
I N V E S T I G A T I O N  O F  H E A T  T R A N S F E R  IN T R A N S V E R S E  F L O W  

OF A H I G H - T E M P E R A T U R E  D U S T -  GAS P A S T  A C Y L I N D E R  
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The resul ts  of experimental  determinations of the effective coefficient of heat t ransfer  at the 
front surface (in the region of the forward cri t ical  point) of a cylinder with a h igh- tempera -  
ture d u s t - g a s  flow are  presented.  A formula is obtained to determine the relat ive (in com-  
parison with a pure gas) intensity of heat t ransfer .  

The regular i t ies  of heat t ransfer  between surfaces  and d u s t - g a s  flow have been investigated quite 
thoroughly mainly for the Case of longitudinal flow past  the surfaces  [1]. Data on heat t ransfer  for t r ans -  
verse  flow past  bodies are  very few. There  are  a few ar t ic les  [2, 3], in which the process  of heat t ransfer  
with a spherical  surface is investigated. Data on heat t ransfer  of d u s t - g a s  flows with a cylindrical  su r -  
face in the case of t r ansve r se  flow are  pract ica l ly  nonexistent. At the same time heat t ransfer  in such a 
flow is of great  interest  for a whole ser ies  of devices.  

It is known [1, 4] that the presence  of solid par t ic les  in a gas flow leads to an appreciable intensif ica- 
tion of the p rocess  of heat t ransfer  with the surface.  The heat passes  f rom the flow to the surface due to 
thermal  conductivity, convection, radiation, and also as a resul t  of di rect  contact of par t ic les  with the su r -  
face. A mathematical  descript ion of such a p rocess  is very  difficult. 

For a quasis ta t tonary process  and quasistabtl ized flow of a d u s t - g a s  with fine par t ic les  having small 
thermal  drag the cr i ter ia l  equation of heat t ransfer  with the surface has the form [1, 5] 

d To 
NUd='~£d = / ( R e .  Pr, 13, d s ,  Ti ) . (1) 

The present  work is devoted to an experimental  investigation of the dependence of heat t ransfer  of the 
downward d u s t - g a s  flow with the front surfaee of a cylinder on the nondimensional pa ramete r s  enumerated 
above. It should be noted that according to [1] for p < /?or - 0.03 Prandtl  number Pr  for a d u s t - g a s  flow 
differs insignificantly from Pr  for a pure gas flow. 

An experimental  equipment was prepared  and set up to study the heat t ransfer  p rocesses ;  its sehe-  
matic diagram is shown in Fig. 1. The gas from an air  system is blown through a furnace and enters a 
collector.  Par t ic les  of aluminosiIieate* are  poured into the bin and are  heated to the gas temperature .  
When the tempera tures  of the gas and the par t ic les  become equal the shutter opens and the par t ic les  enter 
the collector through a flow gate and are  mixed with the gas. The flow rate of the solid phase is controlled 
by changing the diameter  of the flow gate. After the collector the d u s t - g a s  flow is directed into a ver t ical  
cylindrical  ehannei of 50 mm diameter  in order  to stabilize the flow. The working channel and the bin are  
thermal ly  insulated and provided with a sheath of thermal  screen intended for eliminating axial tempera ture  
gradients.  The tempera ture  of the flow and the par t ic les  in the bin are measured by a C h r o m e l - C o p e l  
thermocouple of 100 #m diameter .  Special measurements  of the tempera tures  of the par t ic les  and gas,  
made with the use of a cup thermometer  [6], showed that there is pract ical ly  no difference between the 
tempera tures  of the solid and gas components of the flow. The accuracy  of maintaining and measurement  
of tempera ture  is :~2°C. 

* SphericaI par t ic les  of aluminosil icate with mean dimensions d S = 60, 130, 235 #m and density PS = 1650 
kg/m 3 were used as the solid phase. 
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Fig. 1. Schematic  d iagram of the exper imenta l  equip- 
ment: 1 ) r o t a m e t e r ;  2 ) fu rnace ;  3 )co l l ec to r ;  4~ load-  
ing bin; 5) flow ra te  gate; 6) working channel; 7) inlet 
mechanism;  8) oscil lograph; 9) cyclone. 

