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Resul ts  of an experimental  study are  shown concerning the local heat  t r ans fe r  during a pneu- 
matic  t r anspor t  of graphite par t ic les  (mean size 0.180 mm and 0.065 mm) through a horizontal  
duct (diameter 18.8 ram).  

It is  well known [1] that, when solid par t ic les  are  t ranspor ted  pneumatical ly through horizontal  ducts 
at an insufficiently high gas velocity, the concentration of par t ic les  is much higher  in the lower than in the 
upper  portion of the duct.  In a heated duct, therefore ,  large t empera tu re  differences may  then develop 
around the wall c i r cumfe rence .  For  calculating the local heat t r ans fe r  under such conditions, formulas  
derived empir ica l ly  on the basis  of a symmet r ica l  distribution of par t ic les  as in vert ical  ducts, for  ex-  
ample, become entirely inadequate.  

The heat t r ans fe r  has been analyzed in [2, 3] for a nonuniform c ros s  sectional distribution of par t ic les  
in a horizontal  duct. Here the data obtained in [2] on the variat ion of heat t r ans fe r  around the c i r c u m -  
ference contradict  the resu l t s  obtained in [3]. 

In this study we were  concerned with the local (lengthwise and circumferent ial ly)  heat t r ans f e r  du r -  
ing the flow of an a i r -g raphi te  mixture  through a horizontal  duct d = 18.8 mm in d iameter .  The tes t s  were 
per formed at an approximately constant gas velocity w = 13 m / s e c .  The Reynolds number ,  calculated per  
total duct section, was Re = 16,200. The graphite par t ic les  appeared in two fract ions:  size d S = 0.065 mm 
and size d S = 0.180 ram. The sieve analysis  of these fract ions is  given in [4]. The m a s s  discharge con-  
centrat ion was varied f rom 0.9 to 13.2. Visual inspection of the s t r eam pattern in a glass  duct revealed 
a s t rong bottomward trend in the motion of par t ic les  under these conditions. 

Test  P r o c e d u r e .  The heat t r ans fe r  was studied at an approximately uniform thermal  flux density 
over  the length and over  the c i rcumference  of the test  segment which had been mounted in an apparatus 
described ea r l i e r  [4]. The test  segment was a tube of grade 1Khl8NPT stainless  steel with a 0.36 mm walt 
th ickness .  It was heated by al ternat ing e lec t r ic  cur ren t  fed direct ly through the wall. The heated segment 
was 99 bore d iameters  long, the hooked on i so thermal  segment for  hydrodynamic flow stabilization was 
96 bore d iameters  long. The wall t empera tu re  was measured  with 29 copper -cons tan tan  thermocouples  
which had been welded direct ly  to the outside surface~ These thermocouples  were distributed over  11 
sections along the heated segment.  In each chosen section, except in both end sections,  the thermocouples  
were  located on the top and on the bottom generatr ix;  in six of these sections there  were a l so thermocouples  
on the la tera l  genera t r ices ;  in one section (x/d = 92) there  were  al together  five thermocouples .  

The apparatus operated in the open mode for both gas and solid pa r t i c les .  Solid par t ic les  were fed 
into the gas s t ream from a tank at the entrance to the test  segment.  The hot two-phase s t r eam in the tes t  
segment was then cooled and fed into a separa to r ,  where the solid par t ic les  were collected while clean 
air  was exhausted into the a tmosphere .  The flow rate of the solid phase was determined by weighing the 
separated par t ic les  and the t ime during which they had been fed into the s t r eam.  The flow rate of a ir  was 
measured with a double diaphragm. 
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Fig. 1 Fig. 2 
Fig.  1. Variation of t w along the top and the bottom generatr ix ,  and 
variation of t s along the duct in tes ts  with: ds = 0.180 mm and K = 1.53 
(a), K = !3.2 {b) (t w at the top genera t r ix  1, 3~ t w at the bottom genera -  
t r ix  2, 4~ t s 5, 6). Tempera tu re  t (~176 

Fig.  2. Variation of the tempera ture  excess  (At = tw- t s )  around the 
duct c i rcumference  at x/d = 92 (q = 1,800 W/m 2) and K = 0.86 (1), 1.53 
(2), 2.6 (3), 2.3 (4), 13.2 (5), 12.5 (6): (a) ds = 0.065 mm, (b) d S = 0.180 
ram. Top generatrix r = 0, bottom generatrix r = ~. 

The hydraulic res i s tance  and the heat t r ans fe r  with clean a i r  were  measured  in a p re l iminary  test  
where the Reynolds number  ranged f rom 10,000 to 50,000. The hydraulic res i s tance  data agreed with the 
Blasius formula  within e: 2%.  In the heat t r ans fe r  measuremen t s  the thermocouple  readings were almost  
identical a round any one section, and the values of the heat t r ans fe r  coefficients beyond the the rma l - s t ab i l i -  
zation segment  agreed within ~5% with the formula  in [5]. In comparing o u r t e s t  data with those in [5], a 
correc t ion was made for the thermal  influence fac tor  Tw/T s not exceeding 1,2 in ei ther  tes ts  with clean 
a i r  or  in tes ts  with the a i r - g r a p h i t e  mix ture .  

