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An exper imenta l  appara tus  is desc r ibed  and tes t  r e su l t s  a r e  shown per ta in ing  to the heat  
t r a n s f e r  to a gaseous  s t r e a m  with a suspended chemica l ly  iner t  or  r eac t ing  solid phase .  

T h e r e  a r e  data avai lable  in the technical  l i t e r a tu re  per ta in ing  to the hea t  t r a n s f e r  to a s t r e a m  of a 
chemica l ly  iner t  gaseous  suspens ion and, as is well  known, the fo rmu la s  der ived  by var ious  authors  on the 
bas i s  of  the i r  t e s t  data di f fer  [1]. This  d i s a g r e e m e n t  between the tes t  data obtained by va r ious  authors  can 
be explained by a lack of p r e c i s e  and re l iab le  concepts  concerning the m e c h a n i s m  of heat  t r a n s f e r ,  with a 
consequent  incomplete  cons idera t ion  of all the fac to r s  affect ing the p r o c e s s .  

T h e r m a l  p r o c e s s e s  in industr ia l  appl icat ions with gaseous  suspens ions  a r e  often accompanied  by 
chemica l  changes.  The pa r t i c l e s  of finely comminuted  solid m a t e r i a l s  decompose  then when heated and the 
m a s s  of  the solid phase d e c r e a s e s ,  while the composi t ion  and the amount  of the gaseous  phase  also change 
cor respondingly .  The heat  effect  of a chemical  decomposi t ion reac t ion  and the gas generat ion in the solid 
phase  both cause  a red i s t r ibu t ion  of m a s s  and energy  in the s t r e a m ,  thus addit ionally affect ing the net heat  

t r a n s f e r .  

In this a r t i c l e  the au thors  p r e s e n t  the r e su l t s  of  an exper imen ta l  study concerning the hea t  t r a n s f e r  
to a gaseous suspens ion with an ine r t  o r  a decomposing  solid phase  flowing through a c i r c u l a r  hor izonta l  
pipe.  As an iner t  m a t e r i a l  we used  white m a r b l e ,  as  a r eac t ing  m a t e r i a l  we used sodium bicarbonate  
(baking soda).  These  m a t e r i a l s  have s i m i l a r  dens i t ies ,  p = 2653 k g / m  3 and 2200 k g / m  3 r e spec t ive ly .  The 
t e s t s  w e r e  p e r f o r m e d  with a s ingle  na r row-band  s ize  f rac t ion  of pa r t i c l e s :  0.11-0.22 m m .  Ai r  s e rved  as  

the c a r r i e r  medium.  

The t es t s  w e r e  p e r f o r m e d  with an appara tus  shown schemat ica l ly  in Fig. 1. 

Solid pa r t i c l e s  w e r e  fed s teadi ly  f r o m  bin 1 through an or i f ice  in an in terchangeable  s topper  into the 
a i r  s t r e a m  and were  then a c c e l e r a t e d  to full speed within the 0.8 m long ( x / d  = 61.5) pipe 2 se rv ing  as the 
s tabi l iza t ion zone and made  pa r t ly  of g lass  for  visual  t r ack ing  of the s t r e a m .  

The bas ic  component  of the m e a s u r i n g  equipment  was  a grade 1Khl8N9T s ta in less  s tee l  pipe 3, 16 /13  
m m  in d i a m e t e r  and 3 m long. This  pipe was heated segmenta l ly  in model  SUOL-0,15.2/12 MR e lec t r i c  
ovens .  Each of the th ree  segments  was 1 m long. The ovens were  energ ized  f rom a model  RNO-250-10 
voltage regu la to r  through a model  LATR a u t o t r a n s f o r m e r ,  making  it poss ib le  to adjust  the t e m p e r a t u r e  
dis tr ibut ion in the pipe wall  a long each  segment  and the en t i re  t e s t  zone. The heat  t r a n s f e r  was studied at  
a constant  wall  t e m p e r a t u r e .  In o r d e r  to account  for heat  leakage into the ambient  med ium,  we had a wa t e r  
jacket  5 wrapped  around the t e s t  pipe segments .  The wa te r  inlet and outlet  t e m p e r a t u r e s  we re  m e a s u r e d  
with m e r c u r y  t h e r m o m e t e r s ,  accu ra t e ly  within 0.1~ while the wa te r  flow r a t e  was m e a s u r e d  with a r o t a -  
m e t e r  8. The  wa te r  jacket  was cove red  on top with a l aye r  of t h e r m a l  insulat ion,  which a lmos t  comple te ly  

e l iminated  any s t r ay  heat  l o s s e s .  

