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HEAT EXCHANGE IN THE FLOW OF A GAS 

SUSPENSION IN A LONG HORIZONTAL 

PIPE 

Yu. Ya. Pechenegov and V. G. Kashirskii UDC 536.244 

The r e su l t s  of an expe r imen ta l  invest igat ion of the hea t  exchange of a ga s - suspens ion  s t r e a m  in 
d i f ferent  lengths of hor izonta l  p ipes  a r e  p resen ted .  

I t  is known [1] that  two-phase  s t r e a m s  of the g a s - s o l i d - p a r t i c l e  type a r e  dis t inguished by a number  of 
high qual i t ies  as the h e a t - t r a n s f e r  agent  and working  subs tance  in power  engineer ing.  The inadequate degree  
of study and the complexi ty  of the m e c h a n i s m  of hea t -exchange  p r o c e s s e s  in the flow of such s t r e a m s  r e su l t  in 
the necess i ty  of the s y s t e m a t i c  accumula t ion  of t es t  data. 

The r e su l t s  of an invest igat ion of hea t  exchange in the motion of a gas suspension in a hor izonta l  pipe a re  
p r e sen t ed  in the r e p o r t  being offered.  A i r  s e rved  as the c a r r i e r  med ium of the s t r e a m ,  while pa r t i c l e s  of 
white m a r b l e  110-220 ~m in s ize we re  used as the solid phase.  

The investigation* was c a r r i e d  out on an expe r imen ta l  instal la t ion for  which a schemat ic  d i ag ra m and 
the m e a s u r e m e n t  p rocedure  was desc r ibed  in [2]. But in con t ras t  to [2], the s t a r t - u p  and heated sect ions 
were  made of one common pipe without joints  or  connections.  The inner d i a m e t e r  of the pipe was 14 ram. 
The heat ing was accompl i shed  with rad ia t ive  e l ec t r i c  fu rnaces  in sect ions  on a pipe length of 4 m. 

The s epa ra t e  de te rmina t ion  of the t r a n s f e r r e d  hea t  flux for  the sect ions  f r o m  the di f ference in the power  
supplied and los t  through the t h e r m a l  insulat ion of the furnaces  made it  poss ib le  to find in each t e s t  the c h a r -  
a c t e r i s t i c s  of the hea t  exchange for  d i f ferent  pipe lengths x = 1, 2, 3, and 4 m.  

In o r d e r  to study the influence of the dynamic conditions of en t rance  of the s t r e a m  on the hea t  exchange 
we provided for  the de l ive ry  of solid pa r t i c l e s  to the ca r ry ing  a i r  at d is tances  of 0.07, 0.3, 0.75, and 1.37 m 
f r o m  the heated  section.  The s t a r t - u p  sect ion had spec ia l  f i t t ing in i ts  upper  pa r t  for  this.  A calculated e s t i -  
mate  of the veloci ty  of the solid pa r t i c l e s  a t  the ent rance  to the heated sect ion,  made on the bas is  of a o n e -d i -  
mensional  flow model ,  showed that with such s t a r t - u p  lengths under  the conditions of the expe r imen t s  the p a r -  
t icle veloci ty  was about 0.2-0.85 of the veloci ty  of the t r anspor t ing  gas. 

The invest igat ion was c a r r i e d  out at f low-ra te  concentra t ions  of the solid phase  of f r o m  0.17 to 8 kg pe r  
1 kg of a i r .  The Reynolds number  of the gas was va r i ed  in the in terva l  of Rew;d  = 1950-18,000. In this case  
the t r anspor ta t ion  of the pa r t i c l e s  was s table  with a s table drop of s t r e a m  p r e s s u r e  over  the pipe length in each 
test .  The s t r e a m  t e m p e r a t u r e  at  the en t rance  to the heated sect ion was in the range of t o = 10-60~ The wall  
t e m p e r a t u r e  along the length of the pipe was kept near ly  constant  and was va r i ed  f r o m  130 to 690~ f r o m  tes t  
to test .  Measu remen t s  in the c ross  sect ions x/d = 35.7 and 207 showed that  it a l s o h a r d l y v a r i e d o v e r t h e p e r l m -  
e t e r  of the pipe in each tes t .  

*Engineer V. I. Rednikov took p a r t  in conducting the t es t s .  
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�9 TABLE 1. Values of the Multiplier c and the Exponent 
n in the Empir ica l  Equations 

X ~ I  ~ 2  IT1 x ~ 3  I1q X ~ 4  ITI 
Equa- (X/d=7~,5) (x/d~286) (x/d~214,5) (x/d-~143) 
tion 

(5) 
(6) 
(7) 

c n 

0,0034 0,9 
0,0106 0,74 
2,96 

c n 

0,001560,95 
0,00566 0,79 

3,63 

0,0009 0,9755 0,00065 0,9878 

0,003874,30,81550,003234,970,828 

The coefficient of heat  exchange was determined,  as in [2], f rom the initial t empera ture  difference with 
a limiting relat ive e r r o r  of 6%. 

