
technology of fabr ica t ing heat  p ipes  with me ta l  f iber  wicks a s s u r e s  re l iable  fastening and good contact  between 
the wick and the wall  because  of solder ing the f ibe r s  together  and to the pipe shell.  Such a contact  i s  not 
spoiled during mult iple  changes  in the wall  and wick t e m p e r a t u r e s .  If the contact  t h e r m a l  r e s i s t iv i ty  is  
neglected,  the coeff icient  of heat  e l iminat ion in the condensat ion zone can then be cons idered  dependent on the 
th ickness  and the coeff ic ients  of t h e r m a l  conductivity of the wetted wick and the condensate  film. The t h e rma l  
r e s i s t iv i ty  of the phase  t rans i t ion  can exer t  a not iceable influence on the hea t -exchange  intensi ty  in the con- 
densation zone In the ve ry  low p r e s s u r e  domain. 

A m a x i m u m  radia l  heat flax density qr~ax ~ 60 W/cm 2 was also obtained for  the heat pipe No. 1 (Fig. 4). 
The l imita t ion obtained is  evidently caused  by the boiling c r i s i s  in the wick, s ince the total  heat f lax co r -  
responding to the value qn~ax was below the m a x i m u m  Qmax  according to the cap i l l a ry  t r a n s p o r t  conditions 

and the quantity q~aX does not change with the change in hea t -p ipe  or ientat ion in the grav i ta t iona l  field (--5 ~ <-- 

~o _ + 5~ The quanti t ies  qn~ax depend on the p r e s s u r e ,  the the rmophys ica l  p r o p e r t i e s  of the fluid, and the 
geome t ry  and s t ruc tu ra l  c h a r a c t e r i s t i c s  of the wicks. Thus, heat pipe No. 2, in which the wick thickness  is  
1.65 t imes  l e s s  than in pipe No. 1, in p rac t ice ,  other  conditions being equal, opera ted  efficiently for  qH = 70 
W / c m  2 (Fig. 1, cu rve  12). The value qmHax ~ 30 W / c m  2 is  obtained for  heat  pipe No. 5, which has one- th i rd  

the mean  pore  d i am e t e r  c o m p a r e d  to heat  p ipes  Nos. 1 and 2. 

N O T A T I O N  

LT,  L C; lengths of the t r a n s p o r t  and condensation zones;  din,  inner  d i a m e t e r  of the  heat pipe shell  F H / 
FC, ra t io  between the heating and condensat ion su r faces ;  5w, wick thickness;  /f/dr,  ra t io  between f iber  length 
and d iamete r ;  P, wick poros i ty ;  ~ H  -C t w ,  mean  wall  t e m p e r a t u r e s  in the heating and condensation zones; t s a  t, 
Psat ,  sa tura t ion  t e m p e r a t u r e  and p r e s s u r e .  
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HEAT TRANSFER DUE TO THE INTERACTION BETWEEN 

CONDENSED PARTICLES AND A WALL 

V. K. Shehukin, A. I. Mironov, 
V. A. Filin, and N. N. Koval'nogov 

UDC 536.24 

An approx imate  method of a s se s s ing  the heat t r a n s f e r  assoc ia ted  with coll iMons between the solid 
pa r t i c l e s  in a flow of gas  suspension and the walls  of the channel i s  considered;  

During the pa s s age  of a two-phase  flow through s t ra igh t  tubes and channels  the heat  t r a n s f e r  between 
the wall  and the condensed pa r t i c l e s  by d i rec t  contact  i s  not very  grea t ,  s ince any deposit ion of the pa r t i c l e s  
on the wall  a r i s e s  mainly  f r o m  the effect  of the pulsat ional  mot ion of the gas  on the pa r t i c l e s ,  and this fai ls  
to produce  any m a j o r  flow of pa r t i c l e s  to the wall. In flows with curved  s t r eaml ine s  (curvi l inear  and swirl ing 
flows, flow in nozzles) ,  ine r t i a l  s t r e a m s  of pa r t i c l e s  a re  conveyed to the h e a t - t r a n s f e r  sur face ,  and the ro le  
of contact  exchange in the overa l l  h e a t - t r a n s f e r  p r o c e s s  i nc r ea se s .  
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Fig. 1 Fig. 2 
Fig. 1. Scheme represent ing the interaction of a par t ic le  with 
the wall after  collision. 

