one-hal f  micron f i l t e r  l e d  t o  much less 

degradat ion of wick performance than water which was f i l t e r e d  

through a 10 micron f i l t e r .  

AIRESEARCH MANUFACTURING DIVISION 
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B 
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8 
I 
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Brazed as received 
lop, water f i l t r a t i o n  

TABLE 3 .  IO00 HR ENDURANCE TEST RESULTS 15% DENSE NICKEL FELTMETAL WICKS 

~ Top I ' 

240 

220 

I06 

I06 

61 

45 

66 

66 

Brazed as received 
I / 2 ~  water 
f i l t r a t i o n  

1.18 

0.92 

0.88 

0.80 

0.75 

0.49 

0.65 

0.65 

Brazed a f t e r  heat ing  
i n  a i r ,  800°F, 30 
min lop water 
f i 1 t r a t  i o n  

80 

I32 

64 

71 

I26 

I32 

78 

I02 

Brazed a f t e r  heat ing  
i n  a i r ,  8OO0F, 30 
min 1/2p water 
f i I t  r a t  i o n  

0.76 

I .oo 

0.71 

0.62 

2.04 

1 .  15 

0.68 

0.88 

Brazed as received 
Saturated i n  0.1 
percent  s o l u t i o n  
o f  Sterox NJ. 
I / 2 ~  water 
f i 1 t r a t  i o n  

Top 2 

Bottom I 

Bottom 2 

Top I 

Top 2 

tiottom i 

Bottom 2 

Top I 

Top 2 

Bottom I 

Bottom 2 

Top 1 

Top 2 

Bottom I 

Bottom 2 

Top I 

Top 2 

Bottom I 

Bottom 2 

AIRESEARCH MANUFACTURING DIVISION 
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h f i n a l  
h in i  t i a l  h f i n a l  i 

Btu/hr f t2  OF Btu/hr  ft2 OF 1 h i n i t i a l  
I 

i 76 

240 

I56 

I39 

203 

240 

128 

I32 

83 

91 

I02 

I02 

I06 

I32 

91 

I15 

61 

I15 

I15 

I I5  

1 06 

66 

91 

71 

0.60 

0.28 1 0.58 

1 0.51 

Average 
Perf  o rmance 

Change 
- 

-51% 

- 5% 

- 

* 36% 

- 23% 

+19$ 
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b. 

C. 

The o x i d a t i o n  o f  the  n icke l  wicks i n  a i r  leads t o  reduc t ion  i n  

performance, and does not reduce s u s c e p t i b i l i t y  t o  degradat ion w i t h  

t ime. 

Treatment o f  wicks w i t h  sur factant  may lead t o  considerable 

reduc t ion  i n  s u s c e p t i b i l i t y  o f  the  wick t o  performance degradation 

w i t h  time. However, the  sur fac tan t  may reduce t h e  wick ing r a t e  o f  

t h e  wicks s i g n i f i c a n t l y .  An i n t e r e s t i n g  p o s s i b i l i t y  would be t o  

use wicks which had an i n i t i a l  w ick ing r a t e  considerably i n  excess 

of t h a t  required, and t r e a t  these w i t h  sur fac tan t .  Based on t h e  

r e s u l t s  o f  the  above tests, it might be poss ib le  t o  o b t a i n  i m u n i t y  

f r o m  performance degradation, wi thout  t h e  s a c r i f i c e  o f  performance 

t h a t  would be obtained by t r e a t i n g  t h e  same wick w i t h  a sur face 

act  i ve agent. 

2. Wicking Rate 

The f o l l o w i n g  ana lys is  develops an equat ion f o r  t ime it takes l i q u i d  t o  

reach var ious heights  i n  a wick a f t e r  t h e  end o f  a d r y  wick has been brought 

i n t o  contact  w i t h  t h e  l i q u i d .  I t  i s  assumed t h a t  t h e r e  i s  no heat o r  mass 

t r a n s f e r  from t h e  sides o f  t h e  wick; the f l o w  r a t e  o f  l i q u i d  i s  the  same as 

each l e v e l  a t  any one time. 

Assuming t h a t  momentum changes are 

n e g l i g i b l e  reduces t h e  f o r c e  balance 

equat ion t o  th ree  terms: g rav i ty ,  f r i c -  

t ion,  and surface tension. The pressure 

drop due t o  f r i c t i o n  i s  equal t o  the 

pressure drop provided by t h e  excess o f  

c a p i l l a r i t y  over g r a v i t y :  

The change o f  he ight  w i t h  t i m e  i s  equa 

Combining t h i s  w i t h  t h e  d e f i n i t i o n  o time. 

dX 
G = P V = P -  d t  

AIRESEARCH MANUFACTURING DIVISION 
L c a  Angeks. Cahfornia 

t o  t h e  l i q u i d  v e l o c i t y  a t  any 

mass v e l o c i t y  y i e l d s  
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I 
I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

S u b s t i t u t i n g  Equation (2) i n t o  Equation (I) and s o l v i n g  f o r  d t  g ives 

d t  = X dX r c:s e - 3 90 

I n t e g r a t i n g  Equation (3) y i e l d s  the f i n a l  equat ion f o r  the t ime 

1 iqu 

on ly  

( 3 )  

t takes 

d t o  reach each he igh t  i n  the wick. 

(4) 
I 

pq D 
Lm COS 8 QQ 

$0 P9 D P9 D 

Equation ( 4 )  shows tha t  the time requ i red  to  wick a he igh t  X i s  a f u n c t i o n  

o f  the pore diameter and f l u i d  sur face proper t ies .  F igures 1 and 2 show 

the r e s u l t s  o f  w ick  r a t e  tes ts  a t  AiResearch. Table 4 l i s t s  the manufacturer 's 

d e s c r i p t i o n  of the wicks used i n  the t e s t s  o f  F igures I and 2. 
I 

TABLE 4 I 

FELTMETAL W I C K  PORE S IZE I 

Average Pore Maximum Pore Pore Size 
Ma te r ia l  Dens i t y  Size, in. Size, in. Range, in. 

S ta  i n  1 ess 15% .00140 
S tee 1 

.00200 .OOlOO - .00180 

.00165 .00264 .00075 - .00189 Nicke l  15% 

The manufacturer of the wicks, Huyck Metals, c la ims t h a t  l ess  than I percent 

of the pores a r e  l a rge r  than the ind icated maximum pore s i z e  and t h a t  80 percent  

of the t o t a l  pore  volune i s  w i t h i n  the ind ica ted  pore s i z e  range. F igu re  I shows 

w ick  r a t e  t e s t s  f o r  15 percent  dense, s t a i n l e s s  s tee l  Fe l tmeta l .  On F igure  I 

a r e  shown wick  r a t e  tes ts  f o r  f o u r  d i f f e r e n t  w ick  thicknesses ranging f rom 0.015 

in. to 0.125 inch. The data shows a marked in f luence o f  w ick  th ickness on w ick ing  

ra te .  A lso  p l o t t e d  on F igu re  I a r e  the w ick  ra tes  pred ic ted  by Equation (4) f o r  

a va lue of cos 8 equal t o  0.5, and C, the t o r t u o s i  t y  o f  the pores, equal t o  I .5. 

These numbers represent  l i t t l e  more than guesses, b u t  they should be conserva- 

t i v e .  The three l i n e s  f o r  Equation ( 4 )  represent  w ick ing  t i n e  versus he igh t  f o r  

the nominal minimum poresize,  the average pore size, and the maximum pore s ize.  

I t  i s  seen tha t  the wick ra tes  predic ted f o r  the nominal maximum pore  s i z e  f a l l  

f a i r l y  c lose  t o  the wick r a t e  w i t h  the t h i c k e s t  wick. A poss ib le  exp lanat ion  

AIRESEARCH MANUFACTURING DIVISION 
Los higeles. Califamla 
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f o r  the e f f e c t  of wick thickness on wick r a t e  may be the surface treatment of 

the wick. That is, the way the wick i s  r o l l e d  o r  pressed may c lose  o r  reduce 

i n  s i z e  some of the pores near the surface. I f  t h i s  were the reason i t  would 

mean t h a t  t h i c k e r  wicks a r e  less inf luenced by th ickness than t h i n  ones, which 

i s  seen from b o t h  F igures I and 2 to  be the case i n  the AiResearch experiments. 

