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T E M P E R A T U R E  F L U C T U A T I O N S  IN A 

L .  K .  V a s a n o v a ,  A .  I .  S a f r o n o v ,  
a n d  G .  P .  Y a s n i k o v  

D I S P E R S E  M E D I U M  

UDC 541.182:536-12.2;621.1.016 

Large - sca l e  t empera tu re  fluctuations in a the rmal ly  nonuniform d isperse  medium are  analyzed 
by the methods of the thermodynamics  of i r r ev e r s i b l e  p ro ce s se s .  Calculated r e su l t s  a re  com-  
pared with exper imental  data. 

By part icipat ing in motions of var ious  sca les ,  pa r t i c l e s  of a the rmal ly  nonuniform disperse  medium can 
" t ranspor t  t empera tu re"  as an iner t  sca lar  admixture .  Consequently,  in cer ta in  regions of the system local  
large scale t empera tu re  fluctuations will a r i se  with intensi t ies  appreciably g rea te r  than the level of equi l ibr ium 
thermal  agitation. Convective heat t r ans fe r  between par t i c les  and the continuous medium must  affect the d is -  
sipation of these fluctuations. The damping of l a rg e - s ca l e  fluctuations can be analyzed within the f ramework  
of the thermodynamics  of i r r e v e r s i b l e  p r o c e s s e s  (TIP), the thermodynamic  theory  of which was developed in 
[1] and discussed in detail in [2]. The theory  was applied to hydrodynamic fluctuations in [3, 4]. 

The cor re la t ion  function of t empera tu re  fluctuations T T can be writ ten in the form 
Y 

r  = l i ra  T'I ff T ' ( t ) T ' ( t ' ) d t ' ,  ~ -+~o ,  (1) 

0 

where < . .  o > denotes probabil i ty averaging of all possible values of T '  at  t imes  t and t ' .  T' is the average 
value of T '  for t > 0 under the condition that this quantity had a given value T' at t = 0. Thus ~0(t) takes account 
of the previous h is tory  of the sys tem f rom t = - ~  to t = 0. 

We consider  the damping os t empera tu re  fluctuations T' or a continuous medium and T 1' of par t i c les  by 
TIP methods [1, 2, 5]. The phenomenological  equation for them can be writ ten in the form [2] 

x = - - M x ,  x =  �9 ( 2 )  

LT; / 

The mat r ix  M is evaluated in [6]: 

aoC-i--CXoC -i ) 6~(1--e)  6a 
M = an C-1 = ' a~ 

__ aoC~l (zoCT1 ' dpc8 dpici 
(3) 
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where c~ 0 = 6a(1 - e ) /d  is the h e a t - t r a n s f e r  coeff icient  between liquid and pa r t i c l e s  per  unit volume of the 
mix ture .  The dynamic  equation for the co r re la t ion  m a t r i x  q0 is obtained f rom (2) by rep lac ing  x by q0: 

< T '  it) T' (0)> < T '  (t) TI ( 0 ) > )  

~ = - - M { p ,  r , ,<T;  ( t )T(O)> < T I ( t ) T s  (O)> ~ " 

The solution of this  equation can be wri t ten in the fo rm 

U) = e - M ~  (0). 

(4) 

(5) 

Taking account of (3), Eq. (4) for the co r re la t ion  function of the pa r t i c l e  t e m p e r a t u r e  f luctuations has the fo rm 

6cz 
. ~  ~ - -  ( % ~ -  %~). (6) dplci 

I f  ~12 << ~22,  

65 
%2=%2(0) e do ... .  (7) 

Taking account of q)12 compl ica tes  the p rob lem cons iderably .  This is invest igated in detail  in [7]. In an adi-  
abatic  s y s t e m  the attenuation of co r re l a t ions  will be c h a r a c t e r i z e d  sole ly  by the re laxa t ion  t ime  r [6]: 

~= ,~ (o) e - '* ,  (8) 

where 

_ I = S p M =  6~ ( 1 -~ 1 - - s  1 ) (9) 
d 9,ci s 9c , 

The re la t ion  TI' = - C / C 1 T '  for adiabat ic  conditions was used  in der iving (8) and (9). 

