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I .  ABSTRACT

In the i n v e s t i g a t i o n  o f  the prob lem , i t  i s  shown 

th a t  the process o f  t r a n s p i r a t i o n  c o o l in g  i s  an e f f e c t i v e  

method o f  c o o l i n g . This  process  may be a p p l i e d  t o  heat 

screens o r  heat s h i e ld s ,  as was done in  the sample problems 

worked out h e r e . A porous p l a t e  w i th  c o o la n t  f l o w in g  

counter  t o  the f l o w  o f  heat was used .

The p la t e  temperature i s  determined by  the amount 

o f  heat f l u x ,  c o o la n t  f l o w ,  thermal c o n d u c t i v i t y  o f  the 

m a t e r i a l  used as a p l a t e ,  the s p e c i f i c  heat  o f  the f l u i d ,  

the s p e c i f i c  heat  o f  the p l a t e  m a t e r i a l ,  the d e n s i t y  o f  

the p l a t e  m a t e r i a l  and I t s  p o r o s i t y . In  the s t ea d y  s t a t e ,  

the maximum temperature at the su r fa ce  i s  dependent on ly  

on the heat  f l u x  and the mass f l o w  r a t e  o f  the c o o l a n t .

The mass f l o w  r a t e  and s p e c i f i c  heat  o f  the c o o l a n t . 

are the most c r i t i c a l  f a c t o r s  in  c o n t r o l l i n g  the p l a t e  

tem peratures .  I t  should be emphasized th a t  the va lues  

used in  the sample problems s o l v e d  here  are a r b i t r a r i l y  

chosen and by no means should they  be co n s id e red  as optimum 

c o n d i t i o n s .  I t  I s  e v id e n t  from  the sm a l l  temperature r i s e  

( 9 4 .8 ° F ) ,  o f  the f i r s t  sample problem, th a t  the mass f l o w  

o f  the c o o la n t  is  g r e a t e r  than i s  r e q u i r e d  f o r  the m a te r ia ls  

used*

L iqu ids  may a lso  be used as f l u i d s  f o r  c o o l i n g .

When l i q u id s  are used the heat  r eq u ir ed  t o  v a p o r i z e  the 

l i q u i d  a l s o  tends to  lower  the temperature o f  the p l a t e ,  

however, t h i s  g i v e s  r i s e  to  a d d i t i o n a l  problems in  pumping



to say no th ingand pressure  drops through the p l a t e ,  

o f  the changes i n  volume due t o  v a p o r i z a t i o n  o f  the 

l i q u id *

The p l a t e  temperature decreases  r a p i d l y  a f t e r  

a shor t  d is tance  In  the p l a t e *  T h e re fo r e  th is  process  

w i th  p r o p e r l y  s e l e c t e d  m a t e r i a l s ,  would seem to  have 

many a p p l i c a t i o n s  in  in d u s t r y  and r e s e a rc h .  App ly ing  

th i s  process  to heat  screens or s h ie ld s  would a l low  th in  

p l a t e s  t o  be used.

The p o t e n t i a l  o f  th i s  method o f  c o o l in g  seems, to

the author ,  to  be g r e a t



4

I I .  ACKNOWLEDGEMENT

The author wishes t o  thank Dr. A .J .  M i le s  f o r  

h is  a ss is ta n c e  and f o r  su gges t in g  the t h e s i s  s u b je c t .  

The author a lso  wishes to  thank W i l l i a m  Ii. S t o c k l in  

f o r  h is  a ss is ta n c e  in  the programming o f  t h i s  problem.