Another reason f o r  the t h i n  wicks having a g r e a t l y  reduced w ick ing  capabi l  i t y  

may be contamination, probably from the atmosphere. 

face  e f f e c t ;  t h a t  i s  the contaminants penetrate deeper f r a c t i o n a l l y  i n t o  the 

thln wicks than the 4 h : - ~ -  LI I ILh ones. Figure 2 snows the same r e s u l t s  f o r  15 percent 

dense n i c k e l  Fel  tmetal. Here the spread between the var ious wick thicknesses 

i s  s t i l l  pronounced, though n o t  near ly  as wide as was the case f o r  s t a i n l e s s  

s t e e l .  T h i s  could i n d i c a t e  t h a t  n icke l  i s  less e a s i l y  contaminated than s ta in -  

less s t e e l .  The a n a l y t i c a l  curve f o r  the nominal pore s i z e  o f  0.00165 in. i n  

F i g u r e  2, f a l l s  very c lose  t o  the measured wick r a t e  f o r  the 0.090 in.  wick, 

which i s  the one most commonly used i n  evaporators a t  AiResearch. 

T h i s  might  a l s o  be a sur-  

The t e s t s  repor ted above were run before i t  was f u l  l y  appreciated how 
e a s i l y  suscept ib le  the wicks are  t o  contaminat ion and how extreme the requi re-  - -  

ment for  c l e a n l i n e s s  was. La ter  i n  t h i s  program wick r a t e  t e s t s  w i l l  be re- 

peated under a more c a r e f u l l y  c o n t r o l l e d  environment. 

wicks to  d e l i v e r  water i n  an evaporator i s  one o f  the most important design 

parameters, and i t  i s  essent ia l  that  the wick r a t e  capaci ty  be understood and 

p r e d i c t a b l e .  

The capaci ty  of the 

Wick Heat Transfer and Performance Test inq 

A p r e l  iminary design of a wick module performance t e s t  setup was prepared, 

and d e t a i l  drawings a r e  about 50 percent completed. This design w i l l  a l l o w  

f o r  t e s t i n g  o f  wicks o f  d i f f e r e n t  thicknesses and wick height, us ing steam 

f i n s  of  v a r y i n g  geometry, i n  par t i cu la r ,  rectangular  and t r i a n g u l a r  f i n s .  

Wicks o f  d i f f e r e n t  p o r o s i t y  w i l l  be tested, and the t e s t  sec t ion  w i l l  be capable 

o f  v a r y i n g  e l e c t r i c a l  heat inpu t  to  vary heat f l u x .  E l e c t r i c a l  heat ing  was 

se lected over f l u i d  heat ing  f o r  simp1 i c i  t y  o f  operation, and b e t t e r  heat balances. 

The e l e c t r i c a l  heaters w i l l  be attached to  a heavy copper p l a t e  so as t o  p e r m i t  

f a i r l y  exact d e f i n i t i o n  of the temperature boundary condi t ions.  The heater 

w i l l  be made i n  several v e r t i c a l  sections, so t h a t  the r a t e  of heat  i n p u t  can 

be var ied  a long the wick as would be the r e a l  s i t u a t i o n  i n  a w ick  water b o i l e r  

t h a t  was removing heat f rom a f l u i d  stream. 

AIRESEARCH MANUFACTURING DIVISION 
Los lngcles Catitomla 
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8 
Procurement of wicks to be tested has been in i t ia ted .  Nickel, stainless 

steel,  monel, copper and possibly aluminum wicks w i l l  be obtained. 

w i l l  cover a wide range of thicknesses and densit ies.  

The material  

8 
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TASK 11: WATER SUBLIMATOR HEAT S I N K  MODULE 

Sub 1 ima t o r  Ana 1 ys i s 

According t o  the theory presented i n  Reference I ,  the Subl imat ion mecha- 

nism i s  character ized by a layer  of i c e  on the ins ide  face ijf the porous p la te .  

The ex is tance of t h i s  i c e  layer  is determined by a combination o f  the vapor 

pressure drop c h a r a c t e r i s t i c s  of the porous p l a t e  and the  heat f l u x  or vapor 

f l o w  ra te .  When the vapor pressure drop across the porous p l a t e  i s  !ess than 

the t r i p l e  p o i n t  pressure the phase change must be from the s o l i d  d i r e c t l y  t o  

the vapor phase, by subl imat ion o f  the i c e  layer .  The thickness o f  the i c e  i s  

governed by the r a t e  o f  heat t ransfer  and the subl imat ion temperature corres- 

ponding t o  the l o c a l  vapor pressure a t  the i n l e t  face of  the porous p l a t e .  To 

meet the imposed heat load the i c e  sublimes a t  the face o f  the porous p l a t e  and 

freezes a t  a corresponding r a t e  a t  the l i q u i d  in te r face .  The generated vapor 

passes through the porous p l a t e .  I t  can be shown t h a t  the normal opera t ing  

pressure d i f f e r e n t i a l s  across the porous p l a t e  and i c e  layer  a r e  i n s u f f i c i e n t  

t o  ex t rude the i c e  i n t o  the pores and thus the i c e  forms a b a r r i e r  t o  l i q u i d  

f l o w  i n t o  the pores. 

I f  the i n p u t  heat f l u x  i s  increased, the vapor pressure drop across the 

porous p l a t e  increases causing the sub1 imat ion temperature t o  r i s e  accordingly.  

This r e s u l t s  i n  a reduct ion i n  the i c e  l a y e r  thickness i n  order t o  s a t i s f y  the 

heat conduction requirements. Eventual ly  the i c e  layer  w i l l  disappear completely 

when the heat f l u x  is s u f f i c i e n t  t o  cause the vapor pressure a t  the i n l e t  face 

o f  the porous p l a t e  t o  be grea ter  than the t r i p l e  p o i n t  pressure. I t  i s  a t  

t h i s  p o i n t  t h a t  the evaporat ion mechanism begins to  occur. However, if the 

pore s i z e  d i s t r i b u t i o n  i s  non-uniform, the heat  f l u x  a t  which t h i s  t r a n s i t i o n  

occurs w i l l  vary w i t h  l o c a t i o n  on the p l a t e  due t o  i n e q u a l i t i e s  i n  vapor pres- 

sure drop, resu l  t i n g  i n  mixed mode operat ion.  

Typical  porous p l a t e s  conta in  a random d i s t r i b u t i o n  of pores w i t h  respect  

to b o t h  s i z e  and shape. The p o i n t  o f  t r a n s i t i o n  f o r  any s i n g l e  pore i s  de- 

pendent on i t s  equ iva len t  rad ius  and u l t i m a t e l y  the vapor pressure drop produced 

'Porous P l a t e  Water B o i l e r  Desiqn Study - F i n a l  Report, HSER 3509, Hamilton 
Standard D i v i s i o n  o f  Uni ted A i r c r a f t  Corporation, Windsor Locks, Connecticut, 
May 20, 1965. 
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b y  t h e  p o r e .  I n  t h e  mixed mode o f  c o o l i n g ,  p h a s e  c h a n g e  o c c u r s  a t  l o c a l  

t e m p e r a t u r e s  a b o v e  and  be low t h e  t r i p l e  p o i n t  d e p e n d i n g  on t h e  l o c a l  p o r e  

geomet ry .  An a v e r a g i n g  effect ex is t s  and  i f  t h e  p l a t e  is of r e a s o n a b l e  thermal  

c o n d u c t i v i t y  t h e  e f f e c t i v e  p l a t e  t e m p e r a t u r e  r ema ins  c o n s t a n t  and  v e r y  n e a r  

32OF o v e r  a wide  r a n g e  of h e a t  f l u x .  

o n  a t r i p l e  p o i n t  s i n k  t e m p e r a t u r e .  
Design c a l c u l a t i o n s  are  then  s i m p l y  b a s e d  

The main e l e m e n t s  of t h e  t h e o r y  a re  s u m r i z e d  above .  Some p o r t i o n s  of 
t h i s  t h e o r y ,  however, a re  n o t  c o n s i s t e n t  w i t h  t h e  e x p e r  

R e f e r e n c e  I or  t h e  o b s e r v a t i o n s  made h e r e  a t  A i R e s e a r c h  

l a t e  a more c o n s i s t e n t  t h e o r y  s e v e r a l  "mixed mode" mode 

a n a l y z e d  to c h e c k  t h e i r  v a l i d i t y .  