Fig. 2. Division of the par t ic le  into e lementary  volumes. 

The completeness  of the energy t r ans fe r  between the par t ic les  and the wall during the t ime of contact 
depends on the state of aggregation of the condensed par t ic les .  

If liquid par t ic les  a r r ive  at the wall, we may reasonably assume that complete  energy t r ans fe r  takes 
place between the par t ic les  and the wall or  condensate film (if formed). The thermal  flux density qc due to 
heat t r ans fe r  between the inert ial ly settling par t ic les  and the wall or  film is given by the equation 

qc = %gin (T8 - -  Tc). 

If the condensed par t ic les  are  in the solid state, energy t r ans fe r  between the par t ic les  and the wall is 
incomplete. 

The amount of heat t r an s f e r r ed  to the wall by the par t ic le  on coll ision may be determined f rom the t em-  
pera tu re  gradient  at the point of contact, if allowance is made for the t ransient  t empera tu re  field in the part icle.  

An exact solution of the problem regarding the t ransient  two-dimensional  t empera tu re  field of the par t i -  
cle during the brief  contact  is very  difficult. Any est imate of the contact heat t r ans fe r  between the par t ic le  and 
the wall based on the assumption of one-dimensional  heat conduction in the par t ic le  [1] may lead to ser ious  
e r r o r s .  

In this paper  we shall propose an approximate method of estimating heat t r ans fe r  during the collision of 
solid par t ic les  with a wall; it will be based on a one-dimensional  model  of the process ,  with the introduction 
of co r rec t ions  allowing for the difference between the one-dimensional  t empera ture  field in the par t ic le  and the 
two-dimensional  field calculated by a numer ica l  method. 

The boundary conditions for calculating the t empera tu re  field in a par t ic le  of spherical  shape (Fig. 1) 
are  determined after  considering the bre~/ity of its contact with the wall and on the assumption that during its 
contact with the wall the par t ic le  has no heat t r ans fe r  with the gas phase. During the brief  contact  between 
the bodies a t empera tu re  Tc is established on their  contiguous surfaces ,  remaining constant during the whole 
contact period [2]. If before contact  the wall t empera tu re  is Tw and the par t ic le  t empera ture  Ts, the t empera -  
ture  at the contact surface T e will be given by 

T 8 -  Tc  = V ~ c w p W  (1) 
Tc - -  T~  l f  ~bcbPt, 

For  the one-dimensional  model of the p roeess  the instantaneous flow of heat f rom the par t ic le  to the wall 
? 

O~ and the amount of heat Qc t r ans f e r r ed  by the par t ic le  during the period of contact  r e are  [2] 

�9 R ~ 1 (T 8 _ T c ) ,  (2) Q~-  o ]/~XbcbPb 

~C 

Qc = .[ Q'~ d'r = 2R~ V':~,bcbpb ~"xc (T8 -- Tc ~. (3) 
0 

The radius of the plane contact  surface R e and the per iod of contact  T c in Eqs. (2) and (3) may be deter -  
mined by using the theory of elast ic  impact  [1] developed by H. Hertz  and set out in [3]. According to this 
theory 
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Fig. 3. Ins tantaneous heat  flows f rom aluminum oxide p a r t i -  
c les  to the wall: a) d s = 11.5/z;  b) d s = 1.75tz; 1) one -d imen-  
sional  model ;  2) n u m e r i c a l  method;  3) using KT, QT, W. 

Fig. 4. T h e r m a l  flux densi ty (a) and inc remen t  in h e a t -  
t r a n s f e r  coeff icient  (b) due to contact  heat t r a n s f e r  between 
the p a r t i c l e s  and the wail: 1) a luminum oxide pa r t i c l e s ;  2) 
graphi te ;  qc, W/m2. 

R e = 0.76 Rs [5u~W~ Pb (Kw + Kb)] ~;5 ; (4) 

1 , 6 9  R ,  = [5~qi7,,,pb (K~, + Kb)F/5, (5) 
C W$~ 

where Kw, K b a re  the e las t ic  p a r a m e t e r s  of the wall  and par t i c le ,  

l - -  v 2 1 - -  v~ r~ 
Ko,-- ~E~ ; K b =  ~E b 

Using Eqs. (2)-(5) we m a y  es t ima te  the contact  heat  t r a n s f e r  between the pa r t i c l e  and the wall, 
heat  conduction in the pa r t i c l e  as one-d imens iona l  in a d i rec t ion  n o r m a l  to the contact  surface .  