The tests  with a gas suspension were preceded by tests  with pure air .  

The resul ts  obtained were compared with a calculation by the well-known equation 

Nug, d :  O,OlSRe~:Sd(Tg/Tw )o_5, (1) 

where the coefficient of heat exchange was determined f rom the logar i thmic-mean  tempera ture  difference.  
Good agreement  between the data obtained and the dependence (1) was noted for x = i and 2 m. For  x = 3 and 
4 m the tes t  points had a l a rge r  sca t t e r ,  which was explained by the increased e r r o r  in the determination of 
the tempera ture  difference with the small  temperature  heads at the end of the pipe. 

With allowance for  the relation 

At l = At0 

4St_~_ x 
d 
1 (2) In 

x 
1 - -  4St 

d 

between the initial temperature  difference and has logar i thmic-mean  difference with t w = const [3], 'and for the 
tempera ture  dependences 

~g/~w= (Tg/T w )o.s~, 9g//~w = (Tg/T w )0.6sa (3) 

of the coefficients of thermal  conductivity and viscosi ty  of a i r  [4], one can t r ans fo rm (1) to the form 

{ [ x/d ( Tg "~0"77361' d 
d--~ 1 - -  exp Rew',hPrw -Tw Red'wPrw - " 

(4) 

The coefficient of heat  exchange determined f rom (4) is r e f e r r ed  to the initial t empera ture  difference.  

The tes t  data obtained sat isfy (4) with an accuracy  of ~:4% for all the pipe lengths. Thei r  approximation 
led to the simple dependence 

o ~ (5) Nuw. d = c Re ~, d 

where the mult ipl ier  c and the exponent n of the Reynolds number are  var iable  and depend on x/d. The values 
of c and n are  presented in Table 1. 

The resul t s  of the tes ts  on heat exchange with a gas suspension for different lengths of heated section 
are  presented in Figs.  1 and 2. 

It is seen f rom Fig. 1 that a change in the length of the preconnected isothermal  s ta r t -up  section does not 
affect the intensity of heat  exchange. Separation of the test  points into l ayers  with respec t  to the s ta r t -up  
length is also absent in the coordinates of Fig. 2 (not shown in the figure).  A decrease  in the s ta r t -up  length 
to 0.07 m with other  p a r a m e t e r s  in the tes ts  unchanged led to a decrease  in the wall tempera ture  at the s ta r t  
of the heated section. But a decrease  in tw was recorded  only by the f i r s t  and, to a l e s se r  extent, by the 
second thermocouples ,  mounted on the wall at the c ross  sect ions x/d = 7.15 and 21.4. It comprised  a few de-  
grees  or  tenths of a degree and was not ref lected in the indices of average heat exchange for  pipe lengths x -> 1 

m. 
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Fig. I Fig. 2 

n 
Fig. 1. Dependence of Nuw,d/Rew, d on f low-rate  par t ic le  concent ra -  
tion K, kg/kg: 1) x = 1 m; 2) 2; 3) 3; 4) 4 m; a) Xst = 0.07 m; b) 0.3; c) 
0.7; d) 1.37 m; e) f rom Eq. (6). 

Fig. 2. Dependence of Nuw,d/(1 + 0.3K) on Reynolds number  Rew,d: 1) 
x = 1 m; 2) 2; 3) 3; 4) 4 m; solid curve) f rom Eq. (7). 

NUW, d 1 I 
- 

/ 2 3 4 x  

Fig. 3. Dependence of Nuw,d/NU~ 
on pipe length x, m: 1) K = 1 kg/kg; 
2) 3; 3) 7; solid curve) Rew, d = 3000; 
dashed curves) Rew,d = 15,000. 

The absence of an influence of the initial par t ic le  velocity on the heat exchange indirect ly confirms the 
concept [2] that two s t ruc tura l  zones of flow are  present  in the thermal  initial section of the pipe: a boundary 
layer  of gas with an increased viscos i ty  and the d isperse  core of the s t ream.  With the concentrat ion of the 
solid par t ic les  in the core of the s t r eam a pecul iar  "cold" t ranspor t  zone forms where there the fur ther  speed-  
up of the par t ic les  in the axial direct ion occurs .  The resul ts  obtained in the tests  also allow one to conclude 
that the format ion of the indicated zones of the s t r eam is the same at the entrance to the heated section in the 
investigated range of par t ic le  velocit ies.  

