
T H E R M A L  D I F F U S I O N  IN A T U R B U L E N T  W A T E R  
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Resul t s  a r e  shown of an expe r imen ta l  study concerning the heat  t r a n s f e r  and the a v e r a g e  t e m -  
p e r a t u r e  f ields inan  e f f e r v e s c e n t g a s - l i q u i d  s t r e a m .  It is noted that  an i nc rea se  in the gas  con -  
tent br ings  about turbulent  diffusion of heat  a c r o s s  the en t i re  s t r e a m  section.  

In s eve ra l  s tudies  concerned  with heat t r a n s f e r  dur ing a turbulent  flow of gas- - l iquid  m i x t u r e s  through 
pipes  [1-3] note has been taken of the fact  that the heat  t r a n s f e r  coeff icient  is higher  in a liquid containing 
gas  bubbles than in a one -phase  liquid flowing at  the s ame  ra te .  This  higher  heat  t r a n s f e r  coeff icient  is 
accompanied  by a d e p r e s s e d  t e m p e r a t u r e  field [4, 5 ] ,  indicating a change in the turbulence c h a r a c t e r i s t i c s  
of the s t r e am.  

Tes t  data r evea l  that  the p r e s e n c e  of a gaseous  phase  has a much g r e a t e r  effect  he re  than a higher  
veloci ty  of the liquid. The authors  of [6] have shown that  the hydraulic  d rag  in a s t r e a m  i n c r e a s e s  when a 
gaseous  phase  is p resen t .  The ex t r a  pumping power  to cove r  the d rag  loss  in a s t r e a m  with a low gas  con-  
tent  would, however ,  be insufficient  for  a lso  mainta ining such a high heat  t r a n s f e r  ra te .  

If the th ickness  of the t h e r m a l  boundary l aye r  6 T in a gas- - l iquid  s t r e a m  is at a given value of the 
P rand t l  numbe r  a s s um ed  to be p ropor t iona l  to the th ickness  of the hydraulic  boundary l aye r  5 H, as  in the 
case  of a one -phase  s t r e a m ,  then the heat  t r a n s f e r  coeff icient  becomes  approx ima te ly  

/ 

(1) 

and, t he re fo re ,  the ra t io  of heat  t r a n s f e r  coeff ic ients  for  a gas- - l iquid  s t r e a m  and a one-phase  liquid s t r e a m  
r e spec t i ve ly  can be e x p r e s s e d  as  

with ( and ~-0 denoting the d rag  coeff icient  in a ga s - - lNu id  s t r e a m  and in a one-phase  liquid s t r e a m  r e s p e c -  
t ively.  An ana lys i s  of our  r e su l t s  per ta in ing  to heat  t r a n s f e r  and of the r e su l t s  in [6] per ta in ing  to hyd rau -  
lie d rag  indicates  that  within the range of low gas  cons tants  the ra t io  c~/c~ 0 can be s e v e r a l  t imes  higher  than 
the ra t io  ~/~-0-0. F o r  this r eason ,  we r ewr i t e  e x p r e s s i o n  (1) as  

;~.u , L'8 
~. - ~  f ( q ) ,  (2) 

with f(~o) denoting some  function of the gas  content. 

Evidently,  an i m p r o v e m e n t  in the diffusion c h a r a c t e r i s t i c s  of a s t r e a m  is due to add i t iona lmechan ica l  
ene rgy  introduced into the s t r e a m  by the re la t ive  mot ion of the phases  under  the action of A r c h i m e d e s  
fo rces .  