TABLE OF CONTENTS

PAGE

ABSTRACT 2

ACKN OWLEDGBMEN T 4

LIST OF ILLUSTRATIONS 6

LIST OF TABLES 7

INTRODUCTION 8

REVIEW OF LITERATURE 12

DISCUSSION 14

CONCLUSIONS 29

BIBLIOGRAPHY 31

APPENDIX 32

VITA 34



6

LIST OP ILLUSTRATIONS

FIGURE PAGE

1 Schematic Diagram o f  Problem 14

2 Heat Conduction Network 14

3 P low  Chart For Computer 21

4 Program For  Roya l  McBee LGP-30 D i g i t a l  22 
Computer (50,000 BTU/hr f t 2 )

5 Program For  Royal McBee LGP-30 D i g i t a l  23 
Computer (1 ,500,000 BTU/hr f t 2 )

6 T ra n s ien t  Temperature D i s t r i b u t i o n  in  26 
a Porous P la t e  (50 ,000 BTU/hr ft 2 )

7 T ran s ien t  Temperature D i s t r i b u t i o n  In  27 
a Porous P la t e  (1 ,500 ,000  BTU/hr f t 2 )



7

LIST OP TABLES

TABLE P AGE

I S e le c t e d  
a Porous

Temperature D i s t r i b u t i o n  in  
P la t e  (50 ,000 BTU/hr f t 2 )

24

I I S e l e c t e d  
a Porous

Temperature D i s t r i b u t i o n  in  
P la t e  ( 1 ,5 0 0 ,GOO BTU/hr ft2)

25



I I I .  INTRODUCTION

Due to  the In c reas in g  use o f  h ig h e r  and h ig h e r  

temperatures in  r e a c t o r s ,  m i s s i l e  a p p l i c a t i o n s  and 

h igh  temperature fu rnaces ,  there  has deve loped  a need 

f o r  m a te r ia ls  to  w ithstand these  e l e v a t e d  temperatures 

So f a r  these new m a te r ia ls  have not  been fo r thcom ing ,  

at l e a s t  not  in  commercial q u a n t i t i e s .  T h e r e fo r e ,  i t  

becomes necessary  to  dev is e  methods o f  us ing  a v a i l a b l e  

m a te r ia l s  at e l e v a t e d  tem pera tures .  One method by  which 

th i s  may be accomplished i s  by the use o f  heat  sh ie ld s  

or sc reens .  Heat s h ie ld s  and heat screens w i l l  be used 

synonymously in  th is  problem. A heat  s h i e l d  i s  d e f in ed  

as an o b j e c t  used to  p r o t e c t  or reduce the amount o f  

heat  reach ing  some p o in t .  T r a n s p i r a t i o n  c o o l i n g ,  by 

pass ing  a c o o la n t  through a porous p l a t e ,  would seem to 

have p o s s i b i l i t i e s  as a heat s h i e l d .  A c o n d i t i o n  o f  

h igh  constant  heat  f l u x  was s e l e c t e d  f o r  i n v e s t i g a t i o n ,  

as th is  is  a common c o n d i t i o n ,  assumed in  many heat t ra n s fe  

p rob lem s•

C oo l ing  o f  a porous p l a t e  by  pass ing  c o o l  gas 

through i t  has long  been suggested  as an e f f e c t i v e  method 

o f  c o o l in g ,  however, on ly  r e c e n t l y  has the problem o f  

constant  heat f l u x  to  the p l a t e  su r face  been co n s id e red .  

This type o f  problem i s  a c o n s id e r a t i o n  where la r g e  

amounts o f  r a d i a t i o n  are p r e s e n t ,  as in  ou te r  space,  

h igh  temperature fu rnaces ,  j e t  en g in es ,  gas tu rb in e s ,  e t c .
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The problem selected for investigation in this thesis 

is  that of a porous plate receiving a constant heat flux  

on one surface, while cool f lu id  is forced through the 

plate from the opoosite side. The temperature of the plate 

is in it ia l ly  the temperature of cool f lu id . This plate is 

exposed to a heat flux  and begins heating up. It  is this 

transient heat condition that is of interest in this 

problem. Heat conduction through both the solid  and flu id  

are considered. Change in internal energy due to the rise  

in temperature is  also considered in both the so lid  and 

f lu id .

A number of assumptions are made in order to simplify  

the solution of this problem. These are assumptions which 

are commonly made in engineering applications of heat 

transfer problems.