In actual  fact  the t e m p e r a t u r e  f ield in the pa r t i c l e  is  two-d imens iona l  and a x i s y m m e t r i c a l  re la t ive  to the 
n o r m a l  to the contact  su r face  pass ing  through the cen te r  of the par t ic le .  I f  the t e m p e r a t u r e  field is  con-  
s ide red  in spher i ca l  coordina tes ,  the var ia t ion  in the pa r t i c l e  t e m p e r a t u r e  takes  place  in the rad ia l  r and 
c i r cumfe ren t i a l  iv d i rec t ions  (Fig. 2). 

The equation of the two-d imens iona l  t r ans ien t  t e m p e r a t u r e  field in the pa r t i c l e  e x p r e s s e d  in spher ica l  
coordina tes  is  

OT [ 02T 2 0 T  1 0 ( O_oT ) ] 
- - %  0 r  ~ + - - l-  - s i n ~ o  . 

r ~rr r 2 s i n  ~o 

The boundary conditions a r e  

~ = 0 ,  

regarding  

(6) 

T = T , ;  0<r~<Xc,  0~<W~Wc, r=R, ,  T = T c ;  
OT (7) 

~ c < q D ~ n ,  r=Rs,  Or =0.  

H e r e  ~o is  the angle reckoned  f rom the n o r m a l  n to the contact  su r face  pass ing  through the cen te r  of the 
par t ic le .  

1 0 5 0  



The problem of calculating the two-dimensional  t ransient  t empera tu re  field in the par t ic le  and estimating 
its contact  heat t r ans fe r  to the wall was solved numerical ly ,  subject to boundary conditions (7), after  allowing 
for  the changes taking place in the thermal  conductivity and specific heat of the par t ic le  with temperature .  The 
splitting of the par t ic le  into e lementary  volumes is i l lustrated in Fig. 2. The computing equations for  deter-  
mining the t empera tu re  at the nodal points were obtained on the basis  of the e lementary-balance  method [4]. 
In o rder  to ensure  the n e c e s s a r y  accuracy  of the calculations while maintaining the shor tes t  possible computer  
t ime, the par t ic le  was divided into e lementary  volumes with a nonuniform radial  step; the number  of divisions 
in the direction normal  to the surface and the c i rcumferent ia l  direction was chosen after making some initial 
tes t  calculations.  

Figure  3 i l lus t ra tes  the resul ts  of our calculations of the instantaneous heat flows f rom aluminum oxide 
par t ic les  (diameter  11.5 and 1.75/z) to the wall, based on the one-dimensional  modal, together  with the resul ts  
of a numer ica l  calculation (T s = 600~ T w = 310~ We see f rom the curves  that the use of the one-dimen-  
sional model  for determining QT leads to underest imated resul ts .  This applies especial ly to the f iner par t i -  
cles. 

In o rder  to secure  a quantitative est imation of the difference between the actual par t ic le /wal l  heat t r ans -  
fer  es t imated numerical ly  and that calculated on the basis of the one-dimensional  model, and also to determine 
the corresponding cor rec t ions ,  we ca r r i ed  out a se r ies  of calculations regarding the tempera ture  state of the 
par t ic les  on interacting with the wall. In o rder  to establ ish the most  genera l  laws applicable, the calculations 
were executed for var ious kinds of par t ic les :  steel, aluminum oxide, and graphite with s izes of d s = 1.75; 5.5; 
11.5; 2 9.5; 50 p at T s = 500-1200~ for  a wall t empera ture  T w = 310*K. Analysis  of the computed data showed 
that the instantaneous thermal  fluxes f rom the par t ic le  to the wall Qr  were approximately 

Q~ = (1 § K~) q~, (s) 

where KT is a coefficient allowing for  the inc remen t  in the instantaneous flow of heat f rom the par t ic le  to the 
wall by compar ison with that calculated on the one-dimensional  model. 