Fig. 2. Velocity prof i les  of the gas: 1) gas  flow in the 
absence  of solid par t ic les ;  2) d u s t - g a s  flow. 

The veloci ty field of the gas in the d u s t - g a s  flow is measu red  with the use of a combined P i t o t - P r a n d t l  
tube. The exper iments  with the d u s t - g a s  flow were  preceded  by m e a s u r e m e n t s  of the veloci ty  field for a 
pure  gas flow. The d ivergence  between the ave rage  veloci t ies  of the gas measured  by the r o t a m e t e r  and 
computed f rom the readings  of the P i t o t - P r a n d t l  tube is within 5%. The same  a g r e e m e n t  between the com-  
puted and exper imenta l  values of the ave rage  velocity of the gas is obtained also for the d u s t - g a s  flow. 
The cha rac t e r i s t i c  prof i les  of the veloci ty field of the gas in the case  of d u s t - g a s  flow and pure  gas flow 
a re  shown in Fig. 2 for T O = 673°K and Vav = 4 m / s e c .  It should be pointed out that during the d u s t - g a s  
flow an equalization of gas veloci t ies  o c c u r s  over  the c ross  section of the channel; this is perhaps  caused 
by the turbulence generat ing effect  of the pa r t i c l e s .  The average  veloci t ies  of the pa r t i c l e s ,  de te rmined  
with the use of fi lming, differ  apprec iably  f rom the veloci t ies  of the gas in the ent i re  range  of concen t ra -  
tions and s izes  of the solid fract ion.  The flow ra te  of the pa r t i c l e s  is de te rmined  by the weight method 
with an accu racy  of =~6~c. The flow ra te  volume concentrat ion of the pa r t i c l e s  in the flow is de te rmined  
f rom the express ion  /3 = G S / P S / V S .  This cha rac te r i s t i c  is re la ted  to the flow ra te  weight concentrat ion 
(~) through the following relat ion:  fi = ~ P / P S .  All the flow p a r a m e t e r s  a re  measured  in the working s e c -  
tion of the channel with s t eady-s t a t e  t he rma l  and hydrodynamic  r e g i m e s  (L/D > 60 in the exper iment) .  

An asbes tos  cement  cyl inder  is used as the working body (samples  with 4.8 and 12 mm d iame te r  
were  used in the exper iments)  which is introduced into the opera t ing section of the channel by a specia l  
spr ing device.  The t ime of introduction of the sample  into the flow is less  than 0.1 see.  The bas ic  
thermophys ica l  cha rac t e r i s t i c s  of asbes tos  cement  w e r e m e a s u r e d  by the method of V. S. Vol 'kenshtein [7] 
(k = 0.52 W / m ' d e g ,  a = 1.08 m2/h). A c o p p e r - c o n s t a n t a n  thermocouple  rol led to a thickness of 10-15pro  
was fixed to the sur face  of the cylinder.  The es t imated e r r o r  in the m e a s u r e m e n t  of the sur face  t e m p e r a -  
ture  by this thermocouple  is less  than 4~c. The t ime var ia t ion of the t e m p e r a t u r e  on the sur face  of the 
cylinder is r ecorded  with the use of an H-105 loop osci l lograph.  

The method proposed in [8] is used to de te rmine  the local  heat  t r an s f e r  coefficient in the region of the 
forward  c r i t i ca l  point. Solving the p rob lem of heating of an infinite* cylinder [9] 

* Cylinders  with (l/d) > 4 were  used in the exper iments .  The es t imated  e r r o r  in the m e a s u r e m e n t  of the 
sur face  t e m p e r a t u r e  f rom computat ions for  an infinite cylinder is less  than 2%. 
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Fig.  3. Heat  t r a n s f e r  coeff ic ient  (a ,  W / m  2- deg) as a function of 
the flow r a t e  volume concen t ra t ion  (fl) and d i a m e t e r  of  p a r t i c l e s :  
1) d S =  60; 2) 130; 3) 2 3 5 p m .  

