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UDC 536.24 + 532.526 

New relationships are presented which describe the temperature and 
humidity of the medium a~ the edges of :he boundary layer in heat 
and mass transfer processes. 

The na tu r e  of the i n t e r ac t i on  between t e m p e r a t u r e  
condi t ions  and hea t  t r a n s f e r  is  a p a r t i c u l a r l y  i n t e r e s t -  
ing ques t ion .  A good d i s c u s s i o n  of the p r o b l e m  is  to 
be found in [1], whe re  the unique ro l e  of t e m p e r a t u r e  
m heat  t r a n s f e r  is  e m p h a s i z e d :  " F o r  hea t  t r a n s f e r  
phenomena  t e m p e r a t u r e  is  the b a s i c  p h y s i c a l  v a r i a b l e ,  
s ince  the v e r y  p r o c e s s  of r e d i s t r i b u t i o n  of hea t  in 
space  is  p o s s i b l e  only in the p r e s e n c e  of t e m p e r a t u r e  
d i f f e r e n c e s .  At  the s a m e  t ime ,  the wide range  of 
p r o b l e m s  which fo rm the b a s i s  of heat  t r a n s f e r  
s tud ies  a r e  d i s t ingu i shed  by the fact  that  the theory  
of s i m i l a r i t y  g ives  so lu t ions  for  them that  a r e  inde-  
pendent  of t e m p e r a t u r e . "  

The obta in ing of a d i m e n s i o n l e s s  group conta in ing 
t e m p e r a t u r e  d i f f e r ence  in combina t ion  with the phys i -  
cal  p a r a m e t e r s  of the m e d i u m  is  of def in i te  i n t e r e s t  
in p r o b l e m s  of both pu re  convect ive  heat  t r a n s f e r  and 
hea t  and m a s s  t r a n s f e r .  

In the f i r s t  c a se  the i n t e r e s t  is  as  ye t  pu re ly  the -  
e r o t i c a l ,  in that  obta in ing  the r e l a t i o n s h i p  be tween  
this  group and the o the r  g roups  d e t e r m i n i n g  the 
t h e r m a l  s i m i l a r i t y  of p r o c e s s e s  would make  pos s ib l e  
a m o r e  spec i f i c  m a t h e m a t i c a l  p i c tu re  of the t e m p e r a -  
tu re  v a r i a t i o n  in the boundary  l a y e r .  Fo r  p r a c t i c a l  
p u r p o s e s  the ex i s t ing  e r i t e r i a l  r e l a t i o n s  r e q u i r e d  to 
d e t e r m i n e  heat  t r a n s f e r  in h e a t - t r a n s f e r  appa ra tu s ,  
in conjunct ion with the we l l -known heat  t r a n s f e r  
equat ion Q = kFAt ,  p e r m i t  the solut ion,  to some  
d e g r e e  of a c c u r a c y ,  of the m a j o r i t y  of hea t  t r a n s f e r  
p r o b l e m s .  

The s i tua t ion  is  d i f fe ren t  for  hea t  and m a s s  t r a n s -  
f e r .  A p e r f e c t l y  def in i te  va lue  of the wal l  t e m p e r a -  
t u r e  T w m a y  be  obta ined  f r o m  the hea t  t r a n s f e r  
equat ions  Q = k F A t  and Q = oeF0. F o r  hea t  and m a s s  
t r a n s f e r  p r o c e s s e s ,  however ,  a s  has  been  pointed 
out [2 -4 ,  e tc .  ], the va lue  of T w is  a n e c e s s a r y  con-  
di t ion,  not  a suf f ic ien t  one.  Th is  de f i c iency  a p p e a r s  
as  a s y s t e m a t i c  dev ia t ion  of the " r e a l "  p r o c e s s  f rom 
the ~ theore t i ca l "  one in the d i r ec t i on  of "humid i f i ca -  
tion" of the gas  in the hea t  and m a s s  t r a n s f e r  p r o -  
c e s s e s  occu r r i ng ,  fo r  example ,  in condensa t ion  of 
v a p o r  f rom a v a p o r i z e d  m i x t u r e  o r  in the e v a p o r a -  
t ion of  l iquid f rom a s u r f a c e  washed  by a ga s e ous  
m e d i u m .  