When analyzing the calculated data the values of K T at specified instants of t ime were determined f rom 

It was found that K T depended on the nature of the par t ic le  mate r ia l  and the par t ic le  size. This relat ion- 
ship was approximated by the following equation: 

/ X~ ~1,23 
K~ = 7.ss ~ - ~ Z /  (9) 

where X 7 is the distance from the contact surface to the cross section in which at the instant of time T the 

temperature differs from the temperature of the particles T s by 3% (Fig. i), X T = "~ 9.47ab% 

The results of our calculations of Q7 using the coefficient K T are shown in Fig. 3. Clearly, by using 
the correcting factor K T we may determine the instantaneous heat flows from the particle to the wall quite 

accurately, allowing for the two-dimensional nature of the temperature field. This also applies to the amount 

of heat Qc transferred from the particle to the wall during the whole period of contact. Thus, the improved 
value of Qc may be determined as follows: 

~C 

Qo = ~ (1 + KOQ'~d~ (10) 

Integrating Eq. (10) and allowing for  (2) and (9), we obtain 

Q c = 2 R c V ~  ]/Tc (Ts-- Tc) t-{- 12,34 ~ . {11) 
~, R~ _ 

After  using EQ. (11) to determine the amount of heat Qc t r ans fe r r ed  to the wall by one part icle ,  we may 
find the thermal  flux density qc and the increment  in the hea t - t r ans fe r  coefficient A~sc  due to the contact heat 
t r ans fe r  of the set of par t ic les  to the wall: 

6gin Qc; Aces c = q c 
qc-~ ~td~pb T c - v ~ "  
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If  the condensate  c o m p r i s e s  many  pa r t i c l e  s izes ,  qc is  f i r s t  de te rmined  for  each fract ion,  and then the 
to ta l  c h a r a c t e r i s t i c s  of contact  heat  t r a n s f e r  a s soc ia ted  with the pa s sage  of the two-phase  flow a re  found: 

~ qci 

q c =  E l  qci; A~sc= .Tg  "~-'Twl , 

Thus,  in o rde r  to e s t ima te  the contact  heat  t r a n s f e r  between the pa r t i c l e s  and the wall during the pas sage  
of a two-phase  flow we need to know the type of pa r t i c l e  and wall  m a t e r i a l ,  the size of the pa r t i c l e s ,  the 
densi ty of the iner t ia l  m a s s  flow of pa r t i c l e s  to the wall gin, the component  of pa r t i c l e  veloci ty no rma l  to the 
wall Wsn, and the par t i c le  and wall  t e m p e r a t u r e s  before  the coll is ion T s and T w. 

Of the foregoing quanti t ies,  the type of pa r t i c le  and wall ma te r i a l ,  the wall  t e m p e r a t u r e ,  and the par t i c le  
s ize  a re  included in the boundary conditions of the problem.  The quanti t ies gin, Wsn, Ts  a re  de te rmined  by 
calculat ing the flow of a two-phase  s y s t em  of specif ied p a r a m e t e r s  in the channel. 

Using the method indicated, we es t imated  the contact  beat  t r a n s f e r  during the pas sage  of a two-phase  
flow in the subcr i t i ca l  pa r t  of a nozzle  for  c a se s  in which the flow contained aluminum and graphi te  pa r t i c l e s  
d s = 1-32 p in size.  The prof i le  of the nozzle  is shown in Fig. 4. The d i ame te r  of the inlet  sect ion is  106.8 
m m  and that  of the c r i t i ca l  sect ion,  25 ram. The calcula t ion was c a r r i e d  out for  the following conditions at 
the ent rance  into the nozzle: p r e s s u r e  3,1 b a r s ,  t e m p e r a t u r e  570~K. The par t i c le  flow concentra t ion was fi = 
0.5. 