The assumptions involved in this problem are 

summarized as fo llow s:

1) In the porous plate, gas temperature and solid  

temperature at a point are approximately equal.

2)  The gas flow is  steady and one-dimensional. 

Convective effects neglected by this assumption 

w ill  not a lter the temperature d istribution  in the 

plate to any appreciable extent.

5) The thermal conductivities and specific heats 

of the so lid  and gas are constant.

The problem then is to devise a method for determining 

the transient temperature d istribution  in  a porous plate
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using  numerica l  methods* S ince most in d u s t r i e s  have t h e i r  

own computers o r  have access to  computers f o r  t h e i r  use, 

t h i s  method becomes a p r a c t i c a l  one* By w r i t i n g  a g e n e ra l  

program th a t  may be used w i th  va r iou s  s e ts  c f  da ta ,  i t  

becomes a s imple matter  to  change the data as d e s i r e d  and 

ob ta in  s o lu t io n s  f o r  any number o f  s im i l a r  problems* The 

methods o f  numerica l  a n a ly s is  are approx imate ,  however, f o r  

most e n g in ee r in g  work th i s  i s  s u f f i c i e n t .
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The nomenclature used In t h i s  problem is  as f o l l o w s :

Cp = S p e c i f i c  heat  o f  co o lan t  (BTU/lb °F )

G = S p e c i f i c  heat  o f  s o l i d  (BTU/lb ° P )

K = Thermal c o n d u c t i v i t y  o f  s o l i d  (BTU / ftg hr ° P / f t )

Q = Heat f l u x  (BTU/hr f t 2 )

A = Cross S e c t i o n a l  Area { f t ^ )

P = P o r o s i t y  Pore Volume
T o ta l  Volume

t  = Temperature ( ° P )

t* -  Temperature a f t e r  some time increment ( ° P )

& -  D istance between nodes ( f t )

G = Mass f lo w  r a t e  ( Ib s/h r  f t 2 )

^ -  S p e c i f i c  w e igh t  o f  s o l i d  ( l b s / f t ^ )

^  = S p e c i f i c  w e igh t  o f  c o o la n t  ( l b s / f t ^ )

K f  = Thermal c o n d u c t i v i t y  o f  coo lan t  (BTU/ft2 hr ° P / f t )  

V - Volume o f  s e c t i o n  cons idered  ( f t ^ )  

d© = Time increment ( h r )
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The process of so lid -flu id  heat transfer in  

transpiration cooling is quite complex, therefore the 

simplifying assumptions were made. Weinbaum and Wheller (1) 

have demonstrated that the so lid  and flu id  temperatures 

are nearly indistinguishable throughout the porous material.

Weinbaum and Wheller (1 ) considered, as most authors 

in the past, only the steady state conditions, neglecting 

the transient conditions completely. By using an iteration  

process sim ilar to the G-auss-Seidel Method as found in 

Hildebrand (2 ),  i t  is possible to have a temperature history  

of the w a ll. A family of curves may be plotted to show 

temperature distribution in the plate at various times.

Schneider (3 ) gives a very b r ie f explanation of 

using numerical methods in problems of this type, but 

does not go into any deta il. A much better idea of the 

possible numerical methods may be found in Hildebrand (2 ) 

or in Kunz (4 ). There are a great many references in 

this f ie ld  v/hich might have been used. For a l i s t  of 

these see Appendix 1.

The problem of mass transfer in using a liquid  as a 

f lu id , is  touched on in Eckert and Drake (5 X, but not 

sp ec ific a lly  dealing with this type of problem. It is  

rather d if f ic u lt  to find  much material on the subject in 

any one place, therefore a number of references were used.

A paper by Green (6 ) gives a good discussion of gas 

cooling of a heat source. He used a generating plate

IV . REVIEW OP LITERATURE
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of graphite which was cooled by helium* He did werk 

on pressure drops and the pumping of flu id s .

