
Analysis  of the results  using dimensionless  numbers gives the calculational dependence 

m _ c Re~C n. (1) 
~ a  

The values of the constants e, n, and m are given in Table 1. 

Thus, the exper imental  results  obtained demonstrate  that there is a significant change in the extent to 
which the gas velocity and the part icle concentrat ion affect the hea t - t r ans fe r  coefficient of a d i sperse  cur ren t  
on passing from laminar  to turbulent flow. In a number  of cases this may be the main cause of the d iscrepancy 
between results  obtained by different workers .  
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NOTATION 

is the concentrat ion of solid part icles  in air ,  kg/kg; 
is the hea t - t r ans fe r  coefficient  of air ,  W/m 2 �9 ~ 
is the hea t - t r ans fe r  coefficient of mixture of a i r  and solid par t ic les ,  W/m 2- ~ 
is the Reynolds number charac te r iz ing  the change from laminar  to transit ional  flow; 
is the Reynolds number  charac ter iz ing  the change from transit ional to turbulent flow. 
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H E A T  AND M A S S  T R A N S F E R  O F  L A R G E  

IN  H I G H L Y  T U R B U L E N T  F L O W S  

R. S. T y u l ' p a n o v  
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UDC 536.422.4 

A model is proposed for the heat and m a s s  t r ans fe r  of spherical  bodies and large droplets  in a 
s trongly turbulent gas flow, when the scale of the turbulence is l a rge r  than the d iamete r  of the 
body. Theoretical  formulas are  compared with experimental  resul ts .  

The motion of a droplet  in a gas flow in different kinds of technological equipment, including power in- 
s tal lat ions,  is accompanied by evaporat ion and by heat exchange with the surrounding gaseous medium. Fo r  
large drops which are  not involved in turbulent velocity pulsations, when the flow is charac te r i zed  by the condi- 
tion L > d (L is the scale of the turbulence and d is the d iameter  of the body), the heat and mass  t rans fe r  have 
cer ta in  specific proper t ies .  

In a number  of works on the heat and mass  t rans fe r  of a body in a gas flow, the processes  appearing in 
the above conditions were found to be s t rongly influenced by the intensity of turbulence e. 

F o r  a cyl inder ,  the maximum value of Nu was observed for  L/d  ~- 1.6, and on this basis a resonance 
theory of t r ans fe r  was developed [1, 10]. 
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Fig. 1. Scheme of var ia t ion of Nu with change in flow 
veloci ty (e > 0.04, L/d > 1, 40 < Re'  < 1000): a) bound- 
a r y l a y e r ;  b) back region; I) s teady t r ans f e r  in back 
region; II) change in velocity vec tor  and boundary-  
l ayer  breakaway; III) nonsteady t r ans fe r  in back re -  
gion; IV) change in velocity vec tor  and boundary- layer  
breakaway; etc.  

On the other  hand,.for the mass  t rans fe r  of spher ical  bodies and droplets in an air flow, it was found that, 
if L > d and e > 0.04, the dependence of Nu on Re' in the range Re' = 40-1000 is comparat ively  simple [2]: 

Nu ---- 2.8 |/-Re ~-. (1) 

In this case no ex t remum was observed in the dependence of Nu on L/d, which d isagrees  with resonance 
t r ans fe r  theory for  a sphe rical body. 

At the time, no explanation could be found for  this lack of any significant effect of the mean relative flow 
veloci ty at large e. 

Physica l  models of the p rocesses  occurr ing  for L < d, when turbulence of the flow has a marked effect 
on the heat and mass  t r ans f e r  of a body, have a l ready been developed, and no fur ther  considerat ion will be 
given to this case .  

L It is now possible to formulate  more  c lear ly  the physical  picture of heat and mass  t rans fe r  of a droplet  
fo r  L > d. A droplet  moving in a gas flow fa i r ly  rapidly acquires  a velocity equal to the mean flow velocity,  
and under these condtions the role of turbulent pulsations may be taken to be determining,  ff the droplet  
never the less  has a velocity different  f rom the mean flow velocity,  then for  compara t ive ly  l a rge  drops a back 
eddy region is formed.  Fo r  small  turbulent pulsations of the velocity, the t r ans fe r  process  does not much de-  
pend on the velocity pulsations. If the turbulent  pulsations of the flow velocity are large,  so that 20 < du' /v < 
1000 for individual pulsations,  the oscil lat ing veloci ty leads to periodic breakaway of the boundary l ayer  from 
the drop, emptying of the accumulated layer  of t r ans fe r  substance (heat o r  mass) ,  especial ly  in the back r e -  
gion; and displacement  of the back region.  In this case ,  the t r ans fe r  p rocess  occurs  throughout under unsteady 
conditions and considerably  exceeds the t r ans f e r  when a steady state has been established. 