T h e r e  i s  at p r e s e n t  no s c i e n t i f i c a l l y  b a s e d  method 
which a l lows  a quant i t a t ive  d e s c r i p t i o n  of th is  d e v i a -  
t ion.  The r e a s o n  for  th is  is  ev iden t ly  the l ack  of a 
c r i t e r i a 1  o r  o the r  r e l a t i o n s h i p  be tween  the b a s i c  

p h y s i c a l  p a r a m e t e r s  of the m e d i u m  and the t e m p e r a -  
t u r e  d i f f e r ence  (and a l so  concen t r a t i on  o r  humidi ty)  
be tween the med ium in the flow c o r e  and d i r e c t l y  at  
the  hea t  t r a n s f e r  su r f ace .  
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Fig .  1. Dependence  of K~ t~ ( z )  lg (Tf/Tw} _ ~ • fOaL 

(ordinate)  on (7/70) ( absc i s sa )  for  h e a t - t r a n s -  
f e r  appa ra tus :  a) acco rd ing  to the a u t h o r ' s  
t e s t  date  and the da ta  of [2, 6, 7] {air at  P 

0.98 bar ) ;  b) acco rd ing  to t e s t  da ta  of 
LenNIIkh immash  (a i r  at  P = (0 .98-196)  bar ) ;  
c) a cco rd ing  to t e s t  da ta  of LenNIIkh immash  
(carbon dioxide  at  P = (0 .98-39.2)  ba r ;  d) 
a cco rd ing  to ca l cu la t ions  for  gas  c o o l e r s  of 

t u b e - s h e l l  and " t u b e - i n - t u b e  n type.  

The p r e s e n t  au thor  has obta ined  such a r e l a t i on ,  
which a l lows both the qua l i t a t ive  and quant i ta t ive  
d e s c r i p t i o n  of the phenomenon.  This  was a c c o m -  
p l i shed ,  f i r s t l y ,  as  a r e s u l t  of obta in ing the r e l a t i o n  
be tween the d i f f e rence  in t e m p e r a t u r e s  T] in the 
s t r e a m  and Tw at the  s u r f a c e  and the p h y s i c a l  pa raan-  
e t e r s  of the  med ium (diffusivi ty  a ,  spec i f i c  heat  
Cp, spec i f i c  weight  7, and t h e r m a l  expans ion  c o e f -  
f i c ien t  13), fol lowed by the ex tens ion  of the g e n e r a l  
f o rm  of th i s  r e l a t i o n  by analogy to give the  r e l a t i o n -  
sh ip  of the phys i ca l  p a r a m e t e r s  of the med ium and 
the d i f f e rence  in humid i t i e s  in the s t r e a m  xf  and at  
the hea t  t r a n s f e r  su r f a c e  x w. 

The d i m e n s i o n l e s s  group conta in ing t e m p e r a t u r e  
d i f f e rence  combined  with the phys i ca l  p a r a m e t e r s  of 
the med ium was obta ined f rom the d i f f e r e n t i a l  equa-  
t ions  d e s c r i b i n g  heat  and m a s s  t r a n s f e r  in the p r e s -  
ence of t r a n s v e r s e  m a s s  flow [5]. The only d i f f e r ence  
f rom [5] c o n s i s t e d  of the fac t  that  the e n e r g y  equat ion 
was  wr i t t en  on the b a s i s  of c o n s e r v a t i o n  of ene rgy  
(the f i r s t  law of t h e r m o d y n a m i c s )  for  hea t  and m a s s  
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t r a n s f e r  together ,  not sepa ra te ly .  In this case  the 
energy equation has the form 

( ~ ' + ~ r ) v ~ t W ( ( ~ + ~ ) r v ~ x = p g  w . - ~ x  + w u  + 

(a) 

A,.[( >+ .> t  ,o.,. + Uv + �9 

F r o m  the equal i ty  of the s i m i l a r i t y  coeff icients  
in the f i r s t  t e r m  on the left  s ide and the second t e r m  
on the r igh t  s ide of (1), af ter  a ce r t a in  t r a n s f o r m a -  
tion, we obtain the s i m i l a r i t y  inva r i an t  K0, which 
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Fig. 2. Dependence of T w = j ( ~ ,  C) for 
h e a t - t r a n s f e r  apparatus:  1) heat ing of 

medium; 2) cooling. 

conta ins  the t e m p e r a t u r e  d i f ference  0, and not the 
absolute  value of the t empera tu re ,  s ince the t e m -  
perature:  in the t e r m s  compared  comes  unde r  the 
der iva t ive  sign with r e spec t  to a coordinate  

Ko -- gl--'~2 Cp 0 = idem. (2) 
- -  A I T / g  

Analogously,  f rom the equal i ty  of the s i m i l a r i t y  
coeff icients  of the second t e r m  on the left and the 

second t e r m  On the r ight  of (1), us ing  a s i m i l a r  
t r ans fo rma t ion ,  we obtain the s i m i l a r i t y  invar i an t  
KAx which contains  the humidi ty di f ference Ax 

gl~ r K,,x = - ~  A x = idem. (3) 