Much of the work done on the computer used methods 

given by Lee (7 ) in his notes to a Numerical Analysis and 

D ig ita l Computer0 class (Math 318). Personal consultation 

with professor Lee proved to be very helpfu l. A ll  physical 

data for the materials used was taken from Marks Mechanical 

Engineering Handbook (8 ). A ll data required may be found 

in this reference. A general review of heat transfer was 

taken from Gebhart (9 ) as this is a new book and it  was 

thought that possibly some new work might have been covered 

in this text.
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Consider the plate in Fig# i  below. Heat is entering 

from the le ft  at a constant rate, while cool gas is being 

passed through the plate from the righ t.

V. DISCUSSION

The plate in  Fig. 1 was divided into three f u l l  

sections and two ha lf sections with five  nodes as in Fig. 2. 

This is done because surface temperatures are required. By- 

using h a lf sections at the surfaces the temperatures at the 

surfaces are found. A discussion of this may be found in  

Schneider (3 ), also Schneider (3 ) points out that five  nodes 

should be su fficient fo r problems of this type.

0 __________ - Y2\ ©vc
\

2

VS/ v2>

s
w
S

— ^  
x

FIG. 2

Heat balances fo r each of the five  points were then 

written. They are as fo llow s; For point 1

AQA©  = A A efcC f iC t . - tz )  +

-t,)* PC, (t,t,) m
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The terms in this equation are defined as 

fo llow s:

The heat flux  entering the small surface area during the 

time increment =. A Q  A G •

The amount of heat given up to the coolant by the 

so lid  = A A© G C p ( t : , -■£*)■

Conduction away from point 1 through the solid  •£.

A  A© ) ;
Conduction away from point 1 through the coolant =•

Ad© ^  (X h
The increase in internal energy of the so lid  =

O - P )  c  ( t ,  ' - t ,  )  ■

The increase in internal energy of the coolant
/? p c P ) .

¥  is used in the equation because a con tant 

cross-sectional area is  being considered in this problem, 

and since half sections are being used at the surfaces, 

h a lf volumes must be used.

Assuming that the temperature of the porous plate at 

time zero to be uniform and at the temperature of the 

incoming coolant, the only unknown in  the equation becomes 

t i * .  Solving fo r t i 1, the equation becomes

l'~  [ > £  ( f - p ) c

ti*  being the temperature of point 1 after the f i r s t

time increment
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A heat balance was then written fo r point 2# The

f i r s t  term AQ/SQwas not present in this heat balance,

however, two additional conduction terms fo r the heat

entering are now included, and are as fo llow s:

Heat entering point 2 by conduction through the so lid =
A A _ KU-P) , ,AZ\0 $

Heat entering point 2 by conduction through the coolants

The remaining terms are very sim ilar to those of 

point 1, except a fu l l  volume is used instead of a half 

volume• They are as fo llow s:

Heat leaving point 2 by conduction through the solid=

Heat leaving point 2 by conduction through the coolant=

A d e

Heat give up to the coolant by the so lid .=

A A6 G c, ( t i - Z j ) ;

The increase in internal energy of the s o l id =
/ * / ( / - P ) C  (ti'-tz)■

The increase in internal energy of the coolant- 
V PCp (  t z '  - tr-z) .

Therefore the heat balance for point 2 becomes

A A© J -  A4© + t3)

_  yiP / -  P)  C ( t i '  —  t  Z ) +  ^  Y P C/> -  t-L )  .



As in  the heat balance fo r point 1, the only 

unknown is  t£1• Solving fo r t2 f

t > A*&Z*-L^  + ’¥ - l ( t r £ 3) - A Aefccr+ +-C
a \ ^ ° v o - P ) c ,  +   ̂V P C ^

The same procedure was followed fo r point 3 and 

point 4 with the following resu lts.