Fig.  4. Dependence  of  r e l a t ive  in tens i f ica t ion of heat  t r a n s f e r  on 
the t e m p e r a t u r e  f ac to r :  1) fl = 1 . 6 . 1 0  -3, d S =  6 0 # m ;  2)/? = 1 . 6  
• 10 -3 , d s = 1 3 0 / z m ;  3)/? = 1 . 6 - 1 0  -3, d s = 2 3 5 ] ~ m ;  4 ) / ? = 2 . 4  
• 1 0  -3 , d S = 1 3 0 # m ;  5) /? - - 3 . 8 " 1 0  - 3 ,  d s  = 1 3 0 / ~ m .  
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Fig.  5. Gene ra l i zed  dependence  of 
r e l a t ive  in tens i f ica t ion  of heat  t r a n s -  
fer  (A = /?l'38(T0/Ti)3"8 x (d/ds)°'8): 
1) R e = 6 0 ;  2) Re = 570; for  r e m a i n -  
ing notat ions see  Figs .  2 and 3. 

OT = a ( O~T 1 OT I 
\ _-==--tOt "~ r Or ] (t2-O; O..<r-<R) Ot 

with the initial and boundary  condit ions 

T (r, O) = Y i; - -  )~ o r  (R, t) 4- (z [T o - -  T (R, t)] = 0; 
ar 

we obtain the function T(R, t): 

T(R, t ) - - T i  1 - V  

To - -  Ti ~n=l 
w h e r e  

OT (0, t) O, 
dr 

(2) 

2 (3) AnJo ( ~ )  exp (--  ~n Fo), 

J0 (bt~) 1 2Bi 

J1 (~ )  Bi J, (~t~) (~t2n + Bi 5 

The heat  t r a n s f e r  coeff ic ient  is found f r o m  the solut ion of Eqs.  
(3) using e x p e r i m e n t a l l y  d e t e r m i n e d  t e m p e r a t u r e  of the su r face .  
The nons ta t iona r i ty  of the heat  t r a n s f e r ,  r e l a t ed  to the used 

p r o c e d u r e  of expe r imen t ,  imposes  ce r ta in  r e s t r i c t i o n s  on the computa t ion  of the h e a t - t r a n s f e r  coeff ic ient  
f r o m  f o r m u l a  (3). However ,  f r o m  the a pp rox ima te  solut ion [10] of equat ions of nons t a t i ona ry  hea t  t r a n s f e r  
and our  e x p e r i m e n t s  the t ime for  the s t e a d y - s t a t e  r e g i m e  to get  e s t ab l i shed  (in t e r m s  of a) is l e s s  than 
0.3 sec;  this p e r m i t s  u s t o u s e t h e  solut ion o fEqs .  (3) for  the computa t ion  of the h e a t - t r a n s f e r  coeff ic ient  with 
adequate  a c c u r a c y .  

In o r d e r  to check  the su i tabi l i ty  of  the used p r o c e d u r e  expe r imen t s  with a pu re  gas w e r e  c a r r i e d  out 
be fo re  the inves t igat ion of hea t  t r a n s f e r  of the d u s t - g a s  flow. The ana lys i s  of these  expe r imen ta l  r e s u l t s  
showed that  the heat  t r a n s f e r  between a i r  flow and the cyl inder  is well  app rox ima ted  by the c r i t e r i a l  equa-  
tion [11] 

Nu = ~d  = 1.14 Re °'5 Pr °'37~. (4) 

These  r e su l t s  w e r e  used a l so  for  the ca lcula t ion of the r e l a t ive  in tens i f ica t ion of heat  t r a n s f e r  by the dust  
- g a s .  

Expe r imen t s  on the hea t  t r a n s f e r  between the d u s t - g a s  flow and a fixed cy l inder  w e r e  c a r r i e d  out for  
the fol lowing r anges  of var ia t ion  of the cont ro l l ing  f a c t o r s :  

Re = 6 0 - -  600, [~ = (3 - 60), 10 -4, To/T i = 2 --  3, d/d s = 17-- 200. 
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Each point on the graphs corresponds to the average value of experimental  data from 3-4 identical exper i -  
ments.  The maximum deviation from the average values does not exceed 5%. 