We invest igated the re la t ion  between the d imens ion -  
l e s s  group (2) and the other quant i t ies  cha rac t e r i z ing  
mass  and heat t r a n s f e r  on the bas i s  of our  own ex-  
pe r imen t s  (on bundles of smooth and sp i r a l ly  r ibbed 
tubes at a tmospher ic  p r e s s u r e  of air) ,  the data of 
o the r  authors  [2, 6, 7], and the data of i ndus t r i a l  t e s t s .  
It tu rned  out, unexpectedly at f i r s t  glance,  that group 
(2), obtained from the di f ferent ia l  equations of heat  
and m a s s  t r a n s f e r ,  gives a re la t ionship  with the pa-  
r a m e t e r s  de t e rmin ing  i t t h a t  is val id  not only for heat 
and m a s s  t r a n s f e r  p rocesses  but also for any case  
of pure  convective heat t r a n s f e r .  This  r e q u i r e s  

specia l  study. 
p r e s se d  in the form 

where  

The re la t ion  obtained for  K 8 was ex-  

(4) 

Nt~ = c J A l  ~ = idem. (5) 

Here  N/3 is  a d imens ion l e s s  quanti ty also obtained 
by the method of s i m i l a r i t y  theory and cha rac te r i z ing  
the t he r ma l  expansion of the medium:  

N~ ----- K,/GrPr * = idem. 

For  gases  the t he rma l  expansion coefficient/3 at mean  
t e m p e r a t u r e  of the medium Tf may be expressed  as 

~= uh. 
Therefore ,  for gases  

N ~ = c pTr/ Al. 

In the group K 0 (2), 0 has been taken as the dif-  
fe rence  in the a r i thmet ic  mean  t e m p e r a t u r e s  in the 
flow core  and at the wall  su r face ,  

0 = T:--r~, .  

The quant i t ies  /0 and Y0 a re  an a r b i t r a r y  cha r ac -  
t e r i s t i c  d imens ion  (tube d iameter )  and the specific 
weight (air  at n o r m a l  condit ions) taken as the zero  
reading.  In the genera l i zed  equation (4), l 0 = 0.01 m, 
Y0 = 1.293 kg/ma; va lues  of the constants  a re  as fol-  
lows: C 1 = 0.5 �9 10el; n = 3; m = 2.2. These values  of 
the constants  a re  obtained for a i r  at p r e s s u r e s  f rom 
0.98 to 196 bar,  and for carbon dioxide at p r e s s u r e s  
f rom 0.98 to 39.2 bar ,  for r eg imes  of "dry n cooling 
and of cooling with dry ing  (Fig. 1). 

Tg \t " Z  \ 

,Z  I \  \ ,>'- \ 
x~,x~ x 

Fig. 3. Represen ta t ion  of a heat and mass  
t r a n s f e r  p rocess  by an x, I -d i ag ram (mois-  
tu re  content-enthalpy):  BW--" theore t ica l"  
p rocess ;  BK--" rea l"  p rocess ;  BKw--actual  

p rocess  with in t e r sec t ion  of r = 1. 

Equation (4) is reduced to the form 

o = c , A . . :  A, i'( '~ 
J g ( r j / r . )  - -gY \ ~T~ : \-7--: ~-~o : (6) 

f rom which the conclusion may be drawn that the 
difference in t e mpe r a t u r e  between the medium in the 
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flow co re  and at  the hea t  t r a n s f e r  s u r f a c e  is  d e t e r -  
mined  by the med ium p r o p e r t i e s :  d i f fus iv i ty ,  spec i f i c  
heat,  spec i f i c  weight ,  and t h e r m a l  expans ion .  The 
r e l a t i o n  be tween this  d i f f e r ence  and the h y d r o d y n a m i c s  
of the flow is  d e t e r m i n e d  by the l o g a r i t h m i c  na tu re  of 
the t e m p e r a t u r e  v a r i a t i o n  in the boundary  l a y e r .  

Equat ion (6) may  be so lved  with the aid of a g raph  
(Fig .  2) c o n s t r u c t e d  a c c o r d i n g  to the  r e l a t i o n  T w -- 
=f(T f ,  C) for  r e g i m e s  of cool ing (Co) and heat ing (Ch): 

C .... 0 = C ~  A4a21  ̂ i x(~)~ (7) 
Ig(TIIT~) gc,Tf \ ~o I 

w h e r e  C i s  the t e m p e r a t u r e  c h a r a c t e r i s t i c  of the h e a t -  
t r a n s f e r  a p p a r a t u s .  