The  a i r  flow r a t e  during this expe r imen t  was  m e a s u r e d  with a Pi to t  tube 18. The feed ra t e  of solid 
m a t e r i a l  was  de te rmined  f rom the loss  of weight of bin 1 while the charge  was e jec ted  into the c a r r i e r  
s t r e a m .  C h r o m e l - A l u m e l  the rmocoup les  were  instal led at the cen te r s  of the r e s p e c t i v e  pipe sec t ions ,  
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Fig. 1. Schematic d iagram of the tes t  apparatus :  I) a i r  from 
a fan developing a high p r e s s u r e  head; II) water  f rom a water  
conduit; III) water  drain;  IV) gas sampling for analysis  ; V) a i r  
exhaust into the a tmosphere ;  1 )d i scha rge  bin; 2) glass  pipe; 
3) test  zone; 4) e lect r ic  oven; 5) water  jacket;  6) me rcu ry  
t he rmomete r ;  7) p r e s s u r e  tank; 8) ro t ame te r ;  9) U-tube mano-  
me te r ;  10) standby e lec t r ic  oven; 11) cyclone chamber ;  12) r e -  
ceptacle;  13) p r e s s u r e  regu la tor ;  14) vo l tmete r ;  15) wat tmete r ;  
16) au to t r ans fo rmer ;  17) thermocouple  for measur ing  the 
s t r eam m mpera tu r e ;  18) Pi tot  tube; 19) connecting tube. 

for measur ing  the t empera tu re  of the s t ream at the entrace to and the exit from the tes t  zone as well as 
between the pipe segments ,  with the thermocouple junctions shielded against  radiat ion f rom the wall by 
cyl indr ical  s ta inless  steel tubes coaxially inside the pipe 5.5 mm in d iameter  and 12 mm long each. The 
tempera tu re  of the pipe wall was measured  with C h r o m e l - A l u m e l  thermoeouples  spaced at fifteen points 
0.2 m apar t  along the a la tera l  genera t r ix ,  beginning at 0.1 m f rom the entrance to the tes t  zone. These 
junctions were p res sed  with special  g rommets  into 0.6 mm deep holes which had been dri l led into the pipe 
wall.  

The emf of the thermocouples  was measured  with a model P P - 6 3  potentiometer .  The power to the 
segmental  ovens was measured  with model D539/1 c lass  0.5 wat tmeters .  The maximum power actually 
supplied to the test  apparatus throughout the exper iment  was 5.5 kW. The power losses  in the au to t rans -  
f o rmer  were  determined beforehand under idle conditions without a i r  flow through the pipe. 

Measurements  were  made under steady thermal  and dynamic conditions. 

Exper iment  with an Iner t  Solid Phase.  The wall t empera ture  in the hot zone was var ied  from 83 to 
670~ with the difference between maximum and minimum tempera tu re  along the ent ire  pipe not exceed-  
ing 40~ during any one test .  The t empera tu re  of the air  s t ream at the entrance to the test  zone was varied 
f rom 15 to 42~ The Reynolds number  of the gas s t ream (Re0,d = Gd/p0), r e f e r r e d  to entrance conditions, 
var ied  f rom 4500 to 16,300 and this cor responded  to an a i r  veloci ty f rom 5.25 to 18.7 m / s e e .  M e a s u r e -  
ments  were  made at d ischarge  concentra t ions  ranging f rom 0 to 8.87 kg of solid per  1 kg of a i r .  Tes t s  
with the gaseous suspension were  preceded by tests  with pure air .  After  a steady state had been reached,  
we measu red  all quantities n e c e s s a r y  for calculating the heat t r ans fe r  coefficient  in pure a i r ,  whereupon 
solid par t ic les  were  fed into the s t ream.  It could be seen through the glass  wall along the stabil ization 
zone that, at  low a i r  veloci t ies  the concentra t ion of solid par t ic les  was somewhat higher in the bottom par t  
than in the top par t  of the pipe. Over  the entire range of a ir  veloci t ies ,  however ,  the t r anspor t  p rocess  
appeared stable and no sedimentat ion of  par t ic les  on the bottom of the pipe occur red .  Special m e a s u r e -  
ments  indicated a lmost  the same t empera tu re  around the pipe c i r cumfe rence ,  and this agreed  with the data 
in [2]. 