We now cons ider  quas i s t a t ionary  t e m p e r a t u r e  f luctuations r e l a t ive  to a given dis tr ibut ion of the ave rage  
<T> t e m p e r a t u r e  of a d i spe r se  s y s t em .  This p rob lem was studied in detail  in [5, 8, 9] for a s ing le -phase  
medium.  It  was shown that  the behavior  of a fluctuating t e m p e r a t u r e  field is c lose ly  r e l a t ed  to the p r o p e r t i e s  
of the local potential .  For  a d i s pe r s e  s y s t e m  we wr i te  it in the fo rm 

i ; [ @  1 T T dtdV. (10) az<T> + k~ o<T>  l 
L~ = (vr)~ + k o  57 7~o 57 j 

0 V 

By vary ing  (10) with r e s p e c t  to T for a fixed ave rage  t e m p e r a t u r e  dis t r ibut ion,  and then sett ing T = <T>, we 
obtain the hyperbol ic  heat -conduct ion equation for a d i spe r s e  med ium 

O2T + ki aT Or--- 7- - ~  : k0v2T. (11) 

This equation (in the m o r e  genera l  case ,  taking account of  the re laxa t ion  of the heat flux) was der ived  by s t a t i s -  
t ica l  methods  in [10], and by the TIP re laxa t ion  f o r m a l i s m  in [11]. The coeff ic ients  k 1 and k 0 in (11) a r e  equal,  
r e spec t ive ly ,  to 

_ _  s  _ Ptct d k~-- C q-Ci , ko--  , ~i - -  (12) 
CTi C% 6~ 

The change of the f luctuating component  will a lso  be descr ibed  by Eq. (11): 

OaT' k kl aT" koV2T. (13) 
Ot ~ Ot 

By genera l iz ing  the definition of the co r re l a t ion  function (1) it is  e a sy  to der ive  f rom (13) the dynamic equa-  
tion for  q0(r, t) = <T ' ( r ,  t )T ' ( (0 ,0)>.  To do this  i t  is n e c e s s a r y  pure ly  fo rma l ly  to r ep l ace  T'  by q0 in (13) 
[1, 4]: 
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Fig. 1. Cor re la t ion  function of t e m -  
pe ra tu re  fluctuations in a fluidized 
bed.  

02---~ + k, 09 = k0V2~. (14) 
Ot 2 at 

We note that (14) is the E u l e r - L a g r a n g e  equation for the local potential L T (10) in which the t empera tu re  T is 
rep laced  by go: 

=f ff [ @ -~ol O2(p (~ ----U-" + k,ko -09!0)0t J ] L~ = (V(9) z + q0 (9 dldV; (15) 

0 V 

go(0) is not var ied.  Functional (15) for  the construct ion of var ious  approximate solutions of Eq. (4) was studied 

in [121. 

We investigate the single-point  t ime cor re la t ion  function of t empera tu re  fluctuations by using Eq. (14). 
We write go(t, r)  in the form 

(p(t, r) = f(t)O(O. (16) 

Substituting (16) into (15) and integrat ing over  the volume,  we obtain 

B :02f(~ ~- dl, (17) 
A/~ + ~o [ Ot ~ ko Ot ] 

o 

where 

f(0) is not var ied .  

ov 
Ot 2 

The solution of this equation has the fo rm 

f = e  

A = j" [vO(r)12dV; ~ = .I O~dV; 
V V 

Varying (17) with r e spec t  to f and sett ing f{0) = f, we have 

-~t A kof = O. - - -  + ki +-~- 

1 

2 h,t (~ cos (or + ~ sin (ot), 

(18) 

(19) 

(20) 

where 

o, = lj k~ - ~  ko . (21) 

Determining cl and C2 from the sys tem 
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i k,f(o) 
c~ = f (o ) ,  } ( o )  - - -  k , c ,  + ~c~,  c2 - 

2 ~o 

and taking account of (16), we have finally 

Here ~(t) -- q~ (r, t) < T '  (r, 
< T ' ( r ,  0)2> ' 

1 klltl ( ki sin ~o[t]) . (22) ( t ) = e  2 cos(or+ 2co 

0)2~= f(0)0 (r) is the mean-square temperature fluctuation at point r. 