F o r  newly des igned  h e a t - t r a n s f e r  appa ra tu s ,  an-  
a l y s i s  of the r e l a t i o n s h i p  between the quan t i t i e s  
en t e r ing  into (4) showed that  i t  is  r e g u l a r  in th is  
c a s e .  Th is  c o n f i r m s  that  the ex i s t i ng  method of c a l -  
cu la t ion  of h e a t - t r a n s f e r  p r o c e s s e s  in fact  e n s u r e s  
the o b s e r v a n c e  of t e m p e r a t u r e  s i m i l a r i t y .  

The quant i ty  O/lg(Tf/Tw) a p p e a r s  on the lef t  of 
(6) and ou tward ly  r e s e m b l e s  the t e m p e r a t u r e  head 

h I1 - -At~  Q 
: - - .  

A l l ~  2.3 lg(AtalAt~.) kF 

However ,  i t  is  not the t e m p e r a t u r e  head,  but may  
be sa id  to be the t e m p e r a t u r e  po ten t ia l  of the a p p a r -  
a tus ,  o r  i t s  t e m p e r a t u r e  c h a r a c t e r i s t i c ,  dependent  
on the med ium p r o p e r t i e s ,  and in c o n t r a s t  to At log,  
independent  of the hea t  load  of the appa ra tu s ,  and 
equa l ly  d e s c r i b i n g  a c c o r d i n g  to (6) both pu re  ( "d ry  ~) 
hea t  t r a n s f e r ,  and hea t  t r a n s f e r  a ccompan ied  by 
m a s s  t r a n s f e r .  

In hea t  and m a s s  t r a n s f e r  p r o c e s s e s ,  however ,  
knowledge of the mean  t e m p e r a t u r e  T w of the hea t  
t r a n s f e r  s u r f a c e  i s  insuf f i c ien t  to c h a r a c t e r i z e  the 
s t a t e  of a v a p o r - g a s  m i x t u r e  at  the heat  t r a n s f e r  
s u r f a c e .  The  s t a t e  of a v a p o r - g a s  m i x t u r e  d i r e c t l y  
at the s u r f a c e  m a y  only be d e s c r i b e d  by two p a r a m -  
e t e r s ,  fo r  e x a m p l e ,  the t e m p e r a t u r e  T w and 
m o i s t u r e  content  x w. As pointed out above,  the 
ex i s t i ng  method of ca l cu la t ing  hea t  and m a s s  t r a n s f e r  
p r o c e s s e s  does  not  supply the da ta  r e q u i r e d  to d e t e r -  
mine the m o i s t u r e  content  of the m i x t u r e  at  the heat  
t r a n s f e r  s u r f a c e  in the " r e a l "  p r o c e s s .  I t  is  p r e c i s e l y  
the l ack  of these  da ta  that  has  so fa r  c o m p e l l e d  us  to 
use  the hypo thes i s  that  the v a p o r - g a s  m i x t u r e  at  the  
heat  t r a n s f e r  s u r f a c e  has  r e l a t i v e  humidi ty  (P = 1, and 
t e m p e r a t u r e  equal  to that  of the wal l  T w ( " theo re t i c a l "  
p roces s} .  However ,  i t  has  been convinc ingly  shown 
by t e s t s  [2, 4, etc.  ] that  the ~ rea l "  hea t  and m a s s  
t r a n s f e r  p r o c e s s  i n t e r s e c t s  the maturat ion cu rve  at 
c o n s i d e r a b l y  h igher  t e m p e r a t u r e s  than T w. 

Ex tens ion  of r e l a t i o n  (4) to m a s s  t r a n s f e r ,  u s ing  
the analogy be tween m a s s  t r a n s f e r  and hea t  t r a n s f e r ,  
a l lows us  to e s t a b l i s h  the fol lowing.  F o r  m a s s  t r a n s -  

fe r  a r e l a t i o n  of the fo rm 

K ~  --- C2 lg (xpx~) N~ ~ (tdl) (r ico) ' ,  (8) 

ana logous  to (4), o c c u r s  only in the c a s e  when we 
take the m o i s t u r e  content  at the su r f a c e  x w (Fig .  3) 
to be that  c o r r e s p o n d i n g  to the point  of i n t e r s e c t i o n  
of the p r o c e s s  l ine with the i s o t h e r m  Tw = cons t  in 
the r eg ion  of s u p e r s a t u r a t e d  s t a t e s  of the v a p o r - g a s  