It is seen f rom Figs.  1 and 2 that the charac te r  of the dependence of the heat exchange on the controlling 
fac tors  undergoes some changes over the length of the pipe. Whereas  for  x = 1 m there is a minimum of the 
heat-exchange intensity in the vicinity of K = 1.2 kg/kg (Fig. 1), for x - 2 m such a minimum is absent. But 
the presence  of a section of a reduction in heat-exchange intensity with an increase  in par t ic le  concentration 
f o r x = l m  shows up out t a x = 3  m f o r  K <  1.8 kg/kg. In this region of concentrat ions f o r x = 2  a n d 3 m t h e  
curve of the dependence of Nuw,d/Rew,d on K is f lat ter  than that for K > 1.8 kg/kg. 

The experimental  data obtained are  general ized by the empir ica l  dependence 

C a NUw, d :  Rew,d(l + 0.3K), (6) 
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which for  x = 1, 2, and 3 m is valid in the region of concentrat ions K = 1 .5 -8  kg/kg, while for  x = 4 m it  is 
valid for  K = 0.17-8 kg/kg. The values  of c and n for  the invest igated x a r e  p resen ted  in Table  1. 

Dividing (6) by (5), we obtain the dependence 

NUw'd- = cue-~ q -~ 0.3K), 
NuO d ~x w,d '~ (7) 

fo r  the re la t ive  hea t  exchange,  where  the values  of the mul t ip l ie r  c v a r i e s  l inear ly  with x (Table 1). 

The dependence of the intensi ty  of re la t ive  heat  exchange on the pipe length is shown graphica l ly  in 
Fig. 3. 

The r e su l t s  obtained w e r e  compared  with the data of [2, 5], where  a pipe 13 m m  in d i ame te r  and the 
s a m e  pa r t i c l e s  of the solid phase  of the s t r e a m  were  used. While the quali tat ive a g r e e m e n t  was  good, there  
we re  some quanti tat ive d i f fe rences ,  which came down to the following: The min imum of the hea t -exchange  
intensi ty for  x = 1 m is m o r e  weakly e x p r e s s e d  and is shifted toward lower  par t i c le  concentra t ions  for  a pipe 
of l a r g e r  d i a m e t e r  (in [2, 5] it co r responded  to K = 1.3 kg/kg). The leve ls  of hea t -exchange  intensi ty  obtained 
in the p r e s e n t  work  exceed  the analogous data of [5] for  x = 1 m by 20-24%, for  x = 2 m by 6-7%, and for  x = 3 
m by 3-4%. 

These  d i s a g r e e m e n t s  can be pa r t l y  explained by a di f ference in the conditions of c rea t ion  of the t h e rma l  
boundary l aye r  at  the en t rance  to the heated section.  In con t ras t  to [2, 5], where  the s t a r t - u p  sect ion was  
made of g lass  pipe ,  in the p r e s e n t  work  an e a r l i e r  and m o r e  gradual  c rea t ion  of the boundary l aye r  of v iscous  
gas in the s t a r t - u p  sect ion took place  owing to the sp read  of heat  along the pipe wall .  This  could affect  the 
in terac t ion  of pa r t i c l e s  with the gas l aye r ,  lead to i ts  thickening, and inc rease  the hea t -exchange  intensi ty as  
a consequence.  

But the influence of the pipe d i a m e t e r ,  which shows up mainly  in the initial sect ion,  evidently m u s t b e  
cons idered  as the main  r e a s o n  for  the d i s ag reemen t s  obtained. With an inc rease  in the pipe d ia~eCer  the c ro s s  
sect ion of the "cold" core  i n c r e a s e s ,  and i ts  poros i ty  grows at  the s ame  values  of K. The p~ar~cles obtain a 
re la t ive ly  l a rge  capaci ty  fo r  rad ia l  mot ions .  This  and the m o r e  cons iderable  level  of gas turbulence in the 
core  lead to i ts  e a r l i e r  " s m e a r i n g  out , "  as a r e su l t  of which the intensi ty of heat  t r a n s f e r  i n c r e a s e s .  As the 
pa r t i c l e s  sp read  out ove r  the en t i re  pipe c ro s s  sect ion beyond the t he rma l  initial  sect ion [2] the infliaence of 
the pipe d i ame te r  on the hea t  exchange d e c r e a s e s .  