The o r i g i n a l  model assumed both  s u b l i m a t i o n  and bo 

menta l  d a t a  g i v e n  in  

In  o r d e r  to formu- 

s were p r o p o s e d  and  

l i n g  t a k i n g  p l a c e  a t  
t h e  u p s t r e a m  face of t h e  p o r o u s  p l a t e  w i t h  a l l  t h e  v a p o r  p a s s i n g  t h r o u g h  t h e  

en t i re  p l a t e .  Using t h i s  model, a p r e s s u r e  d r o p  c o r r e s p o n d i n g  to t h e  v a p o r  

f l o w  r a t e  f i x e d  b y  t h e  e x p e r i m e n t a l  h e a t  f l u x  may b e  d e t e r m i n e d  f rom p r e s s u r e  

d r o p  v s  f l o w r a t e  d a t a .  T h i s  was done for  several test modules  r e f e r r e d  to 

in R e f e r e n c e  1 .  

From t h e  e x p e r i m e n t a l  h e a t  f l u x ,  t h e  vapor  mass f l u x  is d e t e r m i n e d  from 

t h e  e q u a t i o n :  

where  W = v a p o r  mass f l u x , l b m / h r  f t 2  

Q/A = Heat  f l u x , B t u / h r  f t 2  

*Hs = Heat of s u b l i m a t i o n  of wa te r ,B tu / lbm 

By u s i n g  e x p e r i m e n t a l  n i t r o g e n  f l o w  ra te  vs  p r e s s u r e  d r o p  c u r v e s  f o r  f r e e  

m o l e c u l e  f l o w  g i v e n  in  t h e  referenced r e p o r t ,  a n d  by making a s i m p l e  water 

vapor  c o r r e c t i o n  ( g i v e n  below) d e r i v e d  from t h e  f r e e  m o l e c u l e  p r e s s u r e  d r o p  

e q u a t i o n ,  t h e  p r e s s u r e  d r o p  t h r o u g h  t h e  p o r o u s  p l a t e  may be d e t e r m i n e d .  
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= I .25 APN2 - I R v a p o r  
AP vapor - "N2 \ RN2 )" 

f / i n 2  
= Water vapor pressure drop,lb 

vapor AP 

f /  i n2 
= N i  t rogen pressure drop, 1 b 

"N2 

vapor 
R = Water vapor gas constant = 85.8  l b  f t / l b  O R  

f m 

= Nitrogen gas constant = 55.2 l b  f t / l b m  O R  
RN2 f 

The exper imental  data and ca lcu lated pressure drops a r e  given i n  Table 5 .  I t  

i s  seen t h a t  the pressure drops obtained i n  t h i s  manner g ive  pressures on the 

upstream s i d e  o f  the porous p l a t e  of f rom 1.5 t o  1 1  times the t r i p l e  p o i n t  

pressure. Since i c e  was observed in the t e s t  un i ts ,  these h i g h  pressures 

obv ious ly  could n o t  have been attained, i n d i c a t i n g  a d e f i c i e n c y  i n  the assumed 

mechan ism. 

I n  order  t o  account f o r  t h i s  pressure drop discrepancy, the model was 

revised, proposing subl imat ion a t  the upstream face and b o i l  ing  near the down- 

stream face. This i s  e s s e n t i a l l y  the theory given i n  Reference 1 fo r  "mixed 

mode" operat ion.  According t o  t h i s  reference, subl imation takes p lace upstream 

because the pressure d i f f e r e n t i a l  i s  n o t  s u f f i c i e n t  t o  extrude the i c e  layer  

i n t o  the pores, and the vapor generated passes through the e n t i r e  p l a t e .  B o i l i n g  

takes p lace i n s i d e  the plate,  a t  or near the downstream face g i v i n g  a small  

pressure drop. I n  e f f e c t ,  t h i s  model suggests subl imat ion over some areas o f  

the p l a t e  w i t h  pressure drop and b o i l i n g  over the remaining areas w i t h  n e g l i g i b l e  

pressure drop, the d i f f e r e n c e  a r i s i n g  from the d i f f e r e n t  s ides of the  p l a t e  a t  

which phase change occurs. 

The Val i d i  t y  o f  t h i s  mode 

the average heat f l u x  over the 

tudes of the b o i l  ing  and subl i m  

ob ta ined are  reasonabl e. This 

may be tested by exper imenta l ly  determin 

plate, from t h i s  determin ing the r e l a t i v e  

n g  heat f luxes, and observing whether the 

was done f o r  several t e s t  p l a t e s  f rom the 

n9 

magn i - 
va 1 ues 

r e f e r -  

ence as shown below. The t o t a l  average heat r a t e  i s  equal to  the sum o f  the 

b o i l i n g  heat r a t e  and the subl iming heat  ra te.  
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TABLE 5 

Porous 
P l a t e  

CALCULATED PRESSURE DROP FOR VAPOR FLOW THROUGH 
POROUS PLATES I N  SUBLIMATOR 

WA 
Btu/hr f t 2  ps i 

O.OO! 

1 
4 . 0 0 2  

710 

9 70 

OF l b / h r  f tP 

33.7 0.335 

34 .0  ' 0.582 

34 .2  0 .795 

3 2 . 0  I .01 

31 - 8  I .21 

30 .5  0 .344  

1230 

1475 

D 420 

4 75 

58 0 

610 

690 

28 .9  

3 1 . 5  

33 .7  

31 .2  

I 

0 .389  

0 .475 

0 .500  

0 .565 

W 'amb i ent 

WA = experimental heat f l u x  

'ambient 
T = porous p l a t e  temperature 

W = c a l c u l a t e d  vapor mass f l u x  

= pressure i n  vapor passage 

PP 

vapor 

p s i  

AP 

0.36 

0.51 

0 .69  

0 .87  

I .03 

0 .  I31 

0 .140 

0.156 

0.162 

0.168 

= c a l c u l a t e d  vapor pressure drop based upon assumption t h a t  
vapor iza t ion  takes place a t  water s ide porous p l a t e  face Apvapor 

66-0768 
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- 
q s  As + q~ 

= sub1 iming heat f l u x  
q S  

= b o i l i n g  heat f l u x  
98 

= average heat f lux,  exper 
qavg 

A = area over which subl imat 

- qavg A~ 

where 

S 

men ta  I I y de term 

on takes p lace 

AB 
= area over which bo i l  i n g  takes p lace 

= t o t a l  p l a t e  area = A + A 0 
A, 

AT S 

ned value 

U 
By d e f i n i n g  a " b o i l i n g  area r a t i o ' '  (RB = - ) which i s  the r a t i o  of the p l a t e  

area over which b o i l i n g  takes place to the t o t a l  p l a t e  area and d i v i d i n g  bo th  

s ides o f  ( 7 )  by AT, one obta ins 

AT 

which becomes: 

For a given p l a t e  w i t h  a known pressure drop as a f u n c t i o n  of vapor f lux ,  one 

may determine the maximum poss ib le  f l o w  r a t e  per u n i t  area, ws, which gives a 

pressure drop low enough to  keep the upstream pressure a t  o r  below the t r i p l e  

p o i n t  pressure, thereby assur ing  the p o s s i b i l i t y  of  i c e  (and subl imat ion)  a t  

the upstream face. This f l o w  r a t e  i s  then the maximum p o s s i b l e  vapor f l u x  

over the sub1 iming area, and f r o m  this, the subl imat ion heat  f l u x  may be found. 

9, = AHsWs 

AH = heat o f  subl imat ion 
S 

w = vapor f l o w  r a t e  per u n i t  area 
S 

% 
qS 

Once q i s  known, Equation (9) may be solved f o r  - u s i n g  values o f  R between 

0 and 1 .  The r a t i o  o f  b o i l i n g  heat f l u x  t o  subl iming heat  f l u x  was ca lcu la ted  

f o r  the referenced publ ished experimental data and t y p i c a l  r e s u l t s  a re  given 

below f o r  p l a t e  D w i t h  an experimental average heat f l u x  of 420 Btu/hr ft'. 

B S 
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Btu 
qs hr  f t 2  
- 

I20 

Assumed RB B" s - 
1.0 (maximum poss ib le )  3.44 

I20 0.9 3.72 

I20 0.8 4.05 

I20 0.7 4.49 

Th is  ana iys i s  ind ica tes  t h a t  the heat f l u x  over those areas a t  which b o i l i n g  

takes p lace  i s  3 t o  5 t imes greater  than the heat f l u x  e x i s t i n g  over the  sub- 

l i m i n g  areas. I n  order t o  support such great  v a r i a t i o n  i n  heat f lux ,  there  

must be e i t h e r  a correspondingly great v a r i a t i o n  i n  the  l oca l  heat t r a n s f e r  

res is tance between the heated surface and porous p l a t e  o r  a la rge  v a r i a t i o n  

i n  the  l oca l  source temperature. Since n e i t h e r  o f  these seems l i k e l y  i n  the  

t e s t  modules used, and n e i t h e r  was repor ted a long w i t h  the experimental data, 

i t  can o n l y  be assumed t h a t  the  model o f  subl imat ion and b o i l i n g  occu r r i ng  

upstream and downstream o f  t he  porous p la te ,  respect ive ly ,  i s  inaccurate. 

