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I. INTRODUCTIOK Ann SUb0URY 

The r a t e  of heat t r a n s f e r  between a f l u i d  atream In  turbulont  flow 

and a smooth, s o l i d  mill is l a rge ly  control led by t h e  r e l a t i v e l y  high 

r e s i s t a n c e  of +.he 1unim.r aublsyer m x t  t o  the wall. Although t h i d  laminar 

l a y e r  i r  extremely t h i n ,  heat oan be t r ans fe r r6d  through it only by moleo- 

u l a r  diffusion.  

t b n  f o r  a l aye r  t he  iamb thickness f a r t ! e r  out In the stream where turbu- 

l e n t  e x o b n g e  I s  the  c o n t r o l l i n s  factor.  The thickness of the  laminar 

l a y e r  i r  d i f f i c u l t  t o  de f ine  precisely,  ainoo there I s  a gsad ta l  t r a n s l t l o n  

t o  the t u rbu len t  f lar  outs ide,  bu t  f o r  tb usual scale of mny engineering 

applioations almost half the tenperature  d i f f e rence  betmen the f l u i d  m d  

the wall occurs in a lnyor of a few thousands of an inch i n  thiokness. 

Hence the r e s i r t m o e  of this l a y e r  is very much g r e a t e r  

Nbn the wall is made of porous m a t e r i a l  and a coolant gas I s  foro& 

through t h e  wall into the B tream, it h s  been found (Cf. Ref. 1) that a 

rory small flow r a t e  of the ooolant is rsmnrkably effective in h e p i n g  the 

wall a t  a low temperature. The coo2aat fSm :*ate required is such as t o  

give an averago w l o o i t y  normel 

+he =In stream veloci ty .  T h i s  flow rate 1 s  so low that  d e a r l y  the ir!jected 

gas m u s t  a c t  as an I n s u l a t o r  rather than  as a normal coolant. Because of 

i t a  r e l a t i v e l y  low m l o c i t y ,  t h e  la jeoted @ e  can h v e  very l i t t l e  i n f l u -  

ence on heat convection o r  momntun t r a n s f e r  i n  the t u r b u l e n t  stream, and 

I t s  effeat must be oonfined t o  the laminar sublayer. T h  possible  l n f l u -  

ence of the coolant flow on tb thfcknsss of tb laminar lnyer  w i l l  be 

discussed in Section V. 

.!e wall o f  the o rde r  of 1 per cent  of 
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Theoret ical  StUdieE of boundary Aayers wi th  flow through *.e w a l l  

have been rnado r e c e n t l y  i n  Germany but have b e m  oonfined t o  the case of 

the laminar boudary l a y e r  i n  a t u r b u l e n b f r e e  stream. The i n t e r e s t  was 

d i rec t ed  toward man6 of reducing sldn f r i c t i o n  by prewn'Ling t r a n s i t i o n ,  

and most attention was confined to removal r a t h e r  than to  i n j e c t i o n  of 

f lu id .  

hand, the c a m s  of t w b u l e n t  etream f low and the  turbulent  boundary layer 

rill gmbably prove most important, bu t  apparently l i* le  a t t e n t i o n  h a  

been given t o  these problems. 

'$:heeler 

is a funot log  of the  r a t i o  of coolant mass flow per u n i t  area t o  main 

stream mss 2 l a r  per u n i t  area alone. Measurements on a s h o r t  length of 

porous-walled pipe ind ica t e  that t h i s  r a t i o  i s  t h e  p r i n c i p a l  prameter 

deterxrdning the wall t a q e m t u m e  

In eri@..,eering epp l i ce t ions  of porous wall  cooling, 0 ~ 1  the other  

On the h e i s  of  dimensional anal:;;ia, 

Ref. 2) was led t o  the conolusion t h a t  t he  will temperature 

The ana lys i s  Liven hero leads t o  a msthod f o r  pred ic t ing  the  temper- 

ature of t h e  w a l l  from the f r i o t i o n  c o e f f i c i e n t  f o r  t u rbu len t  flow In a 

pipe. 

flow. 