The heat t r ans fe r  coefficient was calculated according to the formula 

q 
a = tw__t~., (1) 

The thermal  flux density was determined f rom measurements  of the e lectr ic  current  and of the 
e lectr ical  r es i s tance .  Heat losses  were determined in a p r io r  tes t  without an air  s t r eam through the duct.  

The theoret ical  s t ream tempera ture  at a given section was calculated according to the formula  

ls = il + qr~dx (2) 
Gc + G s c s 

Tes t  Resul t s .  Measurements  of local wall t empera tu res  have shown that the cooling rate  var ies  
considerably around the duct c i rcumference  during a bottomward motion of par t i c les .  The wall t e m p e r a -  
tu re  is higher  at the top than at the bottom generatr ix ,  while this t empera tu re  difference within any one 
section inc reases  with the concentrat ion of par t i c les .  It h a s  been found in most  tes ts  that the longitudinal 
variat ion of the wall t empera ture  is wavelike. A typical curve of wall t empera tu re  as a function of the 
length coordinate is shown in Fig.  1, based on the tes ts  with 0.180 mm par t i c l e s .  Analogous curves  have 
been obtained also f rom the t es t s  with 0.065 mm par t i c les .  

The appreciable difference between t empera tu res  at the top and the bottom generat r ix  is explainable 
by the much higher  concentration of solid par t ic les  nea r  the bottom of the duct. The wavelike longitudinal 
variat ion of the wall t empera ture  is ,  apparently,  related to the sinusoidal t r a jec to ry  of par t ic le  motion 
[1], which produced different local concentrat ions along the bottom generat r ix  of the test  duct. 

The c i rcumferent ia l  variation of the wall t empera tu re  is shown in Fig.  2, based on the tes t s  with 
0.180 mm and 0.065 mm par t i c les .  It follows f rom these graphs that, under a lmost  the same conditions, 
the t empera tu re  varied around the c i rcumference  over  a wider range in the case  of 0.065 mm par t ic les  
than in the case of 0.180 mm par t i c l e s .  
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Fig .  3 F ig .  4 
F ig  3. Nu/Nu 0 = f ( x / d ) :  (a) d S=  0.065 m m a n d K = 1 2 . 5 ,  (b) d s 
= 0.180 mm and K = 13.6 (bottom g e n e r a t r i x  1, 2; top g e n e r a t r i x  
3). 

F i g .  4 .  Nu/Nu 0 = f(K) at x /d  = 92 and for  d S = 0.180 mm (bottom 
g e n e r a t r i x  1; top g e n e r a t r i x  2; m e a n - o v e r - t h e - c i r c u m f e r e n c e  
heat  t r a n s f e r  3). 

The heat  t r a n s f e r  along both the top and the bot tom g e n e r a t r i x  within the t e s t  segment  i s  shown in 
F ig ,  3. Here  Nu 0 and Nu denote the Nusse l t  num be r s  for  c lean a i r  and for  the mix tu re  at  a given sec t ion .  

The effect  of concent ra t ion  on the ra t io  Nu/Nu 0 i s  shown in F ig .  4, based  on the t e s t s  with 0.180 mm 
particles. 

DISCUSSION OF RESULTS 

The surprising discovery in this study was that the heat transfer rates at the top and at the bottom 
generatrix differed more in the tests with fine particles than in the tests with coarse particles. A similar 
observation was made by the authors of [3], who experimented with glass particles d s = 0.030mmand d S 
= 0.200 mm in diameter. Tuis marked effect of particle size on the circumferential heat transfer dis- 
tribution was, apparently, due to the greater nonuniformity of fine particle distribution over a duct section 
during the tests. It has been pointed out in [3] that this marked effect of the size of solid particles con- 
tradicts the well known hypothesis according to which the vertical and the horizontal distribution of a sus- 
pension density in a turbulent stream is determined by the ratio Vsus/V. [6], i.e., according to which a 
decrease in the particle size results in a more heightwise uniform concentration. This hypothesis remains 

valid, however, when gravitational downward sedimentation is compensated by a turbulent upward lift, 
i.e., when the solid particles follow the turbulent pulsations of the carrier medium. The latter condition 
can be ascertained, for example, by comparing the orders of magnitude of the characteristic time scales 

of particle motion T S and of turbulent carrier pulsation T. Estimating them at T s ~psd~/pv [7] and T ~ d/w 
respectively, we have 