The model c u r r e n t l y  under cons idera t ion  i s  t h a t  o f  subl imat ion tak ing  

p lace  no t  a t  t he  upstream face b u t  w i t h i n  the  pores c y c l i c a l l y ,  w i t h  the  i c e  

vapor i n t e r f a c e  receding and again forming when water f i l l s  t he  pores and 

freezes. Subl imat ion v i s u a l i z a t i o n  t e s t s  which w i l l  be expla ined below seem 

t o  lend c r e d i b i l i t y  t o  t h i s  model. 

The importance o f  where the phase change occurs and, therefore,  t he  

magnitude o f  t he  vapor pressure drop becomes inc reas ing l y  obvious when a 

design i s  considered. I f  a conservat ive design i s  made, assuming vapor i za t i on  

a t  the upstream p l a t e  face  and a l l ow ing  s u f f i c i e n t  p l a t e  area t o  l i m i t  the 

upstream pressure t o  a value below the t r i p l e  po in t ,  the  porous p l a t e  area, 

us ing convent ional  p lates,  i s  by fa r  t he  c o n t r o l l i n g  f a c t o r  i n  the design, 

causing the u n i t  t o  be from 5 t o  20 t imes la rge r  than the  heat t r a n s f e r  requ i re -  

ments would d i c t a t e .  

Capi 1 l a r y  Flow and Breakthrouqh Analys is  

An ana lys i s  o f  f l ow  i n  c a p i l l a r i e s  was undertaken. Rate o f  l i q u i d  r i s e  

and f i n a l  r i s e  he igh t  i n  c a p i l l a r y  tubes a r e  reasonably w e l l  understood. 
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However, phenomena occur r ing  a t  the boundary of both wicks and porous p l a t e s  

a r e  no t  w e l l  enough understood t o  permit optimum design o f  hardware. 

quest ions o f  considerable importance t h a t  have n o t  been def ined as ye t  a r e  

( I )  why does a w ick  f i l l e d  t o  l e s s  than i t s  maximum wick  height  d r i p  when i t  

i s  removed from a water surface and under e x a c t l y  what cond i t ions? and (2) how 

can bubble p o i n t  and l i q u i d  breakthrough of  porous p l a t e s  be r e l a t e d  t o  pore 

geometry, sur face tension, and contact  angle? Measurements o f  l i q u i d  break- 

through o f  porous p l a t e s  i n  the l i t e r a t u r e  have shown t h a t  the  breakthrough 

pressure can vary from a very small f r a c t i o n  of t h e  gas breakthrough pressure 

t o  a number i n  excess o f  the  gas breakthrough pressure. To b e t t e r  understand 

t h i s  s i t u a t i o n  an ana lys is  of  t h e  phenomena o f  breakthrough of  both l i q u i d  

and gas was undertaken and some pre l im inary  r e s u l t s  for a s p e c i f i c  pore 

geometry and range o f  contact  angles were presented i n  the l a s t  monthly repor t .  

A d d i t i o n a l  a n a l y s i s  has been performed and r e v i s i o n s  made. 

Two 

T h i s  f u r t h e r  a n a l y s i s  invo lves t h e  phenomena o f  1 i q u i d  and vapor break- 

through for  capi 1 l a r y  tubes w i t h  rounded e x i t s  o f  var ious sharpnesses and f o r  

contact  angles from 0 t o  180 degrees. The reason f o r  i n v e s t i g a t i n g  var ious  

e x i t  sharpnesses i s  t h a t  i n  a porous p l a t e  o f  convent ional  construct ion,  a 

sharp cornered c a p i l l a r y  w i l l  no t  be t h e  t y p i c a l  pore geometry. A sketch o f  

t h e  a x i a l l y  symmetrical model used i n  the  a n a l y s i s  i s  shown below. 

VAPOR ! I  

LIQUID 

Admittedly, the pore e x i t s  i n  a porous p l a t e  w i l l  probably not  have symmetrical 

shapes; nevertheless, i t  i s  f e l t  that  the  f o l l o w i n g  a n a l y s i s  i s  use fu l  i n  t h a t  

i t  provides a b e t t e r  understanding o f  t h e  breakthrough phenomenon and gives an 

idea as t o  the  d e s i r a b l e  p l a t e  and f l u i d - s u r f a c e  c h a r a c t e r i s t i c s .  For c l a r i t y ,  
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t h e  f o l l o w i n g  ana lys i s  i s  g iven fo r  l i q u i d  breakthrough; however, i t  can be 

shown t h a t  the r e s u l t s  f o r  l i q u i d  breakthrough w i t h  a contact  angle of  e a r e  

the  same as those f o r  vapor breakthrough f o r  an angle o f  180° - 0. 

A force balance on the vapor - l iqu id  i n t e r f a c e  gives f o r  p 5 r 5 p + R:  

P L - P  = -  2a cos #I ( 1 1 )  V r  

- 
pv - where 

P =  L 
c J =  

From simple 

ang le  9, r, 

the  pressure on the vapor s ide  

the  pressure on the l i q u i d  s ide  

the  surface tens ion  

geometric re la t ions ,  one ob ta ins  cos @ as a f u n c t i o n  o f  contact  

p, and R; therefore,  the expression f o r  t he  i n t e r f a c e  pressure 

d i f f e r e n t i a l  becomes: 

- P = 20 { - CI - (E) P ($ - I ) ]  cos e + c2 (i) (+ - I )  
'L v r 

2 2 1 / 2  - ($ - I )  I s i n  0 )  

If bo th  s ides of (12) a r e  d i v i d e d  by - 
d i f f e r e n t i a l  2cJ 

pressure d i f f e r e n t i a l  i s  the  same as (12 )  except there  i s  no minus s ign  on t h e  

c o e f f i c i e n t  o f  the cos 8 term. Therefore s ince cos (180 - 0 )  i s  equal t o  

- cos 8, the  vapor breakthrough pressure f o r  180 - 8 is equal t o  the  l i q u i d  

breakthrough pressure f o r  a contact  angle o f  0. 

one ob ta ins  the  normalized pressure 

. For vapor breakthrough the  equat ion f o r  the  i n t e r f a c e  

P Y  
pL - p" 
- 
P 

For a given contact  angle 0 and " e x i t  sharpness'' e R' t he  r a t i o  o f  t h e  pore 

rad ius  t o  the rad ius  o f  curva ture  o f  the  ex i t ,  one can evaluate the  normal ized 

pressure d i f f e r e n t i a l  2cJ f o r  d i f f e r e n t  values o f  r between p and P + R pL - pv 
- 
tJ 

from Equation (12), and upon doing so, observes t h a t  t he  normal ized pressure 

d i f f e r e n t i a l  increases and then decreases w i t h  increas ing r. An example o f  

t h i s  i s  shown i n  Table 6 f o r  an ' 'ex i t  sharpness" o f  1.0 and a contact  angle 

o f  100 degrees. 
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1 
TABLE 6 

NORMALIZED PRESSURE DIFFERENTIAL ACROSS LIQUID-VAPOR INTERFACE 
FOR EXIT SHARPNESS OF 1.0 AND CONTACT ANGLE OF 100 DEG 

cos $I 
pL - pv 

2a 
P 
- 

I .  00 0.174 

I .05 0.474 

I .  IO 0.860 

I .20 0.700 

I .30 0.825 

I .40 0.892 

I .50 0.940 

I .60 0.972 

1.70 0.991 

One notes t h a t  f o r  t h i s  case the maximum va 

The maximum normalized pressure d i f f e r e n t i a  

0.174 

0.45 I 

0.532 

0.584 

0.634 

0.637 Breakthrough occurs 
a t  t h i s  value o f  r / p  

0.626 

0.607 

0.583 

pL - pY occurs a t  r = 1.4 p. ue o f  2a - 
P 

w i l l  occur a t  d i f f e r e n t  values 
e 
R' 0 o f  r / P  f o r  d i f f e r e n t  combinations of  8 and The maximum value o f  A P / Z  i s  

the  normal ized breakthrough pressure, f o r  i f  t h i s  AP i s  exceeded, the  l i q u i d  

w i l l  detach from the c a p i l l a r y  opening and breakthrough w i l l  occur. To ob ta in  the 
breakthrough pressure PB f o r  a given 8 and - P one f i r s t  solves f o r  the - r a t  

which breakthrough occurs. 
R' P 

This  i s  done by d i f f e r e n t i a t i n g  Equation ( 1 2 )  
r w i t h  respect t o  - P' 

e) 
R R  
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r 
P'  

Equation (13) i s  then set  equal t o  zero and solved f o r  - This  value i s  

pB 
'E76 i s  

then subs t i t u ted  i n t o  ( 1 2 )  and the normal ized breakthrough pressure 

found. 