The dependence of the local coefficient of heat t ransfer  in the region of the forward cri t ical  point of 
the cylinder on the concentration of solid phase and the diameter  of the par t ic les  is shown in Fig. 3 for T O 
= 673°K and v = 2 m/sec .  The form of the curves remains  unchanged on varying the flow pa ramete r s .  An 
increase of the concentration or a decrease  in the part icle  diameter  leads to an appreciable intensification 
of the heat t ransfer .  It should be noted that in the range of small  concentrations (fl < 10 -3, which c o r r e -  
sponds to p < 3.5) for large par t ic les  (d S = 235 pro) an anomalous decrease  of the hea t - t rans fe r  coefficient 
is observed.  An analogous phenomenon was also observed in [12, 13] for the case of longitudinal flow. A 
qualitative explanation of this effect is attempted in [1]. In cr i ter ia l  analysis this range of concentrations 
was excluded. The following relat ions were established on the basis of the experimental  data: 

( Nu~d _ 1) .-~ ~'.38 ' 

Nu 

Nud 
Here ~ - 1  is the relative intensity of heat t ransfer  of the d u s t - g a s  flow in comparison with pure gas. 

Nusselt  number for the pure gas is computed from formula (4). 

The effect of the tempera ture  of the flow on heat t ransfer  was investigated for T o = 573-873°K (Fig. 4). 
The dependence of the relat ive intensification of heat t ransfer  on the tempera ture  factor  is given by the 
relation 

Nu d 
Nu 

in the entire range of variation of the pa ramete r s .  
tempera ture  faetor  is explained as due to radiation. 

\ 

1 ) ~ (To/T i )~.8 

In the case of longitudinal flow [13, 14] the effect of the 
This faci l i tates dividing the effective heat t ransfer  co-  

efficient into two components, radiative and convectional; the lat ter  is independent of the temperature .  
However, s imi lar  computations car r ied  out by us showed that in our case the dependence on the t empera -  
ture factor  is of a more complicated nature and cannot be attributed to radiation alone. This indicates a 
significant role of the contact heat t ransfer  due to the collisions of the par t ic les  with the sample in the case 
of t r ansverse  flow. 

The dependence of the relat ive intensification of heat t ransfer  on Reynolds number was investigated 
in a wide range of variation of the basic pa ramete r s .  It was found that (Nud/Nu-1) is prac t ica l ly  indepen- 
dent of Re. 

A combined analysis of all the experimental  data on heat t ransfer  is given in Fig. 5. The following 
dependence describing the heat t ransfer  between the cylinder and the d u s t - g a s  flow is obtained by the 
method of least  squares with a probable e r r o r  of =~10%: 

NUd 1 ---- 3.6[3 ''ss (d/ds)°'s (To/Ti)3"8. (5) 
Nu 

This dependence is valid in the ranges 10 -3 < fl< 6 .10  -3 , 17 < d /ds  < 200, 2 < T0/T i < 3, 60 < Re < 600. 

The present  resul ts  were used in the investigation of the regular i t ies  of ignition of condensed mater ia l  
by h igh- tempera ture  d u s t - g a s  flow. 

N O T A T I O N  

D i s t h e  diameter  of the channel; 
S is the a rea  of the t r ansve r se  c ross  section of the channel; 
d is the diameter  of the cylinder; 
d S is the diameter  of solid part icles;  
T O is the tempera ture  of the flow; 
T i is the initial tempera ture  of the cylinder; 
GS is the weight flow rate of solid component, kg/sec;  
fi is the flow rate volume concentration, m ~ • s e c / m  3 • sec; 
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# is the flow ra te  weight concentration; 
is the heat  t r ans fe r  coefficient; 

p is the density of gas at To; 
;~, a a re  the thermal  conductivity and thermal  diffusivity, respect ively;  
Re is the Reynolds number; 
Nu is the Nussel t  number; 
Pr  is the Prandtl  number.  

S u b s c r i p t s  

d is the quantity pertaining to d u s t - g a s  flow. 
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