The resu l t s  of the calcula t ions  a r e  shown in Fig. 4. We see that the t h e r m a l  flux density qc due to heat  
t r a n s f e r  be tween the  pa r t i c l e s  and the wall  i n c r e a s e s  on pass ing  along the nozzle;  in the c r o s s  sect ion ~ = 0.53 
it r eaches  a m a x i m u m  value and then declines.  The m a x i m u m  qc co r r e sponds  to the m a x i m u m  density of the 
iner t ia l  m a s s  flow of pa r t i c l e s  to the wall. The re la t ive  inc rement  in the h e a t - t r a n s f e r  coeff icient  due to 
contact  heat  t r a n s f e r  Aa  s c / a  0 (a 0 is  the h e a t - t r a n s f e r  coefficient  f rom the gas  phase) v a r i e s  in an analogous 
manner .  When the flow contains aluminum oxide pa r t i c l e s  this  inc remant  is  3%; for  graphi te  it  is 11%. This  
d i f ference  in h e a t - t r a n s f e r  intensif icat ion is  due to the fact  that the t h e r m a l  diffusivity a b of graphi te  is much 
g r e a t e r  than that  of a luminum oxide. Thus,  when the re  is  a re la t ive ly  high fallout of solid pa r t i c l e s  of con-  
densed m a t e r i a l  with a re la t ive ly  high t h e r m a l  diffusivity on the wall the contact  heat t r a n s f e r  between the 
pa r t i c l e s  and the wall  may  be ve ry  cons iderable  and mus t  be taken into account when calculat ing the heat  
t r a n s f e r  of two-phase  flows. 

The foregoing method is  suitable for  calculat ing the contact  heat  t r a n s f e r  of pa r t i c l e s  with a wall  of any 
configurat ion if the par t i c le  d i a m e t e r  is  smal l  compa red  with the radius  of cu rva tu re  of the wall at the point 
of contact ,  the pa r t i c l e  wall  col l is ion is  e las t ic ,  and X~- < 2R s. 

N O T A T I O N  

ds, pa r t i c l e  d iamete r ;  m,  num ber  of f rac t ions  in the condensate  when this c o m p r i s e s  pa r t i c l e s  of many  
s izes ;  qc, 2~asc, t h e r m a l  flux densi ty  and inc remen t  in h e a t - t r a n s f e r  intensi ty due to contact  heat t r a n s f e r  
between the pa r t i c l e s  and the walls;  qin, densi ty of iner t ia l  m a s s  flow of pa r t i c l e s  to the wall; Ts ,  Tw, Te, 
pa r t i c le  and wall  t e m p e r a t u r e  before  the col l is ion and common t e m p e r a t u r e  at the point of contact;  h b, Cb, P b '  
Ub, hw, Cw, Pw, t h e r m a l  conduet2vity, specif ic  heat,  density,  and t h e r m a l  diffusivity of pa r t i c le  and wall 
m a t e r i a l s ,  r espec t ive ly ,  at T = (T s + Tc) /2;  Q r ,  ins tantaneous flow of heat  f rom the par t i c le  to the wall dur-  

�9 . I 
ing interact ion;  Qc, Qe, amount of heat  t r a n s f e r r e d  f rom the par t i c le  to the wall  during the whole per iod  of 
contact  de te rmined  on the bas is  of the one-d imens iona l  model  of the p r o c e s s  and the numer i ca l  method, 
respec t ive ly ;  K T, coefficient  allowing for  the inc remen t  in the instantaneous flow of heat  f r o m  the par t i c le  to 
the wall  a f t e r  allowing for  the two-d imens iona l  na ture  of the t e m p e r a t u r e  field in the par t i c le ;  R c, r c, radius  
and t ime  of contact  of the par t i c le  with the wall; Wan, component  of pa r t i c l e  veloci ty no rma l  to the wall before  
the collision; Pb' Eb '  Vw' Ew'  Po isson  coeff icients  and e las t ic  moduli of the pa r t i c l e  and wall  m a t e r i a l s ;  fi, flow 
flow concentra t ion of the pa r t i c l e s  (numer ica l ly  equal to the ra t io  of the r a t e s  of flow of the solid and gaseous  
phases) .  
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CHARACTERISTICS OF RADIATIVE HEAT TRANSFER 

IN MULTIZONE SYSTEMS TAKING ACCOUNT OF 

ISOTROPIC SCATTERING 

Y u .  A.  Z h u r a v l e v  UDC 536.3 

A p rocedure  for  calculat ing h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  in absorbing and i so t rop ica l ly  s c a t t e r -  
ing media  is  developed and tes ted  by applying it to in ternal ly  f i red  furnaces .  