This mechanism of the effect  of f low-veloci ty  pulsations on the t r ans fe r  p rocess ,  shown schematical ly  in 
Fig. 1, will be realized if 

Tre s < Xp ~< Xst. (2) 

Making some es t imates ,  it appears that such a mechanism is a real  possibility for the heat and mass  
t r ans fe r  of a droplet  in a turbulent flow. The formation of a boundary layer ,  up to its brealo:lown, occurs  in a 
time ~-res=0.2d/U [3], which is less than 10 -5 sec for  a drop of d i ame te r  d = 100 p and flow velocity U = 20 m/  
sec.  Therefore ,  for turbulent flow with mean pulsation 2000-5000 sec -1 in the usual technical apparatus,  the 
cha rac te r i s t i c  pulsation time is ~p = 0.2-0.5" 10 -3 sec ,  i.e., much la rger .  In addition, the setting up of steady 
conditions of t ransfer ,  owing mainly to the presence of the back region,  occurs  in approximately the same time 
l-st - 10 -3 sec,  as indicated by calculations according to [4]. 
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F i g .  2. G e n e r a l i z e d  d e p e n d e n c e  of log Nu on log Re '  f o r  
s p h e r i c a l  bod ies  (e > 0.04,  L/d > 1): I) r eg ion  of e x p e r i -  
m e n t a l  po in t s  f o r  the m a s s  t r a n s f e r  of a f i x e d  ba l l  of 
naph tha lene  [2]; a) e v a p o r a t i o n  of e thy l  a l coho l  d r o p l e t  
mov ing  in a gas  flow; b) [12]; c) [ i l ]  {heat t r a n s f e r  of a 
spheric) ;  II) r eg ion  of e x p e r i m e n t a l  po in ts  fo r  h e a t  t r a n s -  
f e r  in the p r e s e n c e  of m a s s  t r a n s f e r  [13]. 

F o r  ~" = 10 -5 s e c ,  the r a t i o  of the v a l u e s  of Nu fo r  n o n s t e a d y  and s t e a d y  t r a n s f e r  is  Nu/Nust  = 10. 

The m o d e l  d e v e l o p e d  in the p r e s e n t  w o r k  f o r  a s p h e r e  of  m e a n  r e l a t i v e  v e l o c i t y  l eads  to the fo l lowing 
p o l y n o m i a l ,  t ak ing  t r a n s f e r  u n d e r  s t e a d y  and n o n s t e a d y  cond i t i ons  into accoun t :  

.' L \ 1~ Nu=2§ A1ReO'~pr~ ) Pr~ (3) 

w h e r e  A 1 and A 2 a r e  n u m e r i c a l  c o e f f i c i e n t s .  

The f i r s t  two t e r m s  in the r i g h t - h a n d  s ide  c o r r e s p o n d  to s t e a d y  t r a n s f e r ,  and the t h i rd  c o r r e s p o n d s  to 
n o n s t e a d y  t r a n s f e r ,  of a s p h e r i c a l  o r  a l m o s t - s p h e r i c a l  body of d r o p l e t  type .  

It is e v i d e n t  f r o m  the a n a l y s i s  (F ig .  1) t ha t  in c e r t a i n  c a s e s  the l a s t  texzn m a y  be d o m i n a n t .  F o r  the e x -  
a m p l e  c o n s i d e r e d ,  the f r a c t i o n  of v a p o r  (or  heat )  l i b e r a t e d  in n o n s t e a d y  t r a n s f e r  e x c e e d s  by a f a c t o r  of 3 -5  the 
f r a c t i o n  l i b e r a t e d  in s t e a d y  t r a n s f e r  of  the d r o p  in the gas  flow. 

I t .  S ince  the f i r s t  p a p e r s  on this  s u b j e c t  w e r e  p u b l i s h e d ,  t h e r e  has  been  a conv inc ing  a c c u m u l a t i o n  of  m a -  
t e r i a l  c o n f i r m i n g  tha t  t u r b u l e n t  p u l s a t i o n s  have  a p ronounced  e f f ec t  on t r a n s f e r  p r o c e s s e s  u n d e r  s p e c i f i c  c o n d i -  
t i o n s ,  when the s c a l e  is  l a r g e r  than,  o r  c o m p a r a b l e  wi th ,  the d i m e n s i o n s  of the s p h e r i c a l  body,  o v e r  v a r i o u s  
r a n g e s  of the p a r a m e t e r s  [9, 12, 13]. A d m i t t e d l y ,  t h e r e  have  been  i n v e s t i g a t i o n s  in which  no such  s t r o n g  e f fec t  
of t u r b u l e n c e  was o b s e r v e d  fo r  L ~ d [151. 