Ths method is an sxtensicn of t h a t  w e d  by Pnandtl f o r  no coolant  

11.  LOC CITY DISTRIBU'IION Ih' THE LA'TIUR L 4 Y n  

The v e l o o i t y  d i s t r i b u t i o n  i n  t h e  laminar rublayer oan be determined 

very easily.  Taking x as t h e  coordinate along tha w a l l  i n  t he  d i r e c t i o n  of 

mean fla and y a6 the d i s t r n o e  from the mll, th  l a m i n a r  l a y e r  I s  assumed 

t o  extend from t h e  w a l l  t o  y 8. Steady flow is a s s m d  and a l l  d e r l m -  
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t i v e s  wi th  reapeot t o  x are zero.+ The pores of t he  w a l l  are 6UppOeed 

e c f f i c i e n t l y  e m 1 1  and n'swrous that the v e l o c i t y  normal t o  the mll  is 

uniform anL oontinuow. The ve loc i ty  p a r a l l e l  t o  the wall i s  u w i t h  v 

n o m 1  t o  the wall. 

o f o r  t he  8tati-m in tho main gas utmam, a t  the outer  edge of tb laminar 

layer ,  a t  the wall, and i n  the coolant r e se rvo i r ,  respeotkvely ( C f .  eketoh 

I t  w i l l  be oonvenient t o  uee eubsc r ip t s  g# 6, w, and 

below) . 
Y C  

1 @) TURBULENT CORE 

LAMINAR 

POROUS 

LAYER 

WALL 

@ COOLANT RESERVOIR 

The oliear s t r a s s  7 (Cf. sketoh on p. 4 )  f o r  a su r face  norm1 t o  the 

y-axis  and a t  a d i s t n o e  y (<6)  from the wall I s  given.by 

dU 
r = c L d y  

where p is t he  v i s c o e i t y  coe f f i c i en t .  Conaides a ayl inder  o f  unit area o f  

cross sec t ion  w i t h  generators n o m 1  to  the w a l l  and axtending from the 

wall t o  height y. S h o e  the r e s u l t a n t  fo rce  on t he  s ide6 of the cyliZder 

m u s t  vanish, t h e  t o t a l  f o r c e  on the  rurfaoea is .the r e s u l t a n t  of the ahear 

*This l a t te r  aesunrption I s  equivalent t o  saying t h a t  the thiokneea of 
the boundary l a y e r  remains omstant along t h s  wm31, axd hence i s  similar 
t o  f u l l y  developed tu rbu len t  flow 5 . ~  a pipe. Tha coolant flow is conaidered 
s t lCficlent ly  lm 80 tht tb average pipe v e l o o i t y  and t h e  pressure gradient  
along t h e  pipe am n o t  a f f e o t e d  appreoiably. 

mge 3 
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foroes on the ends and arnounta t o  z ..a f a  i n  th x-d i r eu t ionc  Tho t o t s 1  

momntum flux through the eideo is zero s i n c e  there is no v a r i a t i o n  wt th  

X .  The flux of x-momntum th-ron$i the end a t  y = 0 is zero s ince  u = @ 

a t  t h e  mil, whereae a t  t h e  upper end tb flux of x-momntwn outward i a  

p vu since pv is the mass f l m  r a t e  through tb u n i t  surface and u i n  the 

v e l o a i t y  i n  the x-direction. 

r a t e  of change of momentum in t h i a  direct ion,  and using tb r e l a t i o n  (1) 

Equating the force in the x-direcrtion t o  the 

Since de r iva t ives  wi th  r e s p o t  t o  x are zero, the  c o n t i n d t y  equation 

raduces t o  

or 

p v  = pwvw = cons tant  .(31 

. Equation (2) oan a l s o  be derived from the NavierStohr equation fur the 

momntum p r a l l e l  t o  t he  wall, .;hich i n  this oase become eimplg 

du d 2u 
p v  = @ - 

dY2 
(4 1 

and olearly Equation (2)  is  the f i r e t  i n t e g r a l  of Equation (4). If t he  
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v i s c o s i t y  coe f f i c i en t  p i s  assrmbd conatant i n  the  laminar layer ,  Eqtta- 

t i o n  (2) a n  be i n t eg ra t ed  t o  give t h e  v e l o o i t y  U. The most oonvenient 

form is 

where the bouadnry condi5ions u = 0 at y = 0 and u = u6 a t  y = 6 are 

applied. 

y/8 are  r k e t o b d  below. 