The mean  heat  t r ans fe r  coefficient  was defined in two ways :  

Q In tw t, 
~ -  F( tx- - to)  t w - - t x  (1) 
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Fig.  2. Relative heat t r ans fe r  ra te  as a function of the d i s -  
charge  concentrat ion,  at x = 3 m and tw = 300~ : (a) heat  
t r ans fe r  coefficient according to formula (1), (b) heat t r a n s -  
fer  coefficient according to formula (2); 1) Re0, d = 6300; 2) 
Re0, d = 12,000. 

Fig.  3. Heat t r ans fe r  coefficients (W/m s �9 deg) as functions 
of the pipe length x (m): (a) mean  heat t r ans fe r  coefficient  
and (b) local heat t r ans fe r  coefficient qAx, for  1) K = 0 (pure 
a i r ) ;  2) K = 0.384; 3) K = 1.1; 4) K = 2.11; 5) K = 3.7; 6) K 
= 5.75; in (b) 7) Re0, d = 7360 and K = 1.97 and t w = 335oc; 8) 
Re0, d = 8900 and K = 3.8 and tw = 385~ 

and 

Q 

c~ F (t w - -  to)' (2) 

with the thermal  flux Q along the tes t  zone from 0 to x (x = 1, 2, 3 m) equal to the difference between the 
e lec t r ic  power supplied for heating and the heat ca r r i ed  away by the cooling water  in the jacket through the 
distance x, and with F = vdx denoting the inside surface a rea  of the pipe. 

The tempera tu re  of the a i r  s t r eam tx at sect ion x was calculated according to the same formula as  
in [3]: 

4 = Q + to (6co 6sCs. 0) (3) 
Gc~ -t- G s Cs.= 

In the tes ts  with pure a i r  (K = 0) the tempera ture  of the s t r eam according  to formula (3) was general ly 
1-3~ higher than indicated by the thermocouples ,  evidently because the la t ter  read local  values within a 
given pipe section.  In the tes t s  with a gaseous suspension, on the other  hand, the calculated t empera tu re  
was lower than measured ,  the difference reaching 40~ at sect ions behind the f i r s t  and the second one. At 
the las t  sect ion of the tes t  zone beth the calculated and the measured  values came c lose r  together.  Such a 
divergence of data indicated an appreciable tempera ture  unbalance between the components of the s t ream.  

The data pertaining to pure a i r  throughout the  tes t  range of pa rame te r  var ia t ion fitted, within 3%, 
the well known formula 

Nu6.a = 0.018 Re~:~ (T~/Tw)~ (4) 

at  section x = 1 m (x /d  = 77). At sections x = 2 m (x /d  = 154) and x = 3 m (x /d  = 231) the actual heat t r a n s -  
fer  ra te  was 12-20% lower than calculated according to this formula,  which could be explained by a l amin -  
ar iza t ion of the s t ream during heating [4]. 

The effect  of the d ischarge  concentrat ion on the heat t r ans fe r  ra te  at sect ion x = 3 m is shown in Fig. 
2 for var ious  values of the Reynolds number  and at approximately the same 300~ wall t empera ture .  It is 
quite evident here  that this effect appears  different,  depending on the method by which the heat  t r ans fe r  
coefficient is determined.  The effect  of the Reynolds number  (i.e., the effect of the a i r  velocity) is shown 
in Fig. 2a and is seen here  to degenerate  into no effect when the Reynolds number  becomes  high: no dist inct  
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Fig.  4. T e s t  data  on the heat  t r a n s f e r  
to a chemica l ly  iner t  and to a c h e m i -  
cal ly  r eac t i ng  s t r e a m :  1) ine r t  s t r e a m ;  
2) s t r e a m  with decompos ing  solid p a r t i -  
c l e s .  

s eg rega t ion  of t e s t  points is noted at  Re0, d > 12,000. These  
r e su l t s  ag ree  with the r e su l t s  in [3], where  the re la t ive  hea t  
t r a n s f e r  r a t e  a l so  did not depend on the Reynolds number  wi th-  
in the range  of turbulent  a i r  flow. With the heat  t r a n s f e r  co -  
eff icient  de te rmined  accord ing  to fo rmula  (2), the re la t ion  
/ ~ G  = f(K)was l inear  ove r  the en t i re  range  of concent ra t ions  
(Fig. 2b) and no segrega t ion  of t e s t  points with r e s p e c t  to the 
Reynolds number  took place .  

Obviously ,  then, fo rmula  (2) is p r e f e r a b l e  to fo rmula  
(1). The t e m p e r a t u r e s  of the wall  and the s t r e a m  at  the pipe 
en t rance  in fo rmula  (2) a r e  a lways  known, while fo rmula  (1) 
is based  on t e m p e r a t u r e  t x accord ing  to fo rmula  (3) and tx does 
not quite c h a r a c t e r i z e  the complex  p r o c e s s  of heat  t r a n s f e r  in 
a gaseous  suspens ion  where  the t e m p e r a t u r e  unbalance between 
the phases  is app rec i ab le ,  so that  fo rmula  (1) is hard ly  val id  
here .  