\j<=>Vd-P)C -hsfVPCpJ

and

f A&ej?2Zl d\GCp+ >iT ±>+l¥ ](£,-&) t
* Iy >v n - p ) c  + ' f V P c r~2 *

The heat balance fo r point 5 does not contain a 

term for conduction away through the so lid  and uses half 

volumes as i t  is a surface point. Following the same 

procedure and solving for tg » ,  we have

■/ tr
tj- A & e O z z z l - M e C ¥ + gc,J 

[ > ° - g O - P ) C  + , ? % P C P ' }
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By grouping the constant terras we have,

u / =  A O A Q ________________________

y .  J
~ Q °£  (-t -p )c

y  A a e C ^ + ^ l
^ V d - P i C  +s?VF!CYl

A A R & £ *L ± j% iz zJ
Q0V ( l -P )C  P s f  v p c p~1

/ ^ e C ^  + V J
U  \j° £ u -p )c

_ A A e L G C f P  % r l ________
v !? *£  c>-p > <= + '? *  p  cP~.I

The equations for the temperature a fte r the f i r s t  

time increment are,

~ W  X (£i "“£■£) -h t t } 

t i  = y  ( f ,  - f a ; -  Z - f j )  * f 2

& '  =  Y(t*-t,) -Z(t3-t,) + t3j 

= Y (h  ~ £ * ) ~ 2L (£* ~ts) and

4 ' = U f a  - t s ) ~ V(*S ~ t i )  + ts .
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From the preceding equations, t i 1, tg*,  t g 1, f 

and tg 1 can be round as the in it ia l  temperatures are known. 

Using these values, t^w, tg” , tg11, and t 5n can then be

found. These new temperatures can then be used in the same 

process to find five new temperatures. This process is 

continually repeated until steady state conditions are 

reached. Using this process, any combination of gas flow, 

material and heat flux  may be used.

To illu stra te  the method, two sample problems are 

worked out. Heat flux  of 50,000 BTU/hr f t 2 and 1,500,000 

BTU/hr f t 2 was selected to show the range over which this 

process was practical. A mass flow, G, of 2,000 lbs/hr f t 2 

was selected, since using this flow allowed a large 

temperature range to be investigated and i t  required a 

velocity of approximately 7.5 ft/sec. A one-inch plate 

was selected as convenient and since five  nodes were being 

used (see Fig. 2 ), this caused $ to be one-quarter of an 

inch. A constant square cross-sectional area and a cubic 

shaped volume are used. A ir was used as a flu id  and a 

high alumina refractory was selected as a porous plate.

The following physical properties of these materials were 

found in Marks Mechanical Engineering Handbook.

Cp = .25 BTU/lb °F

C = .23 BTU/lb °F

K = 1 BTU/ft2 hr °p

BTU/ft2 hr °PKf  = .033 

P * .25
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/*■ 128 lb s/ ft3 

/f» .0753 lb s/ ft5

Values of in it ia l  temperature and time increment 

were a rb it ra r i ly  selected. Area and volume are listed  

below with the values of temperature and time.

S -  1/4" = 1/48 f t

A =S£r1/48 1/48 f t 2 

V = f f f * 1/48 1/48 1/48 f t 5

t i  = t2 = t3 = t4 * t5 = tg = 100 °P

A9 = 1 Sec = 1  hr
3600

Using these values, the constants W,X,Y,Z,U,V, are 

as fo llow s:

fo r  50,000 BTU/hr f t 2 fo r 1,500,000 BTU/hr f t 2

w - 60 .3736059 181 1 .2 08 17 7

X = .647650712 .647650612

Y = .0219572767 .0219572767

Z = 1 .295301224 1 .2 9  301224

u - .0109786383 .0109786383

V s .604181616 .604181616

O riginally  a fixed  point program was written to 

solve this problem, however, after running several programs, 

in which errors were ma e, i t  was decided to write the 

program in the 24.2 floatin g  point interpretive system.

This is much simpler to write though much slower to run# 

These programs ran about th irty  minutes each. With other 

flow rates and m aterials, more time may be needed fo r  

sim ilar problems.