The shapes of the  r e s u l t i n g  ve loc i ty  p r o f i l e s  nu funct ions of 

111. TEMPERATURE DISTRIBUTION IN TIIE LIUI [ IM LAYZR 

The temperature p r o f i l e  in t h e  laminar eublayor a n  be derived i n  a 

manner similar t o  t h a t  used f o r  the v e l o c i t y  prof i le .  The heat  f l m  r a t e  

p e r  unit a r e a  normal to the  y-axis toward the w a l l  is denoted by q and for 

dT 
s = k d y  

where k is the conduct ivi ty  fo;. the f l u i d  i n  'the laminar l a y e r  and T i s  t b  

temperature a t  a d i s t ance  y from the mll. The f l u i d  ir the laminar Sub- 
I 



layer 

temperature To. 

temperature has r i s e n  t o  TI hence the heat; added per u n i t  11y~8s Is 

o b ( T  - To) where o h  I s  the awrage spec i f i c  heat  between T o  and T. 

Sin- the mas flow r a t e  per unit area n o m 1  t o  y is pv = p*.qy, the 

rate of heb+ flow per unit are& t a r a rd  t h e  wall i e  p,,y,,ap,(T - To). 

t h i s  heat  fluw rate mwt be q as given by Equation (6). 

he considered as originat ing i n  ths coolant r e s e r v o i r  a t  a 

Won the coolant f l u i d  a r r i v e s  a t  the height y, its 

B u t  

Hence 

This equation can a l a 0  be derived from t he  energy equation which, 

on negleoting minor t e r n ,  beoomes 

dT d2T 
pvc - - - k -  

Pw dY dY2 

and c l e a r l y  Eqmt ion  (7)  is tb firot i n t e g r a l  of Equation (E). 

and k are assomed constant i n  ths  laminar layer,  the i n t e g r a t i o n  of 

Equation (7) w i t h  the addi t ional  boundary condition T = T, a t  y = 0 gives 

the r e l a t i o n  

If opw 

pw"w=Pwy 
k T - To - -  .- e 

TIY - To (9) 

T h e  exponent ocourring in this expression d i f f e r 8  from the exponent in  the  

expression (5) f o r  the  v e l o o l t y  u by a feotor of t h e  P raad t l  number 

Q = ( o b  p)/k. Henoe EquaUon ( 9 )  oan be mitten in the form 

pVf"WY 

To compare the temperature profi le  w i t h  t h o  v e l o a i t y  profile, Equation 
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(10) cac be used t o  del-',ve t h e  r e l a t ion  

0- u 
e - 1  

and it is seen that th temperature and v e l o c i t y  p ro f i l e s  a r e  o f  similar 

ohapes and fur thernore,  if u = 1, are of i d e n t i o a l  s h a p e .  

IV. J O I N I I G  OF L A h l i M  PJ1) 'I'URBULZNT REGIONS 

Outside t h e  lominer l aye r  ( i . d . ,  y > E ) ,  the tu rbu len t  f l uo tua t ions  

in t h e  stream oause d i f f ' w i o n  o f  n a t e r i a l ,  heat,  and momentum in a mRnner 

somnhat similar t o  rnolaouhr d i f fus ion  but rrrith ser;. much higher r a t e s  . 
I n  regions where t h e  vs loc i ty  gradient of the mecn speed is high, the rate 

of tramport of an;? property across the s t ream oan be t aken  as roughly 

proport ional  t o  the v e l o c i t y  gradient.  Reynolds used this approach t o  

ob ta in  a r e l a t i o n  be tmen  momentun t r ans fe r  and heat  t r a n s f e r  across a 

turbulent stream. This r e l a t i o n  can be expressed i n  the form 

where 9 is tb heat- t ransfer  r a t e  per d t  a rea  toward tb w a l l ;  T is the  

shear ing s t r e e e  par unit areas um and T, are v e l o c i t y  and temperature of 

the  m i n  stream flmi and u and T, the ve loc i ty  and temperature a t  t h e  

point where q end t are maswed. (Cf. p. 649 of Ref. 3 f o r  a c o q l s t e  

d i s  ouesion.) 

