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The proposed method of analyzing physical phenomena is based on 
the fact that more approximate models can be used if the relative 
instead of the absolute quantities characterizing a process are deter- 
mined. The method is exemplified in the solution of a number of 
thermophysical problems concerned with the effect of injection and 
suction on heat transfer in a gas stream, the relation between critical 
heat 1cad and contact angle, etc. 

The  i n v e s t i g a t o r  of any  p h y s i c a l  p r o c e s s  i s  u s u a l l y  
f a c e d  w i t h  t h r e e  p r o b l e m s :  a n a l y s i s  of t he  p h y s i c a l  
n a t u r e  of t h e  p h e n o m e n o n ,  c o n s t r u c t i o n  of a m o d e l  of 
the  p r o c e s s ,  and  m a t h e m a t i c a l  d e s c r i p t i o n  of t he  
m o d e l  in  the  s i m p l e s t  and  m o s t  c o n v e n i e n t  f o r m .  

Su f f i c i en t  i n f o r m a t i o n  f o r  s o l v i n g  t he  f i r s t  two 
p r o b l e m s  i s  no t  a l w a y s  a v a i l a b l e  ( fo r  e x a m p l e ,  t u r b u -  

l e n t  b o u n d a r y  l a y e r ,  b o i l i n g  p r o c e s s e s ,  e t c . ) ,  w h i l e  
an  e x a c t  p h y s i c a l  f o r m u l a t i o n  o f t en  m a k e s  t he  s o l u t i o n  
v e r y  c o m p l i c a t e d  ( f o r  e x a m p l e ,  v a r i o u s  t y p e s  of l a m i n a r  

f lows ,  e tc . ) .  
T h e s e  d i f f i c u l t i e s  can  b e  o v e r c o m e  by u s i n g  a m e -  

t h o d  t h a t  I h a v e  c a l l e d  t he  m e t h o d  of r e l a t i v e  c o r r e -  

s p o n d e n c e .  
It i s  b a s e d  on  t h e  f o l l o w i n g  p o s t u l a t e :  in  d e t e r m i n -  

ing  t h e  r e l a t i v e  q u a n t i t i e s  c h a r a c t e r i z i n g  t he  d e v i a t i o n  
of t h e  p a r a m e t e r s  in  two p h y s i c a l l y  s i m i l a r  p h e n o m e n a  

i t  i s  p o s s i b l e  to  u s e  m u c h  m o r e  a p p r o x i m a t e  m o d e l s  
of t h e  p r o c e s s  t h a n  in  d e t e r m i n i n g  t h e  a b s o l u t e  q u a n t i -  
t i e s  w i t h  t he  s a m e  d e g r e e  of a c c u r a c y .  
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F ig .  1. E f f e c t  of i n j e c t i o n  and  
s u c t i o n  on  t he  h e a t  t r a n s f e r  of 
b l u n t  b o d i e s  a c c o r d i n g  to  t he  
p r o p o s e d  m e t h o d  ( s o l i d  c u r v e )  

and  t h e  d a t a  of [1] ( p o i n t s ) .  

Le t  us  a s s u m e  t h a t  we  a r e  i n t e r e s t e d i n  s o m e  q u a n t -  
i ty fi t h a t  d e p e n d s  on a s e r i e s  of p a r a m e t e r s  

= f ( x ,  g, z . . . .  ) .  (1) 

Its value at certain fixed values of the arguments is 
known from theory or experiment 

t~o = / (Xo ,  9o, Zo,...). (2) 

It is asserted that if instead of fl, fl =- fl/fio is de- 
termined with the same accuracy a more approxi- 

mate model can be used. 
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Fig. 2. Diagram illustrating the development 

of the film boiling regime. 

Assume that this model leads to the relation 

~ * = ~ ( x ,  y, z . . . .  ), (3) 

which differs from the true relation (I). 

The series expansion of (i) and (3) in the neighbor- 

hood of (x0,Y0, z 0 .... ) gives 

""+ a, ]0 

\O )o oy lo A v +  

1 . . . .  

\ a, ]o 

(4) 

It holds trivially for both absolute and relative 

quantities that the results will be the more accurate, 

the closer the model to reality and the less x, y .... 

differ from %, Y0 ..... 
We note a certain advantage of relative over abso- 

lute quantities: for arbitrary Ax, Ay .... an exact 

result will be obtained not only when the model and 
the actual process completely correspond but also 
when the investigated quantities are proportional, 

which immediately suggests a greater possibility of 
arbitrariness in constructing the model. 