The r e s u l t s  o f  t h i s  ana lys i s  a r e  shown i n  F igure  3 f o r  " e x i t  sharpnesses" 

o f  0, 0.1, 0.5, 1.0, 3, and OD. As p rev ious l y  stated, r e s u l t s  for vapor 

breakthrough correspond t o  1 i q u i d  breakthrough f o r  the supplementary contact  

angle. One notes t h a t  f o r  an i n f i n i t e l y  sharp corner, the l i q u i d  breakthrough 

pressure i s  independent o f  8 between 90 and 180 deg and p ropor t i ona l  t o  s i n  8 

between 0 and 90 deg. 

o f  a cosine curve. L iqu id  breakthrough pressure i s  seen t o  decrease w i t h  

For a sharpness r a t i o  of 0, the curve takes the form 

decreasing contact  angle and e x i t  

fea ture  o f  t h i s  p l o t  i s  t h a t  f o r  

1 ine, the normal ized breakthrough 

b y S = -  pB sin The reason fo r  t h  

p o i n t  i n  the  c a p i l l a r y  e x i t  a t  wh 

and t h i s  w i l l  be expla ined below. 

R '  - I + -  
P P 

sharpness r a t i o .  Another i n t e r e s t i n g  

a lues o f  0 t o  the  r i g h t  o f  the diagonal  broken 

pressure may be represented e x a c t l y  by 

s s i m p l i f i e d  expression has t o  do w i t h  the 

ch the breakthrough pressure i s  reached, 

F igure 4 shows the  p o s i t i o n  of t he  i n t e r f a c e  p r i o r  t o  l i q u i d  breakthrough 

f o r  a pore w i t h  a sharpness r a t i o  o f  0.5 f o r  var ious contact  angles. 

notes t h a t  as the  contact  angle i s  decreased, the p o i n t  o f  contact  moves 

One 

r R 
f u r t h e r  ou t  o f  the pore u n t i l  i t  reaches the ou te r  ex t rem i t y  where - = I + - 

P P' 
Upon f u r t h e r  reduct ion o f  the  contact angle, the  vapor l i q u i d  i n t e r f a c e  con- 

t a c t s  the pore w a l l  a t  the  same locat ion.  The maximum contact  angle f o r  
r R 
P P 

breakthrough a t  - = I + - i s  g iven by: 

( 1 4 )  P 
R eMX = a rc tan  ( I  + - )  

Th is  means t h a t  f o r  a l l  angles less  than Qmx, breakthrough w i l l  occur a t  
r R - = I + - and the  d e f i n i n g  equat ion obta ined from a fo rce  balance i s :  
P P 

where r = p + R  maX 
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N o r m a l i z a t i o n  y i e l d s :  

(16) 
s i n  9 s i n  9 

P P P 

- =  pB - 
(5 P+R I + -  R 2- 

pB T h i s  is t h e  e q u a t i o n  g i v e n  a b o v e  d e f i n i n g  - for  0 t o  t h e  r i g h t  of t h e  b roken  

l i n e  i n  F i g u r e  3, and  i t  i s  now seen  t h a t  t h i s  o c c u r s  b e c a u s e  fo r  a l l  0 C 0 

CT 2- 
P 

KlaX 
o f  I i q t i i d  b r e a k t h r o u g h  ( 9  > 8 
n t  o c c u r s  a t  t h e  p o r e  e x i t  e x t r e m i t y .  

for  v a p o r  b r e a k t h r o u g h )  the 
M X  

In ch- e--- 
L I I C  LP3C 

b rea kof f PO 

Ana 1 y s  

when t h e  i n  

s i n d i c a t e s  t h a t  t h e  b r e a k t h r o u g h  p r e s s u r e  w i l l  a l w a y s  b e  r e a c h e d  

e r f a c e  i s  a t  t h e  p o r e  e x i t .  I t  is o b v i o u s l y  i m p o s s i b l e  to  s u p p o r t  

a l i q u i d  head a t  a rounded p o r e  e n t r a n c e  f o r  a c o n t a c t  a n g l e  o f  less t h a n  

90 d e g  b e c a u s e  t h e  sur face  t e n s i o n  a l w a y s  t e n d s  to  p u l l  t h e  l i q u i d  t h r o u g h  

t h e  p o r e ;  however,  f o r  a n  o b t u s e  c o n t a c t  a n g l e ,  t h e  l i q u i d  v a p o r  i n t e r f a c e  

c a n  e x i t  a t  t h e  p o r e  e n t r a n c e  f o r  p r e s s u r e s  s u f f i c i e n t l y  less t h a n  t h e  b r e a k -  

t h r o u g h  p r e s s u r e .  S i n c e  i t  seems d e s i r a b l e  i n  s u b l i m a t o r s  t o  h a v e  t h e  

e v a p o r a t i n g  i n t e r f a c e  n e a r  t h e  p o r e  e x i t  to  d e c r e a s e  t h e  v a p o r  f l o w  l e n g t h  

and  t h u s  t h e  v a p o r  p r e s s u r e  d r o p ,  w e  a r e  i n t e r e s t e d  i n  t h e  p r e s s u r e  r e q u i r e d  

t o  f o r c e  t h e  l i q u i d  i n t o  t h e  p o r e ,  t h e  b r e a k - i n  p r e s s u r e  P BI' 
A s k e t c h  of t h e  p o r e  e n t r a n c e  and  1 i q u i d - v a p o r  i n t e r f a c e  i s  shown below. 
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Again, a force balance gives 

- -  2o cos @ 'L - 'V - r 

Since the break in pressure i s  desired, the maximum value o f  P - P must 

be found, and one observes t h a t  as the i n t e r f a c e  moves i n t o  the pore, r and $ 

become smal ler  and cos 8 becomes larger .  

maximum when r i s  a minimum and cos 8 a maximum. This occurs when r = p, and 

a t  t h a t  point ,  8 = 180' - 8 so the normalized break in  

L V  

I t  f o l l o w s  then t h a t  P L V  - P i s  a 

pressure becomes: 

= -cos e - 'BI 
20/p 

This i s  o f  course t rue  on ly  f o r  0 2 90' since f o r  0 

fo rces  p u l l  the 1 i q u i d  i n t o  the pore. The normal ized break in pressure i s  

shown as the p/R = 0 curve i n  Figure 3, and i t  i s  seen tha t  t h i s  break in pres- 

sure i s  always l e s s  than the breakthrough pressure, i n d i c a t i n g  t h a t  a t  break- 

through the i n t e r f a c e  always e x i s t s  a t  the pore e x i t .  C a p i l l a r y  tubes t h a t  

w i  1 1  be used t o  exper imenta l ly  v e r i f y  the above ana lys is  have been ordered. 

90' the sur face tension 

I t  i s  seen from Figure 3 t h a t  i t  i s  indeed poss ib le  f o r  a system t o  have a 

1 i q u i d  breakthrough pressure i n  excess o f  the vapor breakthrough pressure, 

however t h i s  i s  poss ib le  o n l y  i f  the contac t  angle i s  greater  than 90'. 

seen a l s o  that, i n  general, a system which possesses a r e l a t i v e l y  h i g h  l i q u i d  

breakthrough pressure w i l l  have a r e l a t i v e l y  low vapor breakthrough pressure. 

The one except ion to  t h i s  i s  the system w i t h  a contac t  angle around 90' f o r  

which b o t h  breakthrough pressures are n e a r l y  the same. I n  the sub1 imator 

app l i ca t ion ,  a h i g h  l i q u i d  breakthrough pressure i s  d e s i r a b l e  i n  order  to  pre- 

vent l o s s  o f  water w h i l e  the vapor breakthrough pressure i s  o f  l i t t l e  consequence. 