Typical variations of the heat transfer coefficient along the pipe, according to formula (2) are shown 
in Fig. 3 for various concentrations at a Reynolds number Re0, d = 8100 and a wall temperature tw = 300~ 
It is quite evident here that, depending on the pipe length, at low concentrations the rate of heat transfer 
here can be higher or lower than to a pure air stream. In all the tests with a gaseous suspension the rela- 
tive heat transfer rate increased with the pipe length. 

In order to evaluate the variation in the local heat transfer along the pipe, from some of the test data 
we calculated the local heat transfer coefficient for segments Ax = 0.2 m long according to the formula 

I _ _  

] ~  Ax " 
~Ax 

Here the local thermal flux density q and the temperature difference (t w-tx) were determined from tem- 
perature curves which had been plotted on the basis of test data. The results of such calculations for two 
test runs are shown in Fig. 3b. It is quite evident that behind the thermal starting zone (x/d > 70) ~ in- 
creased with the pipe length. 

This trend of the heat transfer rate according to the test results could be explained as follows. With- 
in the first pipe segment there existed two zones: a thermal boundary layer with a higher air viscosity at 

the wall and a relatively cold mainstream. According to our analysis, solid particles can be expelled from 
the boundary layer, where the viscosity is higher, into the mainstream region of a much higher velocity. 
The mainstream becomes then less turbulent and more stable, which results in a longer thermal starting 
zone. As a consequence, the heat transfer rate is now low and, at low concentrations of particles, was 

lower at x = 1 m than in the case of a pure air stream (Fig. 3a). Behind the thermal starting zone the car- 
rier stream becomes more and more homogeneous and the solid particles from the mainstream gradually 

distribute themselves over the entire pipe section. They penetrate into the viscous sublayer at the wall, 
decreasing its thickness and its specific heat referred to volume, and participate in the radial heat trans- 
fer. At higher air temperatures the stream velocity around the particles and the rate of internal heat 
transfer in the stream both increase too, bring the temperatures of both components closer together. All 

these factors cause the heat transfer rate to increase along the pipe. 

At higher  concent ra t ions  the flow of solid pa r t i c l e s  in the m a i n s t r e a m  becomes  m o r e  cons t ra ined  
and,  t h e r e f o r e ,  the p a r t i c l e s  pene t ra te  fas t  into the reg ion  of higher  a i r  v i scos i ty .  As a r e su l t ,  the t h e r -  
mal  r e s i s t a n c e  is lower  now and the heat  t r a n s f e r  r a t e  i n c r e a s e s  with inc reas ing  concentra t ion .  At  K = 1.3 
the heat  t r a n s f e r  r a t e  a t  x = 1 m in our  t e s t s  was min imum.  Evident ly ,  this  concent ra t ion  level  was the 
c r i t i ca l  one under  o u r  t e s t  conditions and at concent ra t ions  higher  than that pa r t i c l e s  began to be expel led 
f r o m  the " o v e r s a t u r a t e d  n m a i n s t r e a m .  

The genera l i za t ion  of our  t e s t  data for  sec t ion  x = 3 m is shown in Fig.  4. As the graph indicates ,  
the t e s t  points  fit  about a s t r a igh t  l ine which r e p r e s e n t s  the equat ion 

Rew.x(l § 0.32 K). (5) Nuw, x : 0.00205 0.0a 

The heat transfer coefficient for (5) is determined according to formula (2). The maximum error of Eq. 
(5) is 4%. 
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Exper iment  with a Decomposing Solid Phase .  The tes t  procedure  with sodium bicarbonate  was the 
same as with marb le .  The operat ing pa rame te r s  were  var ied  over  the following ranges :  Re0, d = 4500- 
11~200, t w = 380-635~ K = 0.5-4.9 k g / k g ,  and t o = 17-23~ 

The decomposi t ion (calcination) usually begins at  160~ and is an endothermal  react ion.  I ts  equation 
is 

2NaHCOs(soRd ) = NasCO 3 (solid)-~ CO s (gas) ~- HsO (gas) -- 129 ~. (6) 

In our tests the decomposition began along the first pipe segment and proceeded to the end of the pipe. After 
readings had been taken at the exit section of the test zone, the gas was sampled for analysis. On a model 
GKhP-3M gas analyzer we determined the CO s content in these samples. On the basis of this analysis and 
stoiehiometric ratios in Eq. (6), we then calculated the quantitative composition of the reaction products 

and the accompanying heat effect. 