Z28 g/kg % ! /  

/ 

" 

,,~ i i i r///ff./ 
25 15 25 38 ~5 55 65 C/ 

Fig.  4. The r e l a t i o n  x w = f ( x f ,  Ck) for  
h e a t - t r a n s f e r  a p p a r a t u s .  

m i x t u r e .  Subst i tut ion in (8) of va lues  of the m o i s t u r e  
content  xk c o r r e s p o n d i n g  to the  point  of i n t e r s e c t i o n  
of the line of the " r e a l  M p r o c e s s  with the s a t u r a t i o n  
c u r v e  9 = 1 does  not give a r e g u l a r  dependence .  The 
t e s t  points  in this  c a se  a r e  d i s t r i b u t e d  r a n d o m l y  
ove r  the whole g raph .  This  ind ica t e s  that  the point  
K does  not d e s c r i b e  the s t a t e  of the m i x t u r e  at  the 
hea t  t r a n s f e r  su r f ace ,  but r e p r e s e n t s  some  i n t e r -  
me d i a t e  s t a t e  of the m i x t u r e  in the boundary  l a y e r .  

This  conc lus ion  suppor t s  Lu ikov ' s  [8] hypothes i s  
of ~volume evapora t ion  ~ of condensa te  in the bounda ry  
l a y e r  under  condi t ions  of fo rced  mot ion  of the med ium,  
s e p a r a t i n g  f rom the s u r f a c e  at t e m p e r a t u r e  T w, with 
consequent  "humid i f i ca t ion"  of the med ium.  

Re la t ion  (8) was  i nve s t i ga t e d  quan t i t a t ive ly  by the 
au thor  for  bundles  of smooth  tubes  and tubes  with 
s p i r a l  r i b s  in the t e m p e r a t u r e  r a n g e  Tf = 293~ ~ 
K (20~ * C). 

The na r row  range  of t e m p e r a t u r e  v a r i a t i o n  did 
not  allow e luc ida t ion  of the na tu r e  of the dependence  
of KA x on the t h e r m a l  expans ion  Nfi of the m e d i u m .  
F u r t h e r  w o r k  in th is  d i r e c t i o n  is r e q u i r e d .  F o r  the 
r ange  of t e m p e r a t u r e  ind ica ted ,  the fol lowing r e l a -  
t ion was  obtained,  and may  be used  to ca l cu l a t e  heat  
and m a s s  t r a n s f e r  p r o c e s s e s  (at a t m o s p h e r i c  p r e s -  

sure) :  

Ka, = 1.1 4.10 a~ t g (x,/x~) (Io/l)~, (9) 

whence  

Ax 1 14.10 ,~ Ak2 ( 1~ ) 2 (10} 
Ck lg(Xl/X ~) gl~r - -  " 

H e r e  C k is  a quant i ty  c h a r a c t e r i z i n g  the d ry ing  c a p a c -  
i ty of the h e a t - t r a n s f e r  a ppa ra tu s ,  and depends  on the 
p h y s i c a l  p r o p e r t i e s  of the m e d i u m - - t h e  d i f fus ion con-  
duc t iv i ty  k, the la ten t  hea t  of condensa t ion  r ,  the 
t h e r m a l  expans ion/3 ,  and the spec i f i c  weight  7 (in 
view of (10) the l a s t  two quan t i t i e s  a r e  not taken  into 
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account in the range of pressure  and temperature 
investigated). 

Equation (10) is solved in a s imilar  way to (6) 
with the aid of the graph x w =f(xf, Ck) (Fig. 4), 

NOT A T ION 

A--thermal equivalent of mechanical work; g - -ac -  
celeration due to gravity; cp--specific heat of medium; 
Tf and Tw--ari thmetic mean temperatures  of medi-  
um in flow core and at heat t ransfer  surface; Wx and 
Wy, u V and w--pro jec t ions  of mixture and vapor ve-  
locities on the X and Y axes; t and IT--molecular  and 
turbulent thermal conducitvities of medium; a and 
aT--molecular  and turbulent diffusion coefficients; 
P--pressure ;  r-- latent  heat of condensation; / - - cha r -  
aeteris t ic  geometrical  dimension (tube diameter); lo -  
a rb i t rary  character is t ic  dimension taken as zero 
reading; x--humidity of mixture; I--heat content of 
mixture; p and pv--density of mixture and vapor; 7--  
specific weight; a-- thermal diffusiv[ty; k--d~ffusion 
conductivity; Gr--Grashof  number; Pr - -Prandt l  num- 
be r .  
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