For t h i s  reason, a h i g h  contac t  angle seems d e s i r a b l e  i n  t h i s  a p p l i c a t i o n .  

i s  n o t  necessar i l y  t r u e  however t h a t  " the  grea ter  the contac t  angle the b e t t e r "  

f o r  as e increases, the break in  pressure becomes c loser  t o  the breakthrough 

pressure, p r o v i d i n g  a narrowing band of opera t ing  pressure d i f f e r e n t i a l .  

I t  i s  

I t  
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The quest ion o f  w ick  d r i p p i n g  has not  been f u l l y  answered as yet, 

however, i t  i s  thought t h a t  p a r t  o f  t he  explanat ion has t o  do w i t h  the 

b r i d g i n g  of  l i q u i d  drops i n  adjacent pores. I n fo rma t ion  p e r t i n e n t  to the 

problem may be gained from c a p i l l a r y  tube bundle t e s t s  t o  be performed. 

Subl imator V i s u a l i z a t i o n  Test 

I n  o rder  t o  o b t a i n  an optimum subl imator design, i t  i s  important to 

understand the  mechanism of subl imator operation, and f o r  t h i s  reason a 

v i s u a l i z a t i o n  t e s t  module has been designed. I t  was thought t h a t  sme 

i n s i g h t  might  be gained i n t o  such problems as where the  ice  forms, whether 

i n  o r  ou t  o f  the pores, i f  there i s  blockage of f l o w  by f i ns ,  and what causes 

breakthrough and under what circumstances does i t  occur. With t h i s  goal i n  

mind, the o r i g i n a l  un i t ,  shown i n  Figure 5, cons i s t i ng  o f  a heated p la te,  

f i nned  water passage, porous p la te,  steam passage, and t ransparent  s ides 

and top  was f a b r i c a t e d  and t e s t i n g  was i n i t i a t e d .  

Some d i f f i c u l t y  was encountered i n  observat ion of the  bottom porous 

p l a t e  sur face due t o  the  f i n s  and the r e l a t i v e l y  small he igh t  o f  the water  

passage (0.175 in.). To a l l e v i a t e  t h i s  problem, a s i m i l a r  u n i t  was assembled 

w i t h  no f i n s  and a water  passage 1 /2  in. high. F igure  6 shows the  new module 

i n  operat ion.  Wi th  t h i s  un i t ,  observat ion o f  the e n t i r e  p l a t e  sur face was 

poss ib le  and t e s t i n g  was continued. Photographs and movies have been taken 

f o r  documentation purposes and to  a l l ow  repeated observat ion o f  c e r t a i n  phenomena. 

A schematic and photograph o f  the t e s t  setup a r e  shown i n  F igures 7 and 

8. As indicated, the water i s  f i l t e r e d  and metered be fore  e n t e r i n g  the water 

plenum. A measurable heat load i s  provided by passing a heated f l u i d  through 

a f i nned  passage and record ing  i n l e t  and o u t l e t  temperatures. Pressures a r e  

measured a t  the p o i n t  o f  water supply, in  the water plenum, and in  the vapor 

plenum. A bypass o f  the f i l t e r  i s  provided i n  order  t h a t  the f l o w  may be 

reversed w i thou t  des t roy ing  the f i l t e r .  

Several i n t e r e s t i n g  and noteworth ly  phenomena have been observed. When 

the u n i t  i s  run w i t h  no heat  load, a l aye r  o f  i c e  forms over the e n t i r e  bottom 

of the p l a t e  except a long the edges o f  the u n i t .  The reason f o r  the l ack  o f  

i ce  nex t  t o  the l u c i t e  s ides i s  probably due to  heat  leak ing  through from the 

surroundings. This s i t u a t i o n  i s  now be ing  e l  iminated by the cons t ruc t ion  of 

another u n i t  w i t h  th i cke r  s ide  p la tes  t o  reduce heat  conduction. 
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Figure 5, Sublimation Visualization T e s t  Unit 
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F i g u r e  6. Sub1 i m a t i o n  V i s u a l  i z a t i o n  Tes t  Module 
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F i g u r e  8 .  Subl imat ion  Test System 

AIRESEARCH MANUFACTURING DIVlSIOY 
LOS 4 gejr. c 3  f - 2  

66-0768 
Page 36 



Observation o f  the i c e  layer  on the water passage s ide  reveals a l i g h t  

co lored surface, f r o s t y  i n  appearance, a t  the ice-porous p l a t e  in ter face.  

I n t e r m i t t e n t l y ,  var ious 1 i g h t  areas become darkened and when t h i s  occurs, small  

" f i n g e r s "  of i c e  appear a t  corresponding areas on top of the p la te .  This change 

i n  c o l o r  always proceeds from the edge o f  the i c e  layer  o r  from an a l ready 

darkened area. I t  i s  thought t h a t  the l i g h t  areas are small spaces between 

the i c e  and the porous p la te,  formed when the ice sublimes and passes through 

the p l a t e  as vapor. When t h i s  space becomes s u f f i c i e n t l y  large, water rushes 

in, tai islng the darkened appearance, and some of the water passes completely 

through the plate,  forming the " i ce  f i n g e r s "  a t  the surface. T h i s  i c e  "break- 

through" occurs over o n l y  those por t ions  o f  the p l a t e  which a r e  covered w i t h  

i c e  on the water side. 

When the p l a t e  area covered by i c e  i s  reduced by increas ing the heat load 

to the system, t h i s  i n t e r m i t t e n t  breakthrough phenomenon cont inues over t h a t  

area of the p l a t e  covered w i t h  i c e  b u t  ceases t o  occur over areas covered w i t h  

l i q u i d  water and no v i s i b l e  ice. Increased heat load r e s u l t s  i n  the e lmina t ion  

of a l l  v i s i b l e  i c e  and a long w i t h  it, e l i m i n a t i o n  o f  the format ion o f  the " i c e  

f i n g e r s "  on the low-pressure s ide. I f  a t  t h i s  p o i n t  the pressure on the down- 

stream s ide  o f  the porous p l a t e  i s  increased wh i le  ma in ta in ing  constant  a l l  

o ther  system var iables,  water breakthrough w i l l  occur when the pressure comes 

up t o  the t r i p l e  p o i n t  pressure. 

This s i g n i f i c a n t  f a c t  ind icates tha t  there i s  i ce  i n  the pores which mel ts  

when the pressure goes above the t r i p l e  point ,  a l l o w i n g  water t o  break through. 

The i n d i c a t i o n  of i c e  e x i s t i n g  i n  the pores when there i s  no i c e  v i s i b l e  on 

the bottom o f  the p l a t e  i s  an important one, f o r  an understanding of where the 

ice-vapor i n t e r f a c e  e x i s t s  and where phase change takes place i s  necessary t o  

be a b l e  t o  p r e d i c t  the vapor pressure drop which i s  one o f  the most important 

design considerat ions.  Moreover the ex is tence o f  i c e  i n  the pores impl ies a 

c y c l i n g  mechanism i n  which the ice-vapor i n t e r f a c e  recedes and reforms due 

e i t h e r  to  the ice  m e l t i n g  o r  the in ter face receding a l l  the way o u t  of the pore 

and water rushing in.  A s e r i e s  of  sketches showing the poss ib le  mechanism i s  

presented i n  F igure 9. I n  F igure a, l i q u i d  has entered the pore and i s  r e s t r a i n e d  

a t  the e x i t  by the sur face tension force. F igure b shows s o l i d  which has 

formed i n  the pore as the l i q u i d  was exposed t o  a pressure below the t r i p l e  
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L I Q U I D  

a .  L i q u i d  e n t e r s  p o r e  
and i s r e s t  r a i n e d  
by s u r f a c e  tens ion .  

-7 (- 

LIQUID 

c -  S o l i d  s u b l i m e s  

VAPOR 

L I Q U I D  

b .  S o l i d  fo rms  a s  a r e s u l t  
Of v a p o r i z a t i o n  a t  t h e  
low vapor  p r e s s u r e .  

VAPOR 

L I Q U I D  

d .  S o l i d  s u b l i m e s  and 
i n t e r f  a c e  r e c e d e s .  

VAPOR 

e. E i t h e r  a l l  s o l i d  h a s  sub l imed  o r  
t r i p l e  p o i n t  p r e s s u r e  h a s  been 
r eached  a t  sol i d  v a p o r  i n t e r f a c e  
c a u s i n g  m e l t i n g .  L i q u i d  r e - e n t e r s  
p o r e  and  c y c l e  r e p e a t s .  

NOTE: V e r t i c a l  s c a l e  h a s  been g r e a t l y  
r e d u c e d .  A c t u a l  l e n g t h  t o  d i a -  
m e t e r  r a t i o  i s  of t h e  o r d e r  100. 