In single tests the decomposition reaction was ran to 90% completion, and the weight increment of the 
gaseous phase ran to 146%. The heat effect of the reaction was 15-51% of the heat supplied to the original 

gaseous suspension. 

The mean heat transfer coefficient at section x = 3 m was determined according to the formula 

q (7) 
- -  c~,  w F (i~. w-i~. o)' 

.W oW 
with the enthalphy Is,w including the heat effect of the reaction, in accordance with the formula is, w 

W 7 ! 
= es,wtw + Qchem/(G + GS), and with the enthalpy Zs, 0 = Cs, 0t0 - The specific heat of sodium bicarbonate 
and of ealcinated soda was assumed independent of the temperature. 

From these test results, as from the earlier tests with marble, we determined the Nusselt and the 
Reynolds number in terms of the gas parameters. An evaluation of these data indicated that it did not 
matter whether the specific heat Cs, w of the stream components in formula (7) referred to the pipe inlet 
or outlet, as long as the thermal conductivity and the viscosity of the gas in these similarity criteria re- 
ferred to the same condition. For practical reasons, it is preferable to determine Cs, w, As, and u w under 
inlet conditions, since otherwise certain difficulties may arise in calculating the thermal conductivity and 

the viscosity of a gas mixture. 

An evaluation of the test results is shown in Fig. 4. Evidently, the test points fit closely about the 
straight line (5). The value which Eq. (5) yields for the heat transfer coefficient is off by not more than 6%. 

An analysis of our test data has shown that Eq. (5) remains valid even with the gas flow rate for the 
Reynolds number taken as the average between entrance rate and the exit rate, and with the concentration 
of the solid phase defined as the ratio of its average flow rate and that of the gas. The values of Cs, W, %w, 
and ~v Were also calculated on the average basis. Thus, according to our method of test data evaluation, 
a redistribution of phases along the stream does not affect the heat transfer, since a drop in the concen- 
tration of the solid phase is compensated by a rise in the gas velocity and an increase in total turbulence 
of the stream due to the gas generated during the decomposition of solid particles. It may be assumed that 
the trends which the heat transfer follows while the solid particles decompose are, according to our mea- 
surements, independent of the mode and the rate of the reaction. The occurrence of secondary reactions 
in the gaseous phase can in many cases [5] have an additional effect on the resulting heat transfer. 

Our study has shown that the heat transfer to a chemically inert gaseous suspension or to one where 
a chemical  react ion occurs  can be descr ibed by the same relat ion,  the only difference being that the heat  
t r ans fe r  coefficient is defined according to formula (1) in the f i r s t  case and according  to formula  (2) in the 

second case .  

NOTATION 

G is the m a s s  flow ra te  of gas;  
G S is the m a s s  flow rate  o f  solid par t ic les ;  
a is the heat t r ans fe r  coefficient;  
d is the inside d iameter  of the pipe; 
x is the length coordinate;  

is the thermal  conductivity of the gas;  
/~ is the v iscos i ty  of the gas;  
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s t r e a m  t e m p e r a t u r e  a t  the pipe en t rance ;  
s t r e a m  t e m p e r a t u r e  at  sec t ion  x a long the pipe;  
wall  t e m p e r a t u r e ;  
mean  t e m p e r a t u r e  of pure  gas;  
specif ic  heat  of the gas ; 
speci f ic  heat  of the solid phase;  
ove ra l l  specif ic  heat  of the s t r e a m ;  
d i scharge  concent ra t ion;  
power  of the heat  ef fec t  in the reac t ion ;  
enthalpy.  

Subscript s 

w denotes  to the value of a physical  p rope r ty  at wall  t e m p e r a t u r e ;  
0 denotes  the value of a flow p a r a m e t e r  a t  the en t rance  t e m p e r a t u r e  ; 
G denotes  pure  gas;  
d denotes  the c h a r a c t e r i s t i c  d imension  (pipe d i ame te r ) ;  
x denotes  the c h a r a c t e r i s t i c  d imens ion  (pipe length);  
s denotes  the value of a s t r e a m  p a r a m e t e r  ca lcula ted  by the rule  of addit ivi ty as applied to s t r e a m  

components  (phases) ; 
' denotes  flow conditions at  the pipe en t rance ;  
" denotes  flow conditions at  the pipe exi t .  

i .  

2o 
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4. 
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