Opt imizat ion of the t h e r m a l  p e r f o r m a n c e  of indus t r ia l  heating units imposes  increas ingly  r igid r equ i re -  
ments  on the accu racy  and re f inement  of h e a t - t r a n s f e r  calculat ions.  Taking account of radia t ion sca t te r ing  
by solid pa r t i c l e s  suspended in s t r e a m s  of dusty ga se s  in working chambe r s  of in ternal ly  f i r ed  furnaces  and 
f i reboxes  may  signif icant ly affect  the ca lcula ted  resu l t s .  There fo re ,  it i s  of p r ac t i ca l  in te res t ,  pa r t i cu la r ly  
since detai led informat ion  has appeared  [1-3] on the radia t ion c h a r a c t e r i s t i c s  of dusty s t r e a m s  and luminous 
f lames ,  to p r e sen t  a solution within the f r a m e w o r k  of the zonal method of the h e a t - t r a n s f e r  p rob lem,  taking 
account of radia t ion sca t te r ing  in complex  t h r ee -d imens iona l  s y s t e m s  filled with a radiat ing and absorbing 
medium.  

The avai lable  l i t e ra tu re  ([4-10] et al. ) contains r e p o r t s  on the effect  of sca t te r ing  on radia t ive  t r a n s f e r  
for  such re la t ive ly  s imple  radiat ing s y s t e m s  as a slab,  an i so the rma l  medium with uniform radiat ion c h a r -  
ac t e r i s t i c s ,  black walls ,  etc. In [11] a p rocedu re  was developed and h e a t - t r a n s f e r c a l c u l a t i o n s  were  p e r f o r m e d  
for  a s t ee l -mak ing  furnace,  taking account of radia t ion sca t te r ing  by the Monte Car lo  method. This  solution 
was based on the de te rmina t ion  of photon mean  f ree  paths by using random numbers .  Genera l i zed  angular  coef-  
f icients  of radia t ion between zones ~ij were  calculated taking account of sca t te r ing  in a dusty gas  medium 
[11]. In the calculat ion of the reduced resolving radia t ion coeff icients  fij the re rad ia t ion  of energy  by surface  
zones was de te rmined  f rom the l inear  radiat ion equations [12-14]. The t e m p e r a t u r e s  of volume and sur face  
zones were  ca lcula ted  by solving the s y s t em  of nonl inear  a lgebra ic  h e a t - t r a n s f e r  and hea t -ba lance  equations 
of the zones [15, 16]. 

We have developed a p rocedure  for  de termining  the genera l i zed  angular  and resolving radia t ion coeff i -  
c ients  and have solved a zonal h e a t - t r a n s f e r  p rob lem in the working chambe r  of a s t ee l -making  furnace,  
taking account of i so t ropic  sca t te r ing  of radiat ion by solving the sys t em of l inear  a lgebra ic  equations of rad ia -  
t ive heat  t r ans fe r .  The use of an i so t ropic  sca t te r ing  indicatr ix  for  rea l  media  is justified to a cer ta in  degree  
by the fact  that under ce r t a in  conditions, in pa r t i cu l a r  for  re la t ive ly  la rge  dust pa r t i c l e s ,  the sca t t e red  pa r t  
of the radia t ion flux can be a s sumed  isot ropic ,  and the diffracted pa r t  ex t r eme ly  elongated forward,  that is ,  
coincident with the t r ansmi t t ed  radia t ion [17, 18]. 

The e s sence  of the p roposed  method cons i s t s  in the following. F i r s t  the genera l i zed  angular  radiat ion 
coeff icients  ~att  a re  found by the Monte Car lo  method [15], o r b y  some other  method If  the radia t ing s y s t e m s  a re  

s imple ,  by replacing the absorpt ion coeff icient  a of the volume zones by the attenuation coeff icient  K = a + fi, 
where  fl takes  account of i so t rop ic  sca t te r ing  only; the di f f racted radiat ion is  taken into account in the t r a n s -  
mi t ted  radiation. The values  of the coeff ic ients  sa t t  obtained in this way differ  f rom the genera l i zed  angular  

- i j  
coeff ic ients  ~i j ,  whichtake account of sca t te r ing  by the me thod  used in [11], s ince the pa r t  of the energy  sca t -  
t e r ed  into volume zone j i s  included in the value of the coeff icient  sa.tt An analysis  of the radia t ive  t r a n s f e r  

- l j  ' 
equation in an absorbing and sca t te r ing  med ium [19] 
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