PLOW CHART FOR COMPUTER
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COMPUTER PROGRAM FOR ROYAL MCBEE LGP-30 DIGITAL COMPUTER

; 000*4-8001 /OOOOOOO *

r6300*u0*4-00* i5000*b5012* s501*4-*m5002*h5200*b5000* 
s5200 * a 5012 * h5202 * b 501*4- * s 50l 6 * m5006 * h520*4- * b 5012 * 
s501*f*m500*4-* s520*f *a501*f *h5206*b50l6* s50l 8 *m5006* 
h5208 ’ b501*4- * s 5016 * m500*4- * s 5208 * a50l6 * h5210 * b 5018 * 
s5020 * m5006 * h5212 * b 5016 * s50l8*m500*4-* s5212'a50l8* 
h521*4-*b5020* S5022*m5010,h52l6 ,b50l8* s5020*m5008*
S5216 * a5020 * h52l8 * b5202 * h5012 * p5012 * dOOOO * b5206 * 
h501*4- * p50lU * dOOOO * b5210 * h50l6 * p50l6 * dOOOO * b521*4- * 
h50l8 * p50l8 * dOOOO * b 5218 * h5020 * p5020 * mOOOO * u*+803 *

.000*4800*

60573605 ’ +06- ’ 6*4-765061 * +08- * 21957276 * +09- * 12953012 * +07- *
10978638 * +09- * 60*4-18161 * +08- * 100  * * 100 * * 100 * ’ 100 * * 100 * *
100* * f *

FIG . *4-
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COMPUTER PROGRAM FOR ROYAL MCBEE LGP -  30 DIGITAL COMPUTER

; OOO48OO*/OOCOOOO *

r6300*UOUOO * i5000 *b5012 * s50lU * m5002 * h5200 ‘ b5000 * 
s5200 * a5012 * h5202 *b 501*4- * s 5016 *33150061 h520*4- *b5012 * 
s501*4-,m500*4-* s520^, a50lU ,h5206,b 5 0 l6 ' s5 0 l8 ,^l5006, 
h5208 * b50lU * s3 0 l6 1m500U* s5208 * a5 0 l6 1h5210 * b50 l8  * 
s5020 *1115006* h5212 * b 5016 * s5 0 l8 * m500*4- * s5212 * a50 l8  * 
h521^,b5020* s5022*m5010*h52l6*b5018* s5020,m5008* 
s52l6 * a5020 *h52l8 *b5202 *h5012* p5012 * dOOOO *b5206 * 
h501*4- * p501*4- * dOOOO * b 5210 * h50l6 * p50l6 * dOOOO * b 52lU *
L5018 * p50l8  * dOOOO * b52l8 * h5020 * p5020 * mOOOO * u*4-803 *

.00048 00*

181120811+0*4-* 6*4-765061* +08-* 21957276* +09-*12953012 * +07-* 
10978638 * +09- * 60*4-18161 * +08- 1100 * * 100 * * 100 * * 100 * * 100 * *
100** f *

FIG . 5



TIME
SEC
O
1
2
5
4
5
6
7
8
9
10
11
12
15
14
15
16
17
18
19
20
21
22

24

TEMPERATURE DISTRIBUTION IN A POROUS PLATE 

(5 0 ,0 0 0  BTU/hr f )

TABLE I

NODE 1
1 0 0 .0 0 0 0 0  
160.57360 
181.64620 
190.00014 
192.97378 
194.15519 
194.56446 
194.73437 
194.78916 
194.81443 
194.82128 
194.82529 
194.82598 
194.82669 
194.82671
194.82685 
194.82683
194.82686
194.82685
194.82686
194.82686
194.82686
194.82686

TEMPERATURE °F
NODE 2
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0  
101.32564 
101.37216 
101.57853 
101.56771 
101.6C740 
101.59957 
101.60877 
101.60560 
101.60806 
10 .60695 
101.60767 
101.60731 
101.60753 
101.60741 
101.60748
101.60744 
101.60746
101.60745
101.60746
101.60745
101.60745

