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Results  are  presented  of an experimental  investigation of the local heat exchange during turbulent 
motion of a gas - - so l id  par t ic le  suspension in a short  curvi l inear  channel of square c r o s s  section. 

Short curvi l inear  channels (bends, branches,  elbows) are  elements  of many power, technological ap- 
para tuses  and heat exchangers  in which two-phase sys tems  of the gas--sol idpar t ic le  type a re  used a s the  working 
body or  heat ca r r i e r .  

At this t ime a large number of investigations devoted to the question of the convective heat exchange 
during the flow of a gas with suspended par t ic les  in straight  pipes are  known. These investigations show that 
the heat exchange for slightly dusted flows (/3 < 1-2) is independent of the presence  of the par t ic les  and their 
concentrat