F o r m e r l y ,  m a n y  i n v e s t i g a t o r s  t ended  to the view tha t  the r e s o n a n c e  t h e o r y  d e v e l o p e d  f o r  the hea t  t r a n s -  
f e r  of a c y l i n d e r  is a l so  va l id  fo r  the hea t  and m a s s  t r a n s f e r  of a s p h e r e .  R e c e n t l y ,  h o w e v e r ,  e x p e r i m e n t s  [8, 
9] have shown c o n c l u s i v e l y  tha t  the r e s o n a n c e  t h e o r y  canno t  be app l i ed  to the s p h e r e ,  s i nce  t h e r e  is no m a x i -  
m u m  in the e x p e r i m e n t a l  va lues  of Nu with i n c r e a s e  in the s c a l e  of t u rbu l e nc e  L,  and the p a t t e r n s  of the flow 
p a s t  a s p h e r e  and a c y l i n d e r  unde r  h igh ly  t u r b u l e n t  cond i t i ons  a r e  s i g n i f i c a n t l y  d i f f e r e n t  [8, 14]. In [9, 13] i t  
was  shown e x p e r i m e n t a l l y  tha t  the i m p o r t a n t  cond i t i on  of i n c r e a s e  in Nu for  a s p h e r e  is that  L > d,  as  our  
t h e o r y  p r e d i c t s .  The c o n c l u s i o n  tha t  r e s o n a n c e  t h e o r y  is not  va l id  fo r  a s p h e r e  a l so  a p p e a r s  in the r ev i ew  [5]. 
At  the s a m e  t ime ,  the m a j o r i t y  of expe r i m e n t a l  o b s e r v a t i o n s  c o n f i r m  the ro l e  of u n s t e a d y  t r a n s f e r  in the to ta l  
h e a t  and m a s s  t r a n s f e r  of s p h e r e s  and d r o p l e t s  in a f low. Only when L > d i s  the f i r s t  p a r t  of Eq.  (2) va l id  fo r  
t u r b u l e n t  p u l s a t i o n s  : 

Xres<< rp, since XpN L. 

Whi l e  t h e r e  m a y  be a d e p e n d e n c e  of Nu on L/d fo r  a s p h e r e ,  i t  is weak ,  and in a n u m b e r  of p r o b l e m s  it  
m a y  be n e g l e c t e d .  
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III. In consider ing the evaporat ion of drops over  a res t r ic ted  range of Re ' ,  e, and L/d in a gaseous me-  
dium (Pr  ~- 1), it may  be convenient to use an equation s impler  than Eq. (3) - an equation of the type (1). To 
obtain such an equation, an analysis  of the exper imental  data of [2] in the coordinates logNu = f( logRe')  is 
shown in Fig. 2, together with experimental  results  on the evaporation drops of ethyl alcohol obtained on appa- 
ratus s imi la r  to that descr ibed in [2] and also other experimental  data on the heat t r ans fe r  of a sphere [11, 12]. 

F o r  the simultaneous heat and mass  t r ans fe r  cha rac te r i s t i c  of the evapora t ionofdrops  of a gas flow or  a 
f lame,  d iscrepancies  were obtained in the dependence Nu = f(Re) for different  values of the injection paramete r .  
With increase  in the intensity of the turbulence e < 0.05, these deviations considerably  decrease  and s imul-  
taneously there appears  a sharp dependence of Nu on e; for  sma l l e r  e, this dependence is very  weak [13]. This 
completely  agrees  with the experimental  results  of [2]. Experimental  results  of [13] for the heat t r ans fe r  of a 
sphere  when e ~ 0.05 are  shown in Fig. 2 for  various values of the injection pa rame te r  7/-- M/pU = 0.1-0.6,  
where M is the m a s s  flow of mater ia l  per  unit surface of the sphere and pU is the mass  flow of washed gas.  

Despite the sca t te r ,  it is very  significant that, within • all the points corresponding to experiments  
ca r r i ed  out for  Re'  = 20-1000, i ,e. ,  under conditions such that the back region plays a very  important  role in 
t rans fe r  p rocesses ,  and for e > 0.04 and L >d lie close to the s t ra ight  line given by Eq. (1). Although Eq.(1) 
is a finite approximation,  it suffices for calculations on the evaporat ion of drops in flows with large turbulent 
pulsations. 