The growth of hea t -exchange  intensi ty along the length of the pipe obtained in the t e s t s  (Fig. 3) allows 
one to judge the signif icant  ro le  of rad ia l  mot ions  of pa r t i c l e s  in the m e c h a n i s m  of hea t  t r a n s f e r  f r o m  the wall ,  
and it points to the pecu l i a r  flows of non i so thermal  gas - suspens ion  s t r e a m s .  

d 
X 

Xst 
K = Gs/G 
G s and G 
t,  T 
~t0, At/ 
k 

Nu 
Re 
P r  
St 

N O T A T I O N  

is the pipe d i ame te r ;  
is the length of heated section;  
is the length of s t a r t - u p  sect ion;  
is the f low- ra te  concentrat ion of solid pa r t i c l e s ;  
a re  the m a s s - f l o w  r a t e s  of pa r t i c l e s  and gas;  
a re  the t e m p e r a t u r e ;  
a r e  the init ial  and l o g a r i t h m i c - m e a n  t e m p e r a t u r e  heads;  
is the coeff icient  of t he rm a l  conductivity;  
is the coefficient  of dynamic  v i scos i ty ;  
is the Nusse l t  number ;  
is the Reynolds number ;  
is the Prandt l  number ;  
is the Stanton number .  

I n d i c e s  

w 
g 
0 

is  the p a r a m e t e r  at  wall  t e m p e r a t u r e ;  
is the p a r a m e t e r  at  gas t e m p e r a t u r e ;  
is the p a r a m e t e r  under  conditions at the ent rance .  
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S T A B I L I T Y  OF  O P E R A T I O N  

H E A T E D  F L U I D I Z E D  B E D S  

V.  A .  B o r o d u l y a ,  Y u .  
a n d  V.  V.  Z a v ' y a l o v  

OF APPARATUS CONTAINING 

A.  B u e v i c h ,  UDC 621.783.2:66.096.5 

The influence of t empera tu re  on the conditions of dis turbance of stabil i ty and the es tabl i shment  
of a se l f -osc i l l a to ry  mode of fluidization is investigated.  

It was shown e a r l i e r  that the fluidization p rocess  becomes unstable under  cer ta in  conditions in apparatus 
containing fluidized beds which are  cha rac t e r i zed  by a " f ree"  subgrid chamber  of re la t ive ly  large volume and 
a gas-dis t r ibut ion grid of low hydraul ic  r es i s t ance  [1]. A dis turbance of stabili ty leads to "driving" of the sy s -  
tem with the ul t imate es tab l i shment  of a se l f -osc i l l a to ry  mode of fluidization. Such a mode was studied theo-  
re t i ca l ly  and exper imenta l ly  in detail  in [2, 3] under  ord inary  conditions,  i .e . ,  with fluidization by a cold gas. 

Somet imes ,  especia l ly  in apparatus of large  size containing large  amounts of granular  ma te r i a l ,  se l f -  
oscil lat ions a re  an undesirable  phenomenon, since they lead to the appearance of cyclic impact  loads on the 
gas-dis t r ibut ion grid and other  e lements  of the s t ruc ture  of the apparatus  with the i r  possible destruct ion.  At 
the same t ime,  se l f -osc i l la t ions  promote  be t te r  mixing of the granular  mate r ia l  and intensification of var ious  
bulk p r o c e s s e s  ca r r i ed  out in a granular  bed, and in a number  of cases  they can be considered as a natural  
and easi ly attainable means  of improving the working cha rac te r i s t i c s  of the apparatus.  The investigation 
of the stabili ty of the fluidization p roce s s  and the p a r a m e t e r s  of se l f -osc i l la t ion  cycles under conditions r e f l e c t -  
ing the operat ion of rea l  apparatus the re fo re  turns out to be v e r y  impor tant  in a p rac t ica l  respec t .  

F i r s t  of all ,  the t empera tu re  dependence of the region of stabili ty in the space of the p a r a m e t e r s  of the 
p roces s  is of undoubted in teres t .  In fac t ,  rea l  apparatus  usually operate  at e levated t em p e ra tu r e s ,  and some 
of the important  p a r a m e t e r s  va ry  quite s trongly with a change in t empera tu re .  The resu l t s  of the expe r imen-  
tal r e s e a r c h  in [2, 3], c a r r i ed  out on "cold" labora tory  instal lat ions,  obviously cannot be employed d i rec t ly  in 
an analysis  of "hot" industr ia l  apparatus;  but quali tat ive conclusions about the influence of t empera tu re  on the 
stabil i ty of the fluidization p roces s  can be drawn on the basis of the general  theory in [1], which remains  valid 
as before.  

For  this it  is sufficient to use the equation determining the boundary of the region of stabili ty [1], 

v"2=-~n ~ l - -n 14- I--  4 1'/21 
- -  N [(Nn) - 1 - 1 - n l  2j ! .  (1) 

Here  the following dimensionless  p a r a m e t e r s  a re  introduced: 

k~ N 2 p S k t  H o 
n = --ki ' v m  , v = vck~V ,  v = - ~  (Q~, - -  Qo). (2) 

Only four quantit ies f rom (1), (2) va ry  significantly upon the heat ing of a bed: p, v, kl, and k2; by p rope r ly  
allowing for  their  t empera tu re  dependence in Eqs. (1) and (2) it is easy  to evaluate the influence of the la t te r  
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