According to the author  of [3], the energy  d i ss ipa ted  in a gas- - l iquid  s t r e a m  cons i s t s  of energy  d i s -  
s ipated in the boupdary l a y e r  (as in the case  of a one-phase  s t r eam)  and energy  d i ss ipa ted  over  the en t i re  
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Fig. 1. Dimensionless temperature fields in the 50ram (diameter) 
pipe. a) ascending stream with Re = 10. 103and 1) ~o = 0, 2) 0.88%, 
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3) 2.25%, 4) 5.4%; b) ascending s t r e a m  with Re = 5.103 and 1) ~o = 0, 
2) 0.4g~ 3) 1.2g~ 4) 3.0%, 5) 6.4%; c) ascending s t r e a m  with Re = 15 
�9 103 and 1) r = 0, 2) 3.1%, 3) 3.5%; d) descending s t r e a m  with Re 
= 15.103 and 1) r  0, 2) 0.56%, 3) 1.44%, 4) 3.2%; the dashed 
--dot ted line s r e p r e  sent  a constant  t e m p e r a t u r e  gradient  nea r  the wall; 
the dashed l ines r e p r e s e n t  the ra t io  K of the coeff ic ient  of turbulent  
heat  t r a n s f e r  in the s t r e a m  with the highest  gas  content  to the c o e f -  
f ic ient  of turbulent  heat  t r a n s f e r  in a one -phase  s t r e a m ;  the solid 
l ines  2 ' ,  3 ' ,  4 ' ,  r e p r e s e n t  the un ive r sa l  r e la t ions  for  the t e m p e r -  
a tu re  f ie lds  in a gas - - l iqu id  s t r e a m  at  the r e spec t ive  leve ls  of  gas  
content ,  in T+f (r y+f(r coordinates .  

vo lume by the re la t ive  mot ion of the phases .  The dynamic veloci ty  he re  is e x p r e s s e d  as  

u~ = { / /  ( To / 2 -'.-• --q,)2 (3) 
t 

The factor (1--~) 2 has been introduced to account for the shielding effect of bubbles at the heat t ransfer  
surface, which impede the penetration of turbulent fluctuations from the mainstream to the boundary layer. 
With the empir ica l  coefficient ~ equal to 1.9-2.2, the author of [3] finds a close agreement with test re -  
sults o v e r  a wide range  of liquid and gas  veloci t ies .  

With the p r o b l e m  formula ted  in those t e r m s ,  however ,  it s t i l l  r e m a i n s  unc lea r  how the dis t r ibut ion 
of the gaseous  phase  o v e r  the s t r e a m  sect ion,  the s ize of gas  bubbles,  and the flow pa t t e rn  around the 
l a t t e r  af fec t  the heat  t r a n s f e r  boost ing m e c h a n i s m  di rec t ly .  

It has  been shown in [7] that  the d is t r ibut ion of the gaseous  phase  o v e r  the s t r e a m  sect ion is d e t e r -  
mined  by the d i rec t ion  and the mode of the gas- - l iqu id  mix tu re  flow. During an ascending flow of a gas  
--l iquid s t r e a m  through a 50 m m  (diameter)  pipe with the Reynolds number  Re > 14- 103 and with 
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Fig. 2. Dimensionless  t empera tu re  fields of an ascending 
s t r eam of a gas-- l iquid mixture  in the 28 mm {diameter) pipe: a) 
wa te r - -gas  with 1') G H / G m i  x = 0 o r  3%, 2') 8%, 3') 37.5%; b) 
m e r c u r y - - g a s  with 1) fi = 0, 2) 8%, 3) 37.5%, 4) 0, 5) 9.4%, 6) 
23.4%. 

e f fe rvescence ,  for  example,  the concentrat ion of gas bubbles was highest at the wall and the nonuniformity 
of concentrat ion,  i. e . ,  the ratio of concentrat ion at the wall to concentrat ion in the ma ins t r eam could be 
equal to as much as one o rde r  of magnitude. In a descending gas--l iquid s t r eam the concentrat ion of bub- 
bles was highest in the mains t ream.  

We will show here the resul ts  obtained in a study of heat t r ans f e r  and average  t empera tu re  fields in 
an an iso thermal  two-component  s t r eam with effervescence.  The measuremen t s  were  made in ver t ica l  c i r -  
cu lar  pipes: one 50 mm in d iameter  (2.5 m long) and one 28.9 mm in d iameter  (2 m long). In the f i rs t  pipe 
(50 mm) the average  t empera tu re  field was determined at water  flow ra tes  corresponding to a Reynolds 
number  Re = 5.103, 10.103, 15" 103, 25" 103, and 36" 103 respec t ive ly ,  with the gas content ranging f rom 
0.5 to 10% in an ascending s t ream.  In a descending s t r eam the t empera tu re  field was measured  at a 
Reynolds number  Re = 15- 103, 25" 103, and 36.103 respect ively ,  with the gas content ranging up to 6.5%. 