Expanding (22) in a Maclaurin se r i e s  and retaining second-order  t e rms ,  we determine the t ime scale of 
the cor re la t ions  by the re la t ion [13] 

- - 0~2 + �9 (23) 
"~ 2 Ot z /t=0 2 ~ - )  

The quantity 7 E is a measure  of the mos t  rapid changes of t empera tu re  fluctuations. 

Tempera tu re  fluctuations were exper imental ly  investigated in a fiuidized bed [14]. Small Alundum beads 
were liquefied by water in an annular channel with an inner wail which could be heated. Tempera ture  f luctua- 
t ions at var ious  points in the bed were measured  with a thermocouple  probe, and after  amplification were 
r eco rded  by a loop osci l lograph.  The osc i l lograms  were p rocessed  on an F-001 ana log-d ig i t a l  conver ter .  
Figure 1 shows a typical corre la t ion  function calculated f rom the experimental  data on a Minsk-22 computer .  
It is c lear  that it is approximated by Eq. (22). 

We present  some es t imates .  The t ime scale of cor re la t ions  for the data shown in Fig. 1 is ~E = 0.074 
sec,  and the frequency of osci l la t ions is w ~ 7.6 sec -1. The damping constant of cor re la t ions  calculated from 
(23) is k 1 = 35 sec -1. We used this value and Eqs.  (3) and (12) to calculate the dimensionless  hea t - t r ans fe r  
coefficient Nu = c~d/k = 48. The L. K. Vasanov dimensionless  re lat ion [15] gives 

while that of Franz  gives 

N u =  0,35 Re~ ~ = 61, 

Nu = 0.006Re 1 3Pr~ - 51. 

The following experimental  and tabulated data were used in the calculations: w = 0.187 m / s e e ,  ~ = 0.9, d = 1.38 x 
10 -3 m, v= 0.805 x 10 -6 m2/see,  X = 0.62 W / r e .  ~ Pr  = 5.42, T = 303~ Pl = 3590 k g / m  3, p = 998 k g / m  3, c i = 
0.8 k J / k g .  ~ c = 4.17 k J / k g .  ~ 

It should be noted that high poros i t ies  ~ ~ 0.9 were used in the exper iments  for purely  technical r ea sons .  
Under these conditions the dimensionless  re la t ions  can be employed only to es t imate  the order  of magnitude of 
Nu. Never theless ,  the resu l t s  obtained give us confidence that the theoret ical  model of cor re la t ions  of t e m p e r a -  
ture  fluctuations in a d isperse  medium rep resen t s  the basic features  of large scale fluctuations. 

N O T A  T I O N  

t, t ime; r ,  coordinates;  go(t), cor re la t ion  function; x = T ' /T~ ' ,  t empera tu re  fluctuations; C, C1, heat 
capacit ies  of liquid and par t ic les  per  unit volume of mixture;  M, s0, quantities defined in (3); ~, hea t - t r ans fe r  
coefficient; e, porosi ty;  d, par t ic le  d iameter ;  Pl, P, densit ies of par t ic le  mate r ia l  and liquid; c, cl, specific 
heats;  go, corre la t ion  matrix;  % relaxat ion t ime of system; ~'l, par t ic le  relaxat ion time; k*, thermal  conductiv- 
ity of d isperse  medium; X, thermal  conductivity of liquid; V, volume of sys tem;  LT,  Lgo, local potentials: kl, 
k0, coefficients defined in (12); T, t empera ture ;  A, B, coefficients defined in (18); w, frequency; ~'E, t ime scale 
of corre la t ions ;  R e ,  Reynolds number;  Pr ,  Prandt l  number;  Nu, Nusselt  number;  w, ra te  of fil tration; v, k inema-  
tic v iscos i ty .  Subscript  1 r e f e r s  to d ispersed  phase; a dot denotes the t ime derivat ive.  