NODE 3
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
100.00000 
100.02910 
100.02089 
100.02886 
100.02560 
100.02790 
100.02677 
100.02747 
100.02710 
100.02732 
100.02720 
100.02727
100.02723 
100.02725
100.02724
100.02725
100.02724
100.02725
100.02725
100.02725
100.02725

NODE 4 NODE 5
100.00000
1 0 0 .0 0 0 0 0
100.00000
1 0 0 .0 0 0 0 0
100.00064
100.00025
100.00056
100.00039
100.00050
100.00044 
100.00047
100.00045
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046
100.00046

1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1C0.C0C01
100.00001
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
100.00001
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
1 0 0 .0 0 0 0 1
100.00001
100.00001



T IME
SEC
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

25

TEMPERATURE DISTRIBUTION IN  A POROUS PLATE 

(1 ,5 0 0 ,0 0 0  BTU/hr f t 2 )

TABLE I I

TEMPERATURE °P
NODS' 1
100*00000
1911.2081
2549.3861
2800.0043
2889.2133
2924.6558
2936.9337
2942.0310
2943.6749
2944.4328
2944.6383
2944.7586
2944.7794
2944.8008
2944.8011
2944.8056 
2944.8048 
2944.8059 
2944.8055 
2944.8058
2944.8057
2944.8058
2944.8057
2944.8058
2944.8058
2944.8058
2944.8058

1 0 0 . 0 0 0 0 0
100.00000
139.76919
141.16473
147.35596
147.03137
148.22208
147.98720
148.26309
148.16802
148.24196
148.20868
148.23031
148.21929
148.22591
148.22234
148.22441
148.22327
148.22392
148.22355
148.22376
148.22364
148.22371
148.22367 
148.22369
148.22368
143.22369

NODE 5
1 0 0 .0 0 0 0 0
100.00000
1 0 0 . 0 0 0 0 0  
100.87322 
100.62683 
100.86577 
100.76795 
100.83700 
100.80332 
100.82427 
100.81320 
100.81971 
100.81615 
100.81820 
100.81706 
100.81770 
100.81734 
100.81755 
100.81743 
100.81750
100.81746 
100.81748
100.81747
100.81748
100.81747
100.81747
100.81747

NODS 4
1 0 0 .0 0 0 0 0
1 0 0 . 0 0 0 0 0
1 0 0 .0 0 0 0 0
100.00000 
100.01917 
100.00768 
100.01684 
100.01173 
100.01498 
100.01318 
100.01424 
100.01365 
100.01399 
100.01380 
100.01391
100.01385 
100.01388
100.01386
100.01387
100.01387
100.01387
100.01387
100.01387
100.01387
100.01387
100.01387
100.01387

2944.8058 148.22369 100.81747 100.01387

NODS 6' ~
100.00(300
1 0 0 . 0 0 0 0 0
1 0 0 .0 0 0 0 0
1 0 0 . 0 0 0 0 0
1 0 0 .0 0 0 0 0  
1 0 0 . 0 0 0 2 1  
100.00016
100.00025
100.00022
100.00025
100.00024
100.00025
100.00024
100.00025
100.00024
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
100.00025
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A sample o f the r e s u lt s  o f the c a lc u la t io n s  

done by the computer can be found in  Table I  and I I .  

These samples are taken a t v a riou s  in t e r v a ls  to  g ive  

a b e t t e r  p ic tu re  o f  what i s  tak ing  p la c e . A reco rd  

o f the t ra n s ie n t  tem perature d is t r ib u t io n  as com pleted  

by the computer may be found fo r  any tim e.

The time to reach  s t a b i l i z a t i o n  in  these sample 

problem s is  q u ite  sh o rt , however, in  o ther s im ila r  

problem s the time may be c o n s id e ra b ly  lo n ge r . This 

time i s  c o n tro lle d  f o r  the most p a r t  by  the f lo w  ra te s  

used and the s p e c i f ic  heat o f the c o o la n t .