- -  R e .  (3 )  
p 

Obviously,  par t i c les  w i l l  fo l low the turbu lent  gas pulsat ions only as long as ~-S << ~" Under  ou r tes t  condi-  
t ions, close to those st ipulated in [3], TS/~- ~ 102 fo r  the 0.065 mm par t i c les  and ~-S/T ~ 103 fo r  the 0.180 
mm p a r t i c l e s ,  which ind ica t e s  the absence  of a no t iceab le  effect of turbulent  s t i r r i n g  on the c r o s s  sec t ional  
d i s t r ibu t ion  of both the fine and the c o a r s e  p a r t i c l e s .  Accord ing  to these  e s t i m a t e s ,  then, t he re  i s  no 
cont rad ic t ion  between our  r e s u l t s  and the effect  of turbulent  s t i r r i n g  on the c r o s s  sec t ional  d i s t r ibu t ion  of 
p a r t i c l e s .  

Among the pos s ib l e  f a c to r s  caus ing  an accumulat ion  of f iner  p a r t i c l e s  in the bot tom p a r t  of a duct 
i s  the c lo t t ing phenomenon [8]. The g is t  of i t s  m e c h a n i s m  is  that ,  under  ce r ta in  condi t ions ,  the d rag  
coeff ic ient  d e c r e a s e s  sharp ly  when p a r t i c l e s  come very  c lose  t oge the r .  At that  t ime  the in i t ia l  gas  veloci ty  
i s  too low to hold such p a r t i c l e s  in suspension and thus they drop down. Since the re  a r e  m o r e  fine than 
c o a r s e  p a r t i c l e s  p e r  unit volume at the Same m a s s  concent ra t ion ,  hence th i s  mechan i sm of p a r t i c l e  p r e -  
c ipi ta t ion may turn out to be m o r e  effect ive jus t  in the case  of fine p a r t i c l e s .  Another  f ac to r  he r e  i s ,  
apparen t ly ,  the s ize  of p a r t i c l e s  d S r e l a t i ve  to the th ickness  of the v i scous  sub l aye r  5. When ra t io  d s /5  
i s  l a r g e ,  the l i f t ing force  can m o r e  e a s i l y  e j e c t t h e  p a r t i c l e s  f rom the boundary zone as the duct wa l l .  We note 
the a g r e e m e n t  he r e  with the well  known fact  [9] that  p a r t i c l e s  lying on the bottom a re  blown off when the 
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s t r e a m  veloci ty  becomes  such as  to make  5 < d S. In our  t e s t s  ds /6  = 0.27 for  the 0.065 m m  pa r t i c l e s  and 
ds /6  = 0.75 for  the 0.180 m m  pa r t i c l e s ,  which indicated m o r e  favorab le  conditions for  an accumulat ion of 
fine p a r t i c l e s  at  the bottom of the duct .  

We note,  in conclusion,  that  these  f ac to r s  a r e  not t he  only ones which would explain our  t e s t  r e su l t s .  
The distr ibution of p a r t i c l e s  is ,  apparent ly ,  a lso affected in some way by the f requency of the i r  col l is ions 
with the duct wall .  The signif icance of this  effect  i n c r e a s e s  with the gas  ve loc i ty  and is  m o s t  s t rongly 
felt  in ducts with a smal l  d i a m e t e r .  This,  in pa r t i cu l a r ,  explains  why the r e su l t s  of the e a r l i e r  study [4] 
with the same  pa r t i c l e s  in 8.16 m m  hor izonta l  ducts yielded d i f fe rences  between the heat  t r a n s f e r  at the 
bot tom and at the top gene ra t r ix  which did not exceed the l imi t s  of t es t  a ccu racy .  
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NOTATION 

i s  
is  
i s  
i s  
i s  
i s  
i s  
i s  
i s  
i s  
i s  
i s  

the gas velocity;  
the soa~_ug velocity;  
the dynamic velocity;  
the d i am e t e r  of duct and mean d i ame te r  of solid p a r t i c l e s  respec t ive ly ;  
the heat  t r a n s f e r  coefficient;  
the t he rma l  flux density; 
the t e m p e r a t u r e  of wall ,  s t r e a m ,  and at the ent rance  to the s t r e a m  respec t ive ly ;  
the m a s s  flow ra te  Of gas  and of p a r t i c l e s  respec t ive ly ;  
the specif ic heat  of gas  and of pa r t i c l e s  respec t ive ly ;  
the m a s s  concentrat ion;  
the longitudinal coordinate;  
the k inemat ic  viscosi ty;  

i s  the t he rma l  conductivity of gas;  
i s  the density of gas  and of pa r t i c l e s  respec t ive ly ;  
i s  the c h a r a c t e r i s t i c  t ime  sca l e s  for  the gas  and fo r  the p a r t i c l e s  respec t ive ly ;  
i s  the Reynolds number ;  
i s  the Nussel t  number ;  
i s  the Nusse l t  n u m b e r  fo r  the gas .  
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