1. 
2. 
3. 
4. 
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An express ion  is  der ived for  the hydraul ic  d rag  and r e s u l t s  of calculat ions a r e  compared  with 
exper imen ta l  data .  

The magnitude of the hydraul ic  drag  at the inlet due to local  separa t ions  of the s t r e a m  during t r a n s f e r  of 
a liquid (or gas) f rom one channel to another  can in many  ca se s  be found in [1]. As a ru le ,  fo rmulas  r e c o m -  
mended on the bas i s  of expe r imen ta l  data a re  valid when the total  flow r a t e  r e m a i n s  constant  during t r a n s f e r  
f rom one channel to another .  The theore t i ca l  solution obtained for s t ra igh t  channels  of uni form c r o s s  -sect ional  
a r e a  [2] and conf i rmed  by r e s u l t s  of expe r imen t s  is  valid only under that condition. There  a re  s e m i e m p i r i c a l  
approx imate  r e l a t ions  avai lable  for de te rmin ing  the hydraul ic  l o s se s  which occur  when a sepa ra t e  jet  of fluid 
flows out of a s t r e a m  (or into a s t r eam)  through a l a t e ra l  channel at a given r a t e ,  at a given angle, and a c r o s s  
a given a r ea  [1]. These fo rmulas  a r e ,  however ,  not suff iciently accura te  for the s imple r  l imit ing cases  such as,  
e.g. ,  a ze ro  exit  angle or  a zero  flow r a t e  through the l a te ra l  channel.  

Here  will be p resen ted  a theore t i ca l  solution to the p rob lem,  in the one-d imens iona l  formulat ion,  for 
de termining the loss  of total  p r e s s u r e  due to ent rance  of a s t r e a m  into a s t ra igh t  channel of uni form c r o s s  
sect ion f rom another  one with a l a r g e r  c ro s s  sect ion.  The sma l l e r  channel is comple te ly  inside the l a r g e r  one 
and it takes  up some a r b i t r a r y  f rac t ion  of the total  fluid flowing through the l a r g e r  one (Fig. 1). A fluid here  
will include gases  as well, but the effects  of compres s ib i l i t y  will be d i s r ega rded  (Mach number  NMa << 1). The 
hypothetical  s t r eaml ine  along which the s t r e a m  divides is  indicated by dashes .  The c r o s s - s e c t i o n a l  a r e a  of the 
s t r e a m ,  the p r e s s u r e ,  the veloci ty ,  and the density of the fluid in channel 1 under s teady s ta te  conditions ( sec -  
tion 1-2) will be denoted as F1, Pl, ul, and Pl, r e spec t ive ly ,  and the cor responding  p a r a m e t e r s  in channel 2 as 
F2, P2, u2, P2, r e spec t ive ly .  In the segment  of the initial  s t r e a m  in sect ion 0 - 0  which subsequently en te r s  
channel 1 we denote the cor responding  p a r a m e t e r s  as F0t , P01, u01, P0t; in the  segment  of the initial  s t r e a m  in this 
same  section 0 - 0  which subsequent ly  en te r s  channel 2 we denote the cor responding  p a r a m e t e r s  as F02, P02, u02, 
P02. The p r e s s u r e ,  the veloci ty,  and the densi ty a re  a s sumed  to be uni form within each thus defined segment  of 
the s t r e a m  c r o s s  sect ion.  The th ickness  of the l ayer  between dividing s t r e a m  segments  is  a s sumed  to be ze ro ,  
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a r t ic le  submit ted  September  30, 1980. 

1212 0022-0841/81/4105-1212 $07.50 �9 1982 Plenum Publishing Corpora t ion  