The above argument, of course, cannot be con- 
sidered exhaustive, so that we will regard the start- 
ing proposition as a postulate whose validity must be 
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demons t r a t ed  by i ts  succes s fu l  appl ica t ion  to spec i f i c  
p r o b l e m s .  

If i t  is  va l id ,  in analyzing fl, the c h a r a c t e r i s t i c  of 
a new phenomenon, we take  rio, a l r e a d y  known f r o m  
theory  o r  expe r imen t  and f a i r l y  c lo se  to the s tudied  
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Fig.  3. C r i t i c a l  heat  load as  a function of contact  
angle accord ing  to the p r o p o s e d  method and the 
e x p e r i m e n t a l  da ta  of [5] : 1) expe r imen t  [5] ; 

2) Eq. (8).  

quantity,  and c r e a t e  a model  which, gene ra l ly  speak-  
Ing, may  be v e r y  approx ima te .  Applying i t  to_the old 
and new va r i an t s ,  we find fl* and then fl ~ fl0 fl*. Thus, 
the p roposed  method may a lso  be r e g a r d e d  as  a meth-  
od of ex t rapo la t ing  ex is t ing  data.  

I have used  this method f requent ly  and, gene ra l ly ,  
with pos i t ive  r e s u l t s ,  with the range  of va r i a t ion  of 
Ax, Ay . . . .  , within which suff icient  accu racy  i s  en-  
sured ,  often proving  ve ry  g rea t .  

A number  of examples  i l l u s t r a t i n g  va r ious  a spec t s  
of the method and with a c e r t a i n  independent  i n t e r e s t  
follow. 

w 1. Effect of inject ion and suction on heat transfer  
in the neighborhood of the forward stagnation point of 
a blunt  body in an i n c o m p r e s s i b l e  f luid flow. This  
p r ob l em has an exact  solut ion (see ,  for  example ,  [1]). 
The co r r e spond ing  nonl inear  d i f f e ren t i a l  equation i s  
solved by a r a t h e r  l abor ious  method using a computer .  
The f inal  r e su l t  is  given in the  fo rm of tab les  o r  g raphs ,  
which is  not ve ry  convenient  for  ana ly t ica l  use.  This  
diff icul ty may  be  o v e r c o m e  by means  of the p roposed  
method. 

Cons ider  a f a i r l y  s m a l l  por t ion  of the  flow inc lud-  
ing the plane or  axis  of s y m m e t r y  (x); this  por t ion  
of the flow impinges  on the body through whose s u r -  
face  the l iquid is  suppl ied  o r  removed .  The change 
in ve loc i ty  over  this  por t ion  of the flow up to the wall  
i t se l f  is  a s s u m e d  to c o r r e s p o n d  to potent ia l  flow, 
which, g e n e r a l l y  speaking,  is  i n c o r r e c t .  Then fo r  the 
in jec t ion  or  suc t ion  of a homogeneous f lu id  the  energy 
equation and boundary condit ions take  the fo rm [2] 

d~T Peu dT-_ = 0 (5) 
d'~ ~ dx  

at 

x = O Y = O , ~ = - ~  ~-=I, 

where  

x=_i, ~= T--T~ 
r T - -  T• ' 

u -- u Pe ~ 
U~o N 

( s t andard  notation).  
Inject ion and suct ion change the boundary  con-  

di t ions fo r  u, and affect  the c h a r a c t e r  of the potent ia l  
flow. The l a t t e r  can be accounted fo r  ea s i l y ,  although 
i t  was shown [2] that  at suff ic ient ly  l a rge  Pe  and s m a l l  
b =- ~w/(d~/dx-)w0 it  can be neglec ted  (the subsc r ip t  0 
co r r e sponds  to an i m p e r m e a b l e  wall) .  

Solving Eq. (5) fo r  the ca se  of a porous  and an 
i m p e r m e a b l e  su r face ,  with a suff icient  d e g r e e  of a c -  
cu racy  we obtain [2] 

q~oq-~-w = {exp ( @ ) [ I  +@(a)]} -~ , (6) 

where  a - - pu -  w ( P e / ( - d ~ / d x ) w 0 )  1/2 is  the in jec t ion  
p a r a m e t e r ,  and �9 is  a tabula ted  e r r o r  function. 

In o r d e r  to c o m p a r e  (6) with exact  solut ion we can 
use the da ta  o f [ l ]  fo r  P r  = 0.7 (Fig.  1). 

The ag reemen t  is  exce l len t  over  a ve ry  b r o a d  range  
of va r i a t ion  of the in jec t ion  p a r a m e t e r  ( including both 
pos i t ive  and negat ive  values) .  