In the second pipe (28.9mm) we measured  not only the average  sectional t empera tu re  fields but also 
the effect of the gas content level on the heat t r ans fe r  coefficient,  with the Reynolds number  ranging f rom 
10.103 to 30" 103 and the gas content ranging up to 65%. 

The heat t r ans f e r  coefficient and the average  tempera ture  field were  also measured  in a mixture of 
m e r c u r y  and gas bubbles flowing throngh the 28.9 mm pipe, with the Reynolds number  ranging f rom 10- 103 
to 120.103 and the gas content ranging up to 28%. 

The t empera tu res  in the gas - -wa te r  mixture were  measured  with Chromel- -Alumel  thermocouples  
having junctions 0.2 mm in diameter .  These thermocouples  had a frequency charac te r i s t i c  which made it 
feasible to r ecord  tempera ture  fluctuations occur r ing  at a frequency of 5-10 Hz. With the aid of a special  
probe,  a thermocouple  could be placed at any point a c ro s s  a channel sect ion accura te ly  within 0.1ram. The 
t empera tu re  field was measured  at a section three d iameters  before the exit. 

Signals f rom the thermocouple probe were t ransmit ted  to a model  t~PP-09 potent iometer  with 0.5 mV 
divisions and c lass  0.5 accuracy.  The recording  of a thermocouple  signal lasted for  30-60 sec,  so that the 
t empera tu re  reading could be p roper ly  averaged within an e r r o r  not g r ea t e r  than 0.1~ 

In the m e r c u r y - - g a s  s t r eam the average  tempera ture  field was measured  with Chromel--Alumel  
thermoeouples  inside a s tainless  steel capi l lary  sheath with a 0.5 mm outside diameter .  A thermocouple 
signal was measured  with a model R 2/1 semiautomat ic  potent iometer  with a sufficiently large inert ia to 
allow average  t empera tu re  readings to be taken at each point in the s t ream.  

In Figs.  1 and 2 a re  shown the resul ts  of our  studies pertaining to the effect of the gas content level 
on the average t empera tu re  field in a gas - -wa te r  s t ream.  
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Fig. 3. Rat io of  the heat  t r a n s f e r  coeff icient  in a gas- - l iquid  
s t r e a m  to the heat  t r a n s f e r  coeff icient  in a one-phase  s t r e a m ,  as  
a function of the gas  content (~, %), a t  va r ious  values  of the 
Reynolds number :  a) w a t e r - - g a s  mix tu re  with 1) Re = 11.9.103, 2) 
14" l0  s, 3) 15" 103, 4) 20.5" 103, 5) 30" 103; b) m e r c u r y - - g a s  m i x -  
tu re  with 1) Re = 9.3" l0  s and W = 0 . 0 3 m / s e c ,  2) Re = 18.6.103 
and W = 0 . 4 8 m / s e c .  

A c o m p a r i s o n  between the t e m p e r a t u r e  f ields in two-phase  s t r e a m s  with va r ious  gas  content levels  
indicates  the basic  t rend:  the t e m p e r a t u r e  grad ien t  d e c r e a s e s  a t  al l  points  in the s t r e a m ,  as  the gas  con-  
tent  i nc r ea se s .  This  d e c r e a s e  in the t e m p e r a t u r e  g rad ien t s  has to do with an inc rease  in the turbulent  
heat  t r a n s f e r  in a s t r e a m  with gas  b u b b l e s .  

As a r e su l t  of these  s tudies ,  we have es tab l i shed  the effect  of a gaseous  phase  on the heat  t r a n s f e r  
coefficient .  The re  appea r  two r anges  here .  The heat  t r a n s f e r  coeff icient  i n c r e a s e s  with increas ing  gas  
content,  b u t ' f a s t e r  when the gas  content r i s e s  up to approx imate ly  10% than when it continues to r i s e  above 
that. The heat  t r a n s f e r  i m p r o v e s ,  however ,  with inc reas ing  gas  content  r throughout the en t i re  t es t  range  
(up to ~ = 60%) (Fig. 3a). 