L I Q U I D  
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F i g u r e  9 .  P o s s i b l e  S u b l i m a t i o n  Mechanism When S o l i d  Phase 
i s  n o t  V i s i b l e  on L i q u i d  S i d e  o f  P l a t e  
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p o i n t  pressure. I n  Figures c and d the so l  i d  phase has sub1 imed, causing the 

so l id-vapor  i n t e r f a c e  t o  recede f u r t h e r  i n t o  the p l a t e  and a l s o  r a i s i n g  the 

absolute pressure a t  the in ter face.  A t  t h i s  p o i n t  i t  i s  thought t h a t  one of 

two th ings happens. E i t h e r  the sol id-vapor i n t e r f a c e  recedes u n t i l  a l l  the 

s o l i d  phase has sublimed o r  the i n t e r f a c e  pressure increases above the t r i p l e  

p o i n t  and the s o l i d  melts, e i t h e r  of  which would a l l o w  l i q u i d  to  reenter  the 

pore (F igure  e) causing t h e  c y c l e  to  repeat. Th is  aspect of t h e  subl imat ion 

process is not  f u l l y  understood a t  t h i s  time. However, a d d i t i o n a l  t e s t s  and 

analyses should improve this understanding. 

Sub1 imator Performance Test Setup 

Design of a f i x t u r e  to  be used f o r  subl imat ion performance t e s t i n g  o f  

var ious s i n g l e  porous p l a t e  modules was prev ious ly  completed on a company- 

sponsored research program. The f i x t u r e  design has been reviewed f o r  improve- 

ments t o  y i e l d  g rea ter  f l e x i b i l i t y  and improved data and rev ised drawings have 

been made. 

Test Specimen Procurement 

Four sample porous plates,  3.0 in. i n  diameter by 0.05 in .  th ick,  were 

received f rom Lockheed M i s s i l e s  and Space Company. 

and have been f a b r i c a t e d  t o  y i e l d  vary ing p o r o s i t i e s .  I t  i s  planned t o  run 

sample eva lua t ion  tes ts  t o  establ  i sh  a s p e c i f i c a t i o n  f o r  f u l l  s i z e  subl imator 

p l a t e s  of t h i s  mater ia l .  Six porous p l a t e s  o f  var ious c h a r a c t e r i s t i c s  were 

received from the C l e v i t e  Aerospace D iv is ion .  The p l a t e s  are  pure n i c k e l  and 

a r e  rectangular,  5 in .  by 7 in., 0.050 in.  th ick.  Three pieces conta in  a 20 by 

20 mesh 0.007 in. diameter n i c k e l  wi re  reinforcement screen. Use of the r e i n -  

forcement screen i n  the p a r t s  should i n h i b i t  shr inkage dur ing  any subsequent 

b r a z i n g  operat ion.  One I I - i n .  square n i c k e l  porous p l a t e  sample was received 

from Union Carbide. The thickness i s  o n l y  0.0072 in.  which i s  considered t o  be 

too t h i n  f o r  present  cons t ruc t ion  techn ques. Union Carbide c la ims t h a t  they 

can f a b r i c a t e  the p l a t e s  i n  thicknesses up t o  0.030 in. 

Porous P l a t e  Bench Test 

These p l a t e s  a r e  pure n i c k e l  

A complete s e t  o f  d e t a i l e d  t e s t  i n s t r u c t i o n s  f o r  porous p l a t e  bench t e s t s  

was prepared. These t e s t s  a re  described i n  the AiResearch Engineer ing Work 

Order which i s  shown a t  the end of th is  repor t .  Several o f  these t e s t s  have 

been performed on the Lockheed and C l e v i t e  sample p l a t e s  and eva lua t ion  of the 
r e s u l t s  i s  c u r r e n t l y  underway. 

66-0 768 
AiRESEARCH MANUFACTURING DiViSiON Page 39 Los Angeles Callfwnia 



FUTURE ACTIVITIES 

D u r i n g  t h e  n e x t  q u a r t e r  i t  is p l a n n e d  to c o n t i n u e  on w i t h  t h e  p r e v i o u s l y  

p r e s e n t e d  deve lopmen t  p l a n .  No changes a r e  c o n t e m p l a t e d .  S p e c i f i c  areas to 

b e  c o v e r e d  fo r  e a c h  p h a s e  of t h e  program a re  o u t l i n e d  below: 

Water B o i l e r  Heat S i n k  Module 

1 .  B a s i c  c a p i l l a r y  and w i c k i n g  a n a l y s e s  w i l l  b e  c o n t i n u e d .  

2. C o n t r o l s  a n a l y s e s  i n c l u d i n g  water f e e d  c o n t r o l  and  d i s t r i b u t i o n  w i l l  

be s t a r t e d .  

3. S i n g l e  module t e s t i n g  d e s i g n e d  to e s t a b l i s h  o p t i u m  wick  c h a r a c t e r i s t i c s  

w i  1 1  b e  a b o u t  50 p e r  

S u b l i m a t o r  Heat S i n k  Module 

1 .  Basic f l o w  and c a p i l  

p r i m a r y  g o a l  of t h i s  

cent comple t ed .  

u n d e r s  tand i ng  o f  t h e  ac  tua 

T e s t i n g  o f  s i n g l e  p o r o u s  p 2 .  

a r y  a n a l y s  

p o r t i o n  of 

s u b  

a tes 

b e  a b o u t  30 p e r  cent comple t ed .  

5 and t e s t i n g  w i l l  b e  c o n t  nued. The 

t h e  p rogram is to o b t a i n  a b e t t e r  

i ma t i on me chan i sm. 

u s i n g  a n  e l e c t r i c a l  h e a t  source w i l l  

This  series of tests is d e s i g n e d  

to r e l a t e  sub1  imat ion  pe r fo rmance  to p r e v i o u s l y  e s t a b l  i s h e d  bench 

test c h a r a c t e r i s t i c s  s u c h  a s  i n i t i a l  b u b b l e  p o i n t  and n i t r o g e n  perme- 

a b i l i t y .  

Thermal Panel  Development 

1 .  Concep tua l  d e s i g n  s t u d i e s  a r e  p l a n n e d  f o r  t h e  n e x t  q u a r t e r .  
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PURPOSE: Test ing t o  be performed per  t h i s  EWO i s  p a r t  o f  an o v e r - a l l  program t o  
develop an optimum porous p l a t e  subl imator heat s ink heat exchanger. 
A number of d i f f e r e n t  types o f  porous p la tes  are t o  be subjected t o  a 
ser ies o f  bench tests  to e s t a b l i s h  p l a t e  performance cha rac te r i s t i cs .  
Results o f  these bench t e s t s  w i l l  be co r re la ted  w i t h  the performance 
data t o  be obtained dur ing subsequent test ing.  This t e s t i n g  i s  con- 
s idered t o  be exploratory  i n  nature and rev i s ions  t o  the t e s t  procedure 
o u t l i n e d  below w i l l  be issued when required. 

PROCEDURE: Bench t e s t s  are spec i f l ed  below. Engineering w i  I 1  spec i fy  the  p a r t i c u l a r  
t e s t s  t o  be performed f o r  each porous p l a t e  sample. I 
I .  I n i t i a l  Bubble Point  i n  Alcohol 

P r i o r  t o  performing t h i s  t e s t  the p l a t e  shal I be completely dry. 

15 minutes. I n r ? t a l l  the p l a t e  i n  an appropr ia te f i x t i t r e  and cover the 
top surface o f  the p l a t e  w i t h  a layer  o f  a lcohol .  The depth o f  the 
alcohol  l aye r  s h a l l  not exceed l / 4  in. Slowly pressur ize the bottom 
surface o f  t he  p l a t e  w i t h  n i t rogen  u n t i l  the f i r s t  dynamic bubble 
passes through the f i l t e r  and r i s e s  through the l i q u i d .  The appearance 
o f  the f i r s t  t r ue  dynamic bubble i s  r e a d i l y  recognized s ince i t  i s  
fo l lowed by a sucession of a d d i t i o n a l  bubbles. Record the  pressure 
( in .  Hg) a t  which the f i r s t  bubble i s  observed. 
repeated, thoroughly re-wet the p l a t e  by soaking i n  a lcohol  before 
proceeding w i t h  t h e  retest,. 

I Thoroughly wet the porous p l a t e  by soaking i t  i n  a lcohol  for a t  least  
I 

I f  thr t e s t  i s  to be 

--------------------------------------------------------------------------------------------. 