It i s  i n t e r e s t i ng  to note that an equal ly s imp le  ex-  
p r e s s i o n  is  obtained for  the ca se  of in ject ion of a dif-  
fe ren t  f luid fo rming  a sha rp  in t e r f ace  with the ma in  
s t r e a m  [2]. 

This i s  an example  of success fu l  appl ica t ion  of the 
method of r e l a t i v e  c o r r e s p o n d e n c e  for  the pu rpose  of 
ove rcoming  ma the ma t i c a l  d i f f icu l t ies .  

The fol lowing examples  r e l a t e  to c a s e s  where  the 
phys ica l  na ture  of the phenomenon i s  not suff ic ient ly  
c l ea r .  

w Dependence of c r i t i c a l  hea t  flux on contact  
angle.  The t r ans i t i on  f rom nuc lea te  to f i lm boi l ing is  
a ve ry  complex  phenomenon,  as  may be judged f rom 
mot ion -p i c tu r e  r e c o r d s  of the p r o c e s s  [3]. 

We wil l  use  a s imp l i f i ed  model  making the fo l low- 
ing ve ry  app rox ima te  a s sumpt ions :  

1) the vapor  bubbles  f o r m e d  at  the  heat  t r a n s f e r  
su r f a c e  a r e  sphe r i ca l ,  uni form in s ize ,  and loca ted  
at the c o r n e r s  of a squa re  net; 

2) the t r ans i t i on  f r o m  nuc lea te  to f i lm  boil ing r e -  
sui ts  f rom the merg ing  of ne ighbor ing  bubbles  and 
begins at the moment  they touch; 

3) the effect of the contact  angle 0 ( see  Fig .  2) on 
the heat  flux is a s s o c i a t e d  with the  d i f fe ren t  deg ree  
of blocking of the su r f ace  by the vapor  phase ,  whe re  
the heat  flux is  much l e s s  than at points  bathed by 
the liquid. 

The m a c r o s c o p i c  contact  angle  0 depends on the 
na ture  of the l iquid and on the m a t e r i a l  and s t a t e  of 
the sur face .  

F r o m  s imp le  g e o m e t r i c  cons ide ra t ions  we obtain 
[4] 

q _ q, ( 1 _  '~"sin~O)• 
7/-o 4 

[ ( )]_1 
• 1 + q--~ ~ s i n ~ O  1 - -  7: sin2e , (7) 

qr 4 4 
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where the subscr ip t s  f ,  s, and 0 re la te  to the liquid, 
the vapor, and 0 = 0, respect ively .  

At low p r e s s u r e s  qs << q f "  Moreover ,  we a s sume  
that the heat flow to the liquid phase does not depend 
on the contact  angle. Then (7) s impl i f ies  to 

q =  1 --r---~ sin20. (8) 
4 

Our re la t ions  a re  compared with the exper imenta l  
data of [5] for water  at p = 1 atm abs and q0 = 180 �9 
�9 i0 4 W / m  2. 

F igure  3 shows the r e su l t s ,  which allowing for  
the sca t t e r  of the exper imenta l  data, agree sa t i s fac tor -  
ily. 

Equation (7) predic ts  a decrease  in the inf luence 
of the contact angle on c r i t i ca l  heat flux with i nc r ea se  
in p r e s su re ;  however,  no exper imenta l  data a re  ava i l -  
able for ver i fy ing this  t rend.  

w 3, Turbu len t  heat and m a s s  t r a n s f e r  on a plate 
with suct ion (injection).  We cons ider  a porous plate 
with a turbulent  boundary l ayer  through whose s u r -  
face a gas, genera l ly  different  f rom the m a i n - s t r e a m  
gas, is sucked or blown�9 The resu l t ing  mixture  is a s -  
sumed binary .  Only concent ra t ion  diffusion is  taken 
into account,  and Pr  = Le = 1 is a ssumed  over the 
ent i re  th ickness  of the layer .  

In this case the profi les  of velocity, s tagnat ion 
enthalpy, and weight f rac t ion of the component in t ro -  
duced are  s i m i l a r ,  and, moreover ,  Nu/Nu 0 = Cf/Cfo, 
where the subsc r ip t  0 r e fe r s  to an impe rmeab l e  s u r -  
face [6]. 

Our ini t ia l ,  very  approximate  assumpt ions  con- 
ce rn ing  the na ture  of the d i s t r ibu t ion  of shea r  s t r e s s  
and mixing length over  the thickness  of the layer  a re  
taken f rom [7]. Str ic t ly  speaking, they a re  valid only 
nea r  the sur face  

= pl, l du l~' '~w --~-y ] - -  (p O)wu , l = z y.  ( 9 )  

Moreover ,  we a s sume  that the th ickness  of the 
l a m i n a r  sub layer  is given by 

ul/u* = ao, (I0) 

where u* ~- ((r/p)w)l/2; the subscr ip t  1 r e fe r s  to the 
boundary of the sublayer ,  and a = PUlfl//~. 