The effect  of a gaseous  phase  becom es  weake r ,  as  the flow ra te  of liquid i n c r e a s e s ,  i. e . ,  the addi -  
t ional  turbulence  in the s t r e a m  due to the re la t ive  mot ion of the phase s  becomes  l e s s  pronounced agains t  
the ambient  turbulence  of the s t r e am .  

With an increas ing  content  in the m e r c u r y - - g a s  mix tu re ,  the t e m p e r a t u r e  field in our  t e s t  va r i ed  
along the s ame  t rend as  in the case  of the w a t e r - - g a s  mix ture .  

The m e r c u r y - - g a s  t e s t s  have r evea led ,  however ,  that  in ce r t a in  flow modes  the heat  t r a n s f e r  coef -  
f icient  i n c r e a s e s  to some m a x i m u m  value and then d e c r e a s e s  again with fu r the r  inc reas ing  gas  content  
(Fig. 3b). 

F o r  plott ing the t e m p e r a t u r e  f ie lds ,  we have introduced coord ina tes  which s e e m  to us m o s t  universa l .  

Since the equation of the t e m p e r a t u r e  field within the t h e r m a l  boundary l aye r  can be wr i t ten  as  

( t - - f w ) ~  qo (4) T V '  

and the th ickness  of the t h e r m a l  boundary l a y e r  is 

5 ~  v 
uJ(~) ' 

hence dividing (4) by 5 T and a few subsequent  t r a n s f o r m a t i o n s  will  y ie ld  the requ i red  un ive r sa l  exp res s ion  

(t--tw)CppUJ(q~)qo Pr ~ f '  [ %  f(q~) ] , (5) 

fo r  plott ing the t e m p e r a t u r e  f ields in Fig. 1. 

In Fig. 4 a r e  shown the va lues  of  f(r  at  va r ious  va lues  of the Reynolds number ,  based  on the con-  
dition of app rox ima te  equali ty between the t e m p e r a t u r e  field in a gas- - l iquid  s t r e a m  and that  in a one-phase  
liquid s t r e am.  At low va lues  of the Reynolds number  the t e m p e r a t u r e  field is a s t r o n g e r  function of the 
gas  content than at r a t h e r  high va lues  of the Reynolds  number .  This  effect  depends on the d i rec t ion  of 
flow and on the d i a m e t e r  of the t e s t  channel. 
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Fig. 4. Values of f(~0) at  var ious  values of the Reynolds 
number:  a) for  an ascending s t r eam through the 50 m m  (dia- 
meter)  pipe at 1) Re = 5- 103 , 2) 10" 103 , 3) 15.103 , 4) 25 
�9 103, through the 28 .9mm (diameter) pipe at 5) Re = 12" 103, 
6) 14.103, 7) 30" 103; b) for  a descending s t r eam through the 
50 mm (diameter) pipe at 1) Re = 15.103, 2) 25" 103, 3) 36 .10  ? . 
Gas content q) (%). 

Selecting the p roper  function f(~p) for a s t r eam with the respect ive gas content level means  in t roduc-  
ing an average  co r rec t ion  factor  K to the heat t r ans fe r  coefficient in a one-phase  s t ream:  

SaG= eaR. ( 6 )  

Coefficient K is related to f(~o) and a/oz 0 approximately as follows: 

~ s  _ K ~ P(~) (7) 
% 

and 

%~ = K ~ . (8) 
8 a 

These relat ions a re  based on the assmrtption that the coefficient of turbulent heat t r ans fe r  is proport ional  
to the distance f rom the wall cubed [8] and that this propor t ion remains  valid in a gas-- l iquid s t ream.  A 
compar i son  between Fig. 3 and Fig. 4 indicates that, on the average ,  the diffusion cha rac t e r i s t i c s  of a 
gas-- l iquid s t r eam improve much m o r e  than the heat t ransfer .  

A c lose r  examination of the t empera tu re  fields has revealed that the coefficients of turbulent heat 
diffusion in a gas-- l iquid s t r eam increase  differently at different  points in the s t ream.  