COPIES TO: 1. G. Aust in  
T. E. HcAffee 
J. J. K i l l a c k e y  (3) 
R. A. Stone 
P. Read ( 5 )  
93-5/Fi  l e  

I 
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2. I n i t i a l  Bubble Point  i n  Water 

This  t e s t  s h a l l  be performed as spec i f i ed  f o r  a lcohol  i n i t i a l  bubble p o i n t  
( i t e m  1)  except t h e  p l a t e  s h a l l  be wetted by the f o l l o w i n g  procedure: 

a. Immerse the porous p l a t e  i n  a tank o f  d i s t i l l e d  water. 

b. Place the tank i n  a vacuum chamber and reduce the  pressure t o  about 
IO mm o f  Hg (do not go below 5 mn o f  Hg). 
soak under vacuum f o r  a t  least  1/2 hour. 

Leave the porous p l a t e  

c. The porous p l a t e  s h a l l  be removed from the water f i l l e d  tank j u s t  
p r i o r  t o  performing the bubble p o i n t  test .  The tank may be removed 
from the vacuum chamber a f t e r  1/2 hour, but  the p l a t e s  must be kept 
irrmersed u n t i l  they are ready t o  be tested. 

d. I f  the t e s t  i s  t o  be repeated, re-wet the p l a t e  by soaking under 
vacuum as spec i f i ed  above. 

3. Pore Size D i s t r i b u t i o n  

Th is  t e s t  i s  t o  be performed immediately f o l l o w i n g  the i n i t i a l  bubble 
p o i n t  t e s t  (a lcohol  and/or water) wh i l e  the p l a t e  i s  s t  i 1 I thoroughly 
wetted. The porous p l a t e  i s  t o  be kept i n  the  t e s t  f i x t u r e  and covered 
w i t h  a layer  o f  l i qu id .  Increase the n i t rogen  gas pressure u n t i l  80 
p e r  cent o f  the p l a t e  surface area i s  a c t i v e l y  bubbl ing (best v i s u a l  
estimate), Record the pressure ( i n .  o f  Hg). 

I. Surface W e t a b i l i t y  Check 

The porous p l a t e  s h a l l  be completely dry  p r i o r  t o  performing t h i s  tes t .  
Mount the porous p l a t e  i n  a ho r i zon ta l  pos i t i on .  A t  4 approximately 
equa l l y  spaced loca t i ons  place a drop o f  d i s t i l l e d  water on t h e  p l a t e  
surface. I f  the p l a t e  surface i s  c lean the drops w i l l  inmediately wick 
i n t o  the p la te.  If the p la te  i s  contaminated the  water d r o p l e t s  w i l l  
e i t h e r  s lowly soak i n t o  the p l a t e  o r  remain on top o f  the p la te .  Record 
observat ions and note t h e  approximately t ime f o r  the water t o  be absorbed. 
I f  speci f ied,  repeat the above t e s t  us lng alcohol ,  but  se lec t  4 locat ions 
t h a t  are spaced away f r o m  the areas t h a t  have been wet w i t h  water. 

5. Water Retension Pressure 

The porous p l a t e  s h a l l  be completely dry  p r i o r  t o  performing t h i s  tes t .  
Hount the  porous p l a t e  i n  an appropr ia te f i x t u r e  and i n  a ho r i zon ta l  
pos i t ion.  Slowly f i l l  the plenum area on the  bottom surface o f  the  porous 
p l a t e  w i t h  water tak ing  care to  e l i m i n a t e  any trapped a i r  pockets. A f t e r  
the plenum has been f i l l e d  s lowly  pressur ize the  water supply u n t i l  the 
f i r s t  l i q u i d  d rop le t  appears on the top surface o f  the porous p l a t e ;  record 
the 1 i q u i d  breakthrough pressure, Continue t o  increase the  water pressure 
u n t i  1 80 per  cent o f  the p l a t e  surface area i s  covered w i t h  water d rop le ts  
(best v i s u a l  estimate). Record the 80 per  cent pressure. 

I 
I 
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6. 

I n s t a l l  the porous p l a t e  i n  an appropr ia te f i x t u r e  and mount the assembly 

Water Permeabi I i t y  

i n  a ho r i zon ta l  pos i t i on .  Flow d i s t i l l e d  and f i l t e  
p l a t e  as noted below. Care should be taken t o  obta 
i n  which a l l  l i q u i d  head e f f e c t s  are accounted for.  
f l o w  v e r i f y  t ha t  the i n l e t  face o f  t he  porous p l a t e  
the f low and t h a t  there are no trapped a i r  pockets 
Test f lows s h a l l  be as follows: 

i x E in water F!wj cc per  mln nor r- i n 2  * ,  J ,  J ,  I W  

I n l e t  Water Tenperature, O F  Lab Ambient 
Discharge Pressure Lab Ambient 

ed water throug t h e  
n a pressure reading 
Before record ing the 

i s  f u l l y  exposed t o  
n the  i n l e t  manifold. 

and I5 i5 per  cent 

Record the water pressure drop a t  each f l o w .  The p l a t e  f low area s h a l l  be 
based on the a c t i v e  area not  blocked by the t e s t  f i x t u r e .  Caution: Do 
not  exceed a pressure d i f f e r e n t i a l  o f  20 in.  o f  Hg across the porous 
p l a t e  unless d i r e c t e d  by Engineering. 

7. N i t rogen Permeabi l i ty  w i t h  Discharge t o  Ambient 

The porous p l a t e  s h a l l  be completely dry  p r i o r  t o  performing t h i s  t e s t .  
I n s t a l  1 the p l a t e  i n  an appropr iate f i x t u r e  and f l ow  d ry  and f i l t e r e d  
n i t rogen  through the p i a t e  as spec i f i ed  below: 

Ni t rogen Flow, I b  per hr f t ’  
Discharge Pressure Lab Ambient 
I n l e t  Ni t rogen Temperature Lab Ambient 

1 ,  2, 3, 5, and 7 ? 5  per cent 

Record the  n i t r o g e n  pressure drop and terrperature a t  each f l o w .  
p i a t e  f low area s h a l l  be based on the a c t i v e  flow area not blocked by 
the t e s t  f i x t u r e .  Caution: Do not exceed a pressure d i f f e r e n t i a l  o f  
20 in. o f  hg across the porous p l a t e  unless d i rec ted  by Engineering. 

The 

8. Ni t rogen Permeabi l i ty  w i t h  Discharge t o  Vacuum 

This t e s t  s h a l l  be as specl f ied f o r  n i t rogen  pe rmeab i l i t y  w i t h  discharge 
t o  ambient ( i t e m  7 above) except the n i t rogen  dlscharge pressure s h a l l  
not exceed 2.0 mn o f  Hg absolute. Record the actual  discharge pressure. 

1 .  

2. 

3.  

6 .  

Alcohol used i n  bubble p o i n t  t e s t l n g  s h a l l  be Ethy 

A l l  water used i n  t e s t i n g  s h a l l  be d i s t i l l e d  and f 
1/2 micron absolute f i l t e r  p r i o r  to use. 

A l l  n i t r o g e n  used i n  t e s t i n g  s h a l l  be dry  and f r e e  
such as d i r t .  qrit. or o i l .  The n i t roqen  s h a l l  be 

Alcohol, 95 p e r  cent. 

1 t e red  through a 

on any contaminate 
f i 1 t e red  through 

a 1/2 micron-absol;te f i l t e r  p r i o r  to  f l ow ing  through the t e s t  specimen. 

On each p l a t e  tested record the manufacturer, lot number, s e r i a l  numbr 
and a l l  o the r  pe r t i nen t  i d e n t i f i c a t i o n  informat ion.  
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5. A l l  t e s t i n g  should be performed i n  a clean area. When a porous p l a t e  
I s  not a c t u a l l y  being tested i t  s h a l l  be kept in  a polyethylene or 
nylonlbag a t  a l l  times. 
c lean area. 

T h i s  r u l e  a l so  app l l es  t o  p l a t e s  kept i n  a 

6. Use o f  a vacuum oven to  d r y  the  porous p l a t e s  s h a l l  be r i g i d l y  
con t ro l  led. The oven sha l l  never be used to  cure epoxied assemblles 
or to  dry  a d l r t y  or contaminated par t .  
d r i e d  o the r  p a r t s  or assebblies may be present I n  the  oven provlded 
t h a t  the  o the r  p a r t s  are wet o n l y  w i t h  water or alcohol .  

When porous p l a t e s  are be ing  
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