Relat ion (6) is se lected so that, as (or) w - -  0, e - -  
- -~0 ,  and c~ shows a qual i ta t ively co r r ec t  dependence 
on the mode of coolant supply, i . e . ,  dec reases  for 
inject ion and i n c r e a s e s  for suction. 

With these assumpt ions  we de te rmine  the velocity 
profile 

in (_gO.U* 1= 
\ ~ / 

= •  p~'u* ln[1 + a~ (11) 
(p v)~, ,% u* 

where 

l ! 

\ P ~ J  L Pw 
ut 

Using the momentum equation and assuming  that 
for a plate 

cfdx s 

t2 
0 

where n ~ 0.8, we obtain af ter  cer ta in  t r a n s f o r m a -  
t ions the following express ion  for  the re la t ive  coef- 
f icient  of f r ic t ion  

/,-zo(, �84 
c.-A-.f + 2n 
% % 1 - -z~( l  --cp X 

x I~w I ~  r c f -  
/x~ 120 X T p~ x 

x In 1 +now ~ cf. (12) 

% w cf 

where,  for  brevi ty ,  we have used the following nota-  
tion 

A2 = k -  1 ML 

2 r~ [ l - - zw(1 - - cp l '  

1 
B -~ - - - t  + A  ~, 

Tw[1 - - z , ( l  - -~)1 

/ 1 ( ~ )  ~ E  
1 - z ~ ( t  -~)(1-~,) 0 

] , ( ) x 1+2 ~ E  x 0 + e ~ - - A ' ~ )  
cf 

X 

X'  ~(1 - -  u) exp [h (u)l du 
I 
T 3 

( )  rv----- (PV)w'--, m~-- mb , cp-=- cpb:, k-~ co ,(13) 
(p u)~ ma cp. ~ co Jb 

where m is the molecu la r  weight, and the subscr ip ts  
a and b re fe r  to gases supplied through the pores and 
the f ree  s t r eam,  respect ively .  

The coolant concentra t ion nea r  the wall  is de te r -  
mined f rom 

, ;__,), 

The v iscos i ty  of the mix ture  can be obtained using 
[8]. 
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To avoid so lv ing  Eq. (8) by the l abo r ious  method 
of s u c c e s s i v e  approx imat ions  with n u m e r i c a l  i n t e g r a -  

~-o'Cto 
k z 

f.5 a 3 

v 5 / 
p., 

-t.5 - I  -~25 0 ~25 I f. 5 t,~/Cfo 

Fig. 4. Heat transfer and friction in a porous 
plate as a function of the injection parameter 
according to the proposed method and the ex- 
perimental data presented in [7] and [9] : i) air, 
c/ [7]; 2) air, ~ [7]; 3) air [9]; 4) helium [9]; 
5) freon [9]; 6) freon; 7) air; 8) helium(theory). 

t ion, i t  is  p r o p o s e d  the use  of an approx imate  method 
under the fol lowing assumpt ions .  

At low in jec t ion  or  suct ion r a t e s  

- 2 1 
l n ( l + % w i / ~ )  ~ a ~  ~ ~ 

Notice that  in th is  case  Cf/Cfo cease s  to depend on 
O~ 0 . 

We in teg ra t e  (13) by p a r t s  obtaining a r ap id ly  con- 
ve rg ing  s e r i e s ,  such that  

• exp 11 (l)}, 

where  the unity in the b r a c e s  can be neglec ted .  
Introducing the new notat ion 

I 

[11(1)1 ~ �9 ~ 1%,. • 

1 1 
(15) 

Eq. (12) is  r educed  to 

2tnK + K = N, (16) 
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which in the range  of N values  of p r a c t i c a l  impor t ance  
can be approx ima ted  by the l i nea r  e xp re s s ion  

K r = mlN -t- nl, (17) 

where  at  1 - < N -  14.6, 14 .6 -<N-<  26.0, 26.0-< N-< 
- 100 the constants  m 1 and nl, r e spe c t i ve ly ,  take the 
values  0.661, 0.339, 0.879 a n d - 2 . 8 4 ,  0.958, - 4 . 9 2 .  

F o r  a more  e x a c t  de t e rmina t ion  of K the following 
approx imat ion  can be used 

K - - K r  --(N~ --N) dK _ 
dN 

K~ (1 N~ 

where  N r i s  de t e rmine d  f rom Eq. (16) a f te r  sub-  
s t i tut ing Kr.  