In Fig. l c ,  d has been plotted the rat io of t empera tu re  gradients  in a s t r eam without gas and in a 
s t r eam with gas respect ively.  With gas in the s t ream,  according to the graph,  the coefficient of turbulent 
heat t r ans f e r  inc reases  mos t  near  the wall, whether  the flow is ascending or  descending. 

Thus,  the average  gas content in a gas--l iquid mixture is the main factor  which governs  the heat 
t r ans fe r ,  while the sectional  distr ibution of phases ,  i. e . ,  the inner s t ruc ture  of the s t r eam has a relat ively 
weak effect on the heat t r ans fe r  rate.  

Let  us now cons ider  a few possible mechan i sms  of heat t r ans fe r  in an ef fervescent  gas-- l iquid s t ream.  

When a bubble of modera te  size moves through a real  liquid s t r eam,  thert in the wake there appears  
a turbulent zone whose width is of the o rde r  of tte~ 1/2 [9] ann where the rate of velocity fluctuations is 

Wre 1 Rebl/2. 

The ext ra  turbulent heat t r ans f e r  due to these fluctuations is, according to T a y l o r ' s  theory [10], 

1 
s,, ~ ( ~ v L m ,  (9) 

Dr T 

where  crvdenotes the rate of velocity fluctuations in the medium, L is a fluctuation scale factor  assumed 
here  equal to the width of the turbulence zone behind a bubble, m denotes the f ract ion of liquid volume 
flowing turbulently,  Re b = Wreldb/V, d b = 2R b denotes the bubble d iameter ,  Wre I denotes the velocity of 
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bubble re la t ive  to the liquid, and P r  T is the Prand t l  numbe r  under  turbulence  conditions. An inc rease  in 
the turbulent  heat  t r a n s f e r  due to turbulent  flow behind bubbles is not an adequate explanation fo r  our  t es t  
r esu l t s .  

Our expe r imen t s  with single bubbles in s t i l l  w a t e r  have shown that behind a bubble there  a p p e a r s  not 
only a turbulence zone but a l so  l a r g e - s c a l e  pe r tu rba t ions  l a r g e r  than such a bubble by one o r d e r  of m a g -  
nitude. Exper imen t s  with a two-phase  an i so the rma l  s t r e a m  [4] have als0 revea led  l a r g e - s c a l e  p e r t u r b a -  
t ions during e f f e rve s cence ,  the d imension of these  pe r tu rba t ions  being s e v e r a l  t imes  l a r g e r  than the a v e r -  
age d imens ion  of eddies in a one-phase  s t r eam.  

On the bas i s  of t e s t  data,  we will  a s s u m e  that  in an e f f e rvescen t  gas- - l iquid  s t r e a m  the turbulence 
due to the re la t ive  mot ion of bubbles r e p r e s e n t s  an a r r a y  of eddies with the ave r age  dimension L 0 and the 
m a x i m u m  dimension  equal  to the d is tance  between bubbles when the gas  content is q*  ( transi t ional  gas  con-  
tent  level ,  at  which the l a t t e r  c e a s e s  to have a s t rong  effect  and begins to have a weak effect  on the heat  
t r ans fe r )  (Fig. 4). 

We will  thus a s s u m e ,  to a rough approx imat ion ,  that  at  a gas  content  Or* the ave r age  dimension of 
eddies  is  

L0 = 2Rb ~ f  
Y~ 

(10) 

when the bubbles  a r e  located a t  v e r t i c e s  of a cubic lat t ice.  Consider ing that  the ave r age  dimension of 
eddies  r e m a i n s  equal  to L 0 at  a lower  gas  content  r < (p*, we can wr i te  fo r  the coeff icient  of turbulent  heat  
t r a n s f e r  accord ing  to T a y l o r  [10]: 

1 ~ L o  Ved o _ 1 Wre lLo ,~  . (11) 
ea ~ PrT Vto t Pr, 

and will  note he re  that  this  coeff icient  i n c r e a s e s  l inear ly  with the gas  content. 