A p lo t  o f  s e le c te d  tem perature d is t r ib u t io n ,  as 

shown in  F ig s .  6 and 7, shov/s that most o f the heat i s  

picked up by the co o lan t , a ve ry  sh o rt d istan ce  from  the

hot su rface
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The method o f  approaching the s o lu t io n  to  the 

problem  o f t ra n s ie n t  heat con d ition s  has long been  

known, however, u n t i l  the recent advent o f  h igh  speed  

com puters, the time in vo lved  in  o b ta in in g  so lu t io n s  has 

been p r o h ib it iv e .  With computers a v a i la b le  in  many 

in d u s tr ie s  many problem s th at have not been consid  red  

b e fo re  may now be so lved  p r a c t i c a l ly  and econom ica lly .

The problem  o f  t r a n s p ir a t io n  c o o lin g  is  a recen t  

one and though some work has been done in  th is  a rea , i t  

has been lim ited  to  stead y  s ta te  c o n d it io n s . Experim ental 

work would be o f much a ss is tan ce  in  p rov in g  o r  d isp ro v in g  

many o f  the assum ptions made in  the s o lv in g  o f  t r a n s p ir a t io n  

c o o lin g  problem s.

Prom the sample problem  worked out in  th is  th e s is ,  

i t  would seem that a g re a t  d e a l o f  work should  be done in  

th is  area because t ra n s p ira t io n  c o o lin g  seems to  have 

g re a t  p o te n t ia l  f o r  use as heat s h ie ld s  and sc re en s . W ith  

p rop e r s e le c t io n  o f m a te r ia ls  and f lo w  r a t e s ,  tem peratures  

can be c o n tro lle d  e f f e c t iv e ly .  Most o f  tem perature drop  

occurs w ith in  a sh o rt d istan ce  from  the heated  su r fa c e .  

T h ere fo re  th in  p la te s  may be u sed , e f f e c t i v e ly  c u tt in g  

down on the cost o f m a te r ia l and e s p e c ia l ly  Im portant in  

the a i r c r a f t  or m is s ile  in d u s t r ie s ,  the w e igh t o f  m a te r ia l  

needed. Some o f the need f o r  h igh  tem perature m ate r ia ls  

may be e lim inated  by use o f  porous m a te r ia ls .

One example where the p ro p e r t ie s  o f t r a n s p ir a t io n

V I .  CONCLUSIONS



30

co o lin g  has a p r a c t ic a l  a p p lic a t io n  i s  that or a 

high tem perature fu rn ace . The f u e l  could  en te r through  

the s id e  o f  the combustion chamber, which v/ould be made 

o f a porous m a te r ia l.  The combust ion a i r  could  then be 

fo rc ed  through the porous w a lls  o f  the combustion chamber 

thereby  co o lin g  the w a lls  and p reh eatin g  the combustion  

a i r  a t the same tim e. A furnace o f th is  type should be 

e f f i c i e n t  and p r a c t ic a l .  An ou ter s h e l l  o f  s t e e l  would 

only have to contain  the combustion a i r .

The tran s ien t  con d ition  i s  o f  short du ra tion , in  

th is  case a l i t t l e  more than twenty seconds. I t  i s  o f  

importance in  determ ining therm al s t re s s e s  in  the porous 

medium because o f  the extreme unequal temperature e x is t in g  

at ad jacen t p o in ts .

In  the area o f  fu tu re  work more p re c is e  so lu t io n s  

should  be worked out, in c lu d in g  many o f  the fa c to r s  

that have been neg lec ted  in  the p a s t .  Fewer assumptions 

should  be made when working out s o lu t io n s .  Some e x p e r i 

m ental work should be done to  v e r i f y  both  so lu t io n s  and 

assum ptions.

W ith some knowledge of num erical a n a ly s is , many 

problems o f th is  t ype may be so lved  in  a com parative ly

sh o rt time.
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