IV. F rom Eq. (1) it appears  that if other flow and droplet  pa ramete r s  are held constant, the coefficient 
of heat or  mass  t r ans fe r  is proport ional  to the mean- squa re  pulsation velocity to the power 0.5. This figure 
was obtained experimental ly;  the model of nonsteady t rans fe r  that has been developed predicts only that it will 
be less than unity. 

Since turbulent flow is charac te r i zed  by a spec t rum of velocity pulsations, while boundary- layer  break-  
away is only observed at a specific amplitude of pulsations,  increase  in the mean-square  pulsational velocity 
will be accompanied by an increase in the fract ion of pulsations that contribute to breakaway, determined by 
the spect ra l  curve of the turbulence. F o r  smal l  wave number  k, the spec t rum corresponds  to the law E(k) ~ 
E2k [10]. It is p rec i se ly  that region of smal l  k, where E (k) ~ E2k and where both the scale of the turbulence 
and the amplitude of the veloci ty pulsations are  compara t ive ly  large,  that is significant in the process  of 
boundary- layer  breakaway.  Here  E = Lu is the coefficient of turbulent v iscosi ty .  

We denote by U~r the minimum velocity pulsation that leads to boundary- layer  breakaway on a droplet  o r  
spher ica l  part icle .  In accordance with the law assumed for  small  k, U~r ~ ~ is related to the frequency fbr c o r -  
responding to this velocity (or the wave number  kbr  ~ fbr) by the re lauon 

, z  

~r fb~ ~ - ~  (4) 

The number  of breakaways of the boundary layer  from the drop, determining the magnitude of the nonsteady 
t rans fe r ,  is 

fo 
1 

= u2L2 ] j .  (5) 
t ]  

fbr 

The maximum frequency f0 sat isf ies  the condition 1/f 0 = rres ;  A=cons t ;  L, ul~ r and f0 are constants de t e r -  
mined by the geomet ry  of the sys tem.  Therefore ,  for  the variat ion of the mean-square  pulsational veloci ty u 
(or e for a given value of the mean velocity U), 

Nbr ~ C - -  B /u  4, (6) 

where C = const  and B = const .  

Assuming that nonsteady t r ans f e r  begins to appear  at  e > 0.04, while Nbr = 0 for  e = 0.04, the constant  C 
can be determined from B and u when e = 0.04 by the relation C = B/u~ =0.04" Approximating Nbr in powers of u 
gives 

C u  ~ - -  B 
Nbr u ~ const um. (7) 

Depending on the specific values of the constants  C and B, which are  always finite and posit ive,  var ia t ion 
in Nbr, and hence also in the magnitude of the nonsteady t rans fe r ,  will accompany variat ion in u; however,  it is 
evidenr from Eq. (7) that m should always be less than unity. 
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From what has been said it appears  that Eq. (1) can only be used for eer ta ia  cha rac te r i s t i c s  of the f re-  
quency spectrum of the oscil lat ions of a flow o r  jet  corresponding to developed turbulence. 

Recent experiments  have shown that frequency spect ra  in flames are  analogous to the spect ra  of turbu- 
lent pulsations in cold flows with developed turbulence, the scale being of the same o rde r  [71. Fur ther  experi-  
mental  confirmation is given in [6]. Therefore ,  Eq. (1) may also be applied to f lames.  

While the suggestions offered in the present  work allow a number  of features of the empir ica l  formula in 
Eq. (1) to be explained, the quantitative theory of the heat and mass  t rans fe r  of a sphere or droplet  in a flow 
with large turbulent pulsations of the velocity stands in need of considerable fur ther  development.  
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f0, fbr  

N O T A T I O N  

ts the body diameter ;  
ts the integral scale of turbulence; 
is the intensity of turbulence; 
is the mean velocity of flow relative to body; 
is the pulsational veloci ty  of flow; 
is the mean-square  pulsational velocity; 
is the kinematic viscosi ty;  
,s the time; 
is the time of res idence  (between formation and breakaway) of hydrodynamic boundary layer  on drop; 
is the charac te r i s t i c  pulsation time of flow; 
is the time to establ ish steady t ransfer ;  
Ls the Nusselt  number;  
~s the Reynolds number; 
is the Reynolds number  based on mean-square  pulsational velocity of flow and body diameter ;  
is the Prandtl  number;  
is the mass  flow per  unit surface area of sphere;  
~s the density; 
is the minimum pulsational velocity leading to boundary- layer  breakaway; 
is the pulsational frequency; 
m the number  of bounda r y - l a y e r  breakaways in unit time ; 
is the wave number; 
is the function descr ibing pulsational energy  spect rum;  
are  the maximum and minimum pulsational frequencies leading to boundary- layer  breakaway. 
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