It is to be expected that  at  a h igher  gas  content ~ > ~o* the bubble d imens ions  will  d e c r e a s e  as  the 
d i s tance  between bubbles d e c r e a s e s .  The coeff ic ient  of turbulent  heat  t r a n s f e r  is  then 

1 

1 ~R L = 1 ea ~ Pr---~ " PrT" Wrel Rb~p' 3 (12) 

He re  V R denotes  the a v e r a g e  rad ia l  ve loci ty  of bubbles ,  equal  to Wre  1. The coeff ic ients  of turbulent  heat 
t r a n s f e r  based  on these  e s t i m a t e s  a r e  of the s a m e  o r d e r  of magni tude as  those obtained f rom t e m p e r a t u r e  
field m e a s u r e m e n t s  by g raph ica l  different iat ion.  

One could hardly expect ,  however ,  the a v e r a g e  d imens ion  of eddies  in a r e a l  gas - - l iqu id  s t r e a m  to 
v a r y  exact ly  as  the a v e r a g e  d is tance  between bubbles.  T h e r e f o r e ,  the re la t ions  

s N q) when q~<q)*, 
! - ~ -  

e a .-. q~ when ep > rp* 

r e p r e s e n t  e x t r e m e  va r i a t ions  in the coeff ic ient  of turbulent  heat  t r a n s f e r  e a as  a function of the gas  content  
q~. It a p p e a r s  f r o m  the t es t  data that  in a w a t e r - - g a s  s t r e a m  the coeff icient  of heat  t r a n s f e r  continues to 
i nc r ea se  when ~p > ~ *, although much  s lower  than when q~ < r  This  m a y  mean  that  the eddies d e c r e a s e  
in s ize  a t  a s lower  r a t e  than the d is tance  between bubbles ,  as  the gas  content i nc reases .  The heat  t r a n s -  
f e r  coeff ic ient  d e c r e a s e s  in a m e r c u r y - - g a s  s t r e a m ,  however ,  accord ing  to the t e s t  data. 

In an ascending gas- - l iquid  s t r e a m  under  ce r t a in  flow conditions the gas  bubbles aggrega te  at  the 
wal l  to such an extent  that  t he i r  concent ra t ion  he re  may  become  by one o r d e r  of magni tude h igher  than in 
the m a i n s t r e a m .  

Tes t s  have shown, however ,  that  the turbul iz ing effect  of these  bubbles is  m o r e  signif icant  than the i r  
shielding effect.  

Another  m e c h a n i s m  of heat  t r a n s f e r  f r o m  wal l  to m a i n s t r e a m  is  poss ib le  in such c i r c u m s t a n c e s .  
Since gas  bubbles a t  the wal l  move  with a s t r e a m  where  the veloci ty  grad ien t  is  l a rge ,  hence in the s t r e a m  
pas t  eve ry  bubble the re  m a y  a p p e a r  v a p o r  eddies  with opposi te  vor t i c i ty  (analogous to edge eddies  at  a 
wing of a finite span). Such eddies  s epa ra t e  f r o m  the wal l  and can fac i l i ta te  the heat  t r a n s f e r  f r o m  a hot 
wal l  to the m a i n s t r e a m .  
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NOTATION 

is the thickness of the thermal  boundary layer;  
is the thickness of the hydraulic boundary layer;  
is the heat t r ans f e r  coefficient in a gas-- l iquid s t ream;  
is the heat t r ans f e r  coefficient  in a one-phase s t ream;  
xs the dynamic velocity; 
is the m e a n - o v e r - t h e - s e c t i o n  s t r eam velocity; 
is the thermal  flux at the heat t r ans f e r  surface;  
is the thermal  conductivity of the liquid; 
is the kinematic v iscos i ty  of the liquid; 
is the tempera ture  of the liquid; 
ts the wall t empera ture ;  
is the distance f rom the wall; 
is the dimensionless  distance f rom the wall; 
is the dimensionless  tempera ture ;  
is the coefficient of turbulent heat t r ans fe r  in a two-phase s t ream;  
is the coefficient of turbulent heat t r ans fe r  in a one-phase s t ream;  
is the m e a n - o v e r - t h e - s e c t i o n  ratio; 
are  the rat io of eddies volume to total liquid volume. 
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