Although there  is a c t u a l l y  no sudden change from lmimr  t o  tu rbu len t  

L 

I 
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f l o w  a t  y = 6 ,  t h i s  point will be i d e n t i f i e d  a s  the point  where the tur-  

bulont  d i f f u s i o n  r a t e  beoomes approciable and Squation ( 1 2 )  will be applied 

t o  the e n t i r e  region y >,so 
rate and shear ing s t r e s o  ie 

Hence a t  y = 6 ths  r e l a t i o n  between heat f low 

where ( ) r e f e r s  t o  the main stream f a r  outside tb laminar layer  and g 
refera  t o  the s t a t i o n  y = 8, I n  t h i s  -88  cp is assumed t o  r e m i n  

( I6 
fa i r ly  constant between the main stream and t h e  laminar layer ,  

Fran the r e l a t i o n s  derived in Seotiok 111, ?u t t ing  y = 8, expros.3ion.a 

f o r  Ts, qsc and T can be found. These a r e  6 

U. 
1 - e  

S u b s t i t u t i n g  for these t h ree  q m n t i t i e s  i n  Eqdatfon (13), an expression for 

T, is found i n  the form 

The q u a n t i t i e s  8 and u 

two q u a n t i t i e s  must be f o d  i f  Equation (15) is  t o  be weful.  

e,re s t i l l  unlolam. Some method of evaluat ing those 8 

h g e  8 



V. EVALUA'L'IOH OF 8 AND U s  

A t  the  present time i t  bs not knm how the boundary l aye r  thiokneas 

8 

anginbering app l i aa t ione  the range of most i n t e r e s t  f o r  t h e  r a t i o  of %/urn 

w r i e s  w i t h  t h e  vo-boity vw norm1 t o  the wall. However, sinoe i n  

i s  from 0.005 t o  0.020, i t  seem plausible  t o  aasume that the t h i o h e s s  of 

the laminar l aye r  and the velooity a t  t h e  o u t e r  edge of t h e  l aye r  are not 

a f f eo ted  appreoiably by t h e  low velooi ty  normal t o  the uall. T b  thickness 

of the laminar layer ha6 beon masured i n  mwth p ipe6  and found t o  s a t i s f y  

the  r a l a t i o n  

U T  
Y - Y' -- - 

2 where u r  = r0/p (To is the s h o a r h g  stress. a t  the m l l )  and p is a 

oonstant. P rand t l  ha6 taken y+ = 5.6 after  examination of t h e  ve loo i ty  

p r o f i l e  measured cloae t o  R w ~ l l .  

I t  rill be assumed that  the flow in tb turbulent  core is  not affeoted 

by the v e l o o i t y  norm1 t o  t h e  wall, and henoe t h a t  t he  shear ing stress T 

and t'm v e l o c i t y  a a t  t h e  edge of the oord are the same as f o r  flow in a 

smooth pipe. 

r equ i r e  modiffoation. 

msntal infomat ion i s  ava i l ab le  a t  preaent. It  i s  the simplest  postulate  

whioh reduces t o  t h e  oorreot  form when tho ve loo i ty  n o r m 1  t o  t h e  w a l l  is 

zero. 

8 
This i s  a r a t h e r  bold assumption and w i l l  c'imoat a e r t a i n l y  

The only exouso fo r  making it hero is that  no experi- 

For the Roynolds number range 5000 < Re < 200,000 the r ' r io t ion  ooef-  

f i o i e n t  CF for smooth pipes s a t i s f i o s  t h e  empirioal r e l a t i o n  

Page 9 
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CF = 0. 046/Re0. (17) 

where CF = ro /9P;  and is t h e  average velooi ty .  Iden t i fy ing  5 wi'ih 

ug the following expressions a r e  obtained 

where y+ = 5.6 and CF 18 given by Equation (17) wi th  ths  Reynold3 number 

Re = Dug/" based on the flow in the turbulent  oore. 

diamo tor. 