Knowing K, we find c~/c~ f rom Eq. (14). The 
in t eg ra l s  I10(1) and I (1 ) Jcaa~  be tabula ted  if  i t  
is  a s s u m e d  that  

1 
1--z~(1 - - ~ ( 1 - -  ~ - )  

~_.a + (1 ~-a)u,  
1 - - z ~ ,  ( 1 - - u ) ( 1  - - c p )  

where  a = [1 - Zw(1 - (1/v~))] [1 - Zw(1 - Op)] -1, 
which ensu re s  coincidence  of the exact  and app rox i -  
ma te  va lues  of the function at the e x t r e m e s  of the 
i n t e r v a l  K = 0 and K = 1. 

These  i n t eg ra l s  were  tabula ted  [6] for  a l l  pos s ib l e  
flow r e g i m e s  and in jec t ion  p a r a m e t e r s .  

The r e s u l t s  obta ined were  compared  with the ex-  
pe r ime n t a l  da ta  on the  suc t i on  and in jec t ion  of a i r ,  
he l ium,  and f reon obtained by Mickley  et al .  [7] and 
Pappas  and Okuna [9]. 

F i g u r e  4 shows the expe r imen ta l  and ca lcu la ted  
data.  F o r  Moo ~ 0 and Moo = 0.7 the ag reemen t  i s  
s a t i s f a c t o r y  while  for Moo ~ 3 the e x p e r i m e n t a l  points  
l ie  somewhat  h igher  than the t h e o r e t i c a l  cu rves  [6]. 

w Law of f r i c t i on  and heat  t r a n s f e r  for  a tu rbu-  
lent  boundary  l a y e r .  In the p rev ious  sec t ion  we found 
r e l a t i v e  va lues  of the coeff ic ients  of f r i c t i on  and hea t  
t r a n s f e r  for  in jec t ion  and suct ion.  

Let  us a t t empt  to solve  the p rob l e m for  a m o r e  
gene ra l  case  us ing  even m o r e  app rox ima te  a s s u m p -  
t ions.  As before ,  we compare  the r e g i m e  of i n t e r e s t  
with a c h a r a c t e r i s t i c  r e g i m e  ( subsc r i p t  0), whose 
p r o p e r t i e s  a r e  a s sumed  known. 

We a s s u m e  that  t he re  is  no l a mina r  sub l aye r  and 
tha t  the f tmction l = / (y )  is  un ive r sa l .  Using the usual  
e x p r e s s i o n s  for  the s h e a r  s t r e s s  in the l a y e r  

hd.l 
and applying it to the analyzed  and c h a r a c t e r i s t i c  r e -  
g imes ,  we obtain 

c, p .~-o ( 6o ~ l l (du/dy) ]2 (18) 
c:-~--- P0 ~ 6 - )  lo (du/dg)o ' 

where  p = p/p~, T =- T/~w, 5 ~ u/ur y -= y/6. 
If the t h i cknesses  of the dynamic  boundary l a y e r  6 

a r e  the same ,  then 
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: - ,  _, 1 
Po ~ L (du/dg)o J 

Integrat ion of this equation over the thickness  of the 
boundary layer  gives 

l 

o Oo ~- 
I 

Applying s i m i l a r  reason ing  to the t h e r m a l b o u n d a r y  
layer ,  we obtain the law of heat t r a n s f e r  

l 

q)t~_: = P_=_ fp__ qo du , (20) 
~t o P0 Cpo q 

where we have used the following additional notat ion:  
Cp ~- Cp/Cpoo, q - q/qw, and 5 t is  the th ickness  of 
the the rmal  boundary layer .  

These laws of f r ic t ion  and heat t r a n s f e r  may be 
regarded as an extension to the case of an a r b i t r a r y  
cha rac te r i s t i c  reg ime of the analogous re la t ions  ob- 
tained in [10]. The only difference is that in [10] it  is 
a r b i t r a r i l y  assumed  that these laws mus t  be sa t i s f ied  
at ident ical  Reynolds number s  with the momentum or 
energy th ickness  as the cha rac t e r i s t i c  d imension.  

The authors  assumed that obtaining such laws is  a 
consequence of the special  p roper t i e s  of the turbulent  
boundary layer  as Re - -  oo 

However, s ince in this case the absolute values of 
the f r ic t ion and heat t r ans fe r  tend to zero ,  theywere  
obliged to use re la t ive  quanti t ies .  F r o m  our stand- 
point, i t  may have been p rec i se ly  this that ensured  
the success  convincingly demons t ra ted  by the authors 
for var ious turbulent  boundary layer  flow reg imes .  
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