liere D I s  the p i p e  

S u b s t i t u t i n g  t!!e expressions (18) i n  Equation (15) f o r  the wall 

te mpe r a t  up8 

In this expression some e f f o r t  I s 8  boen *e t o  b o p  the p r o p r t i e s  of 

t he  gas in tho turbulent oom soparr ta  fhoao in the laminar layer,  

b u t  the prooess has not been ent i re ly  Qonrirkrct. The expression would 

be expeoted t o  be oorreot f o r  the lIu$thg n h  of very smell vw an8 

vow slpall temperature drop T g  - To! T h s  tw$plimtion t o  oa86s where the 

temperature drop to the w a l l  is ldrge 80 tht phyeidal propertlos of the  

I 

L E' 

gas change aoroas t h e  lamirar rublayer o r  t o  case8 wham the injooted gas 

I s  quite d i f f o r e n t  from the min rtrorm gar m y  not; be ea t i s f ao to ry .  

Page 10 
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Duwez has measured t h e  wall temperature i n  ti porous tube f o r  s e v e r a l  

flow r a t e s  and temperatwos of o o o l m t  and r a i n  flow ( C f .  Ref. 3 ) .  

experimen'?l r e s u l t s  are  shown i n  Figures 1 through 4. 

m d e  wi th  very s h o r t  spoimens  l$ inches in l e n g t h  and 1 inoh i n  diameter. 

The 

The t e a t s  were 

I n  the  FiSrOS,  Q = Pwvw and W =  pgug i n  terme of  the notation ucad in t h e  

oaloulnt ions of  Seotion V. The r a t i o  (Te - Tw)/(Tg - To) i e  p lo t t ed  r a t h u r  

than the  expression given in Equation (19), whioh i s  1 - (Tg = T.+.'/(Tg - To). 
Four d i f f e r e n t  materials were used in tha porous specimens: (a) mull i te ,  a 

re f rao tory  mater ia l  w i t h  very low thermal cmduot iv i ty ,  (b)  s ta in , less  s t e e l  

and ( 0 )  niokel  wi th  approdmate ly  equal  conduct iv i t ies ,  and (d) copper w i t h  

very h i g h  conduotivity. The m i n  stream gases were produota of ombust ion  

of gasol ine  burned i n  air ,  and t h e  onolant gaa ma nitrogen. 

d e t a i l s  can be found i n  Referenoe 1. 

stream flow ranged from 33,OOO t o  190,000. 

Further  

The Fteynolds nmbers  based on the main 

The expreasisn f o r  the  temperature ratio determinifig the  t h e o r e t i c a l  

w a l l  temperature aan be derived fran Eprat ion (19) in t h e  forn  
-0.1 

-0.8 W Q/W )Re 
- e T - T, 

T, - To -0.85(Q/W)He -c* l) 
= 1 - -  

1 + (1.18R,o*1 - 1)( 1 - e  

Where oplr = OP', p = 5.6, and CF = 00046 RO-~.~. 

The temperature r a t i o  h a  been evaluated as a funot ion of Q/k for t h e  two 

extrome Reynolds numbers i n  the.  experiments. I n  Fi,.ures 1 t o  4#  inolusive,  

t h e  upper s o l i d  l ins is for Re = 1.0 x 10' and the lmer line for  

For n i t r o e n  u = 0.74. 

5 Re = 0.3 x 10 
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On oomparbg t h e  theo re t ioa l  amaa wi th  t h e  experimental r e s u l t s ,  

it i a  seen that the  s h p e a  of t h s  ourve8 are cor reo t  and t h e  order  of 

mgnltude of t h e  wall temperatures is m r r e a t .  

(Cf. Fig. 1 )  the th*ory i e  remrlcably good a t  the  smaller ooolant f l w r  

For the  m u l l i t e  speoimen 

but devbttoa somewhat a t  larger flows. This dev ia t ion  m y  be due t o  t b  

lerger coolant flow8 a f f e o t i n g  t h e  thlokness of the  lnminar sublayer, 

whereas in t b  theory i t  is asawned tha t  t h e r e  i s  no s f f o o t .  T b  w a l l  

temperetures msasured in t h e  s t a in l eas - s t ee l  and n i cke l  spcimens (3 

Figs. 2 and 3 )  are appreciably higher, ard for t he  copper epoimen (Cf. 

Fig. 4)  much higher than t h e  theory prediota. I t  is believed t h a t  t h i s  

dlfforopanoy i e  loEgely I r e s u l t  of temperature va r i a t ione  along the 

length of the s p a h e m  both in the laminar uublayer and the speoimen 

i t s e l f  . 
Ia t h e  t h e o r e t i a l l  treatmest,  i t  was assumed that mpratures  snd 

v e l o c i t i e s  mre f ' n o t b n e  of &stance fraa the  w a l l  only. 

is very  likely an " i n l e t  length" for t h e  poroua nmrtzrial wliare the  tam- 

perature  d i s t r i b u t i o n  ohariges from that t j rp ioa l  of flow in an uncooled 

pipe t o  the final d i s t r i b u t j o n  f o r  the porous wall c o o l h g a  This i n l e t  

3.exlgth r r l l l  wry depending on the oonduotivity of t h e  w a l l  IL J r i a l  an4 

w i l l  be l a r g e  f o r  a material of high oonluatlvlt,ve 

that there 1s no temperatawe gradient &ad hence no heat conduoted along 

the wall. In the experiments, t h e  wall tanperatwen were measured near 

+he domatream end of  +,he specimen, about 14 d i a m t e r s  fron the upstream 

end. Further expr imen t s  w i t h  much &rea to r  r a t i o s  of length t o  diameter 

Aotually thore 

Tho *Ae@ry a(18ume8 
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a r e  required in order  t o  determine whether or n o t  the theory f i t s  b e t t e r  

a t  a t a t i o n a  f a r t b r  domatream. 

In the a m l y a i s  it h s  been assmod t h a t  t f i b  coolant flow normal t o  

the wall is unlfonn. 

s e r i e s  of j e t s  and it vould be sxpeoted t h a t  t h e  theory would apply only 

t o  oases where tha pores are very small and densely poked. 

a n a l p i s  on this po in t  is required. 

irotually, t h e  ooolant is in:eoted from pore8 as a 

Further 

VII. OONCUSIONS 

In oanolusion the  following rasarb concerning the i n v e s t i g a t i o a  

oan be made8 

1, A simple theory f o r  t he  process of porourr w a l l  o o o l h g  

rhaw the ooolant gas has t he  earn phyaioal propert ies  as 

the m i n  stream gas i a  presented. The  only e n p i r i o a l  data  

required involve the well-est~cblis b d  f k i d  meahanioal 

laws for turbulent  flow in rmooth pipes. 

d i o t s  the mall temperature renarkably w e l l  when t h e m  is 

no temperature gradient along the wall. 

Further  refinements of the ana lys i s  should be hade t o  take 

aocount of t h e  introduotion of coolant as j e t s  from a 

finite number of pores ra thbr  Ulan as uniform f l o w  fron 

t he  wall, and t o  e s t i m t e  t h e  influence of temperature 

gradient  along the wall f o r  porous r m t e r i a l s  of hizh 

T h e  theory pre- 

2. 

conduot i v i  ty . 
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4. Measurements of main streari v e l o c i t y  profiles and laminar 

eublayer thioknessea as ayteoted by rate of coo l snt  flu* 

throuf i  t he  porous w a l l s  a r e  required. The measurements 

oan be made f i r a t  f o r  isothermal  oonditions but should be 

extended as far as possible  into t h e  laminar sublayeri 

they should be made also  for ocolant gases differ!3g in 

physioal properties f rom the main stream ga8. 

Theories of heat transfer through film In which the 

phyaioal propertfee (doc8 i ty ,  v i s  oosi ty, oonductivi  Q) 

vary across t h e  f i l m  can be r e a l l y  sa5 i s fao tory  only 

after a =.hod f o r  p red ic t ing  t h e  t h i c h e r r  of the l a -  

n w  aublayer under t hese  oonditions I s  developed. 

present  the s t e b i l i t y  condi t ions for tb larnincr sublayer 

a r e  no t  barn .  T h e  s o l u t i o n  of t h i s  problem is important 

f o r  all appl icat ions in which large temperature d i f f e r -  

encea ooour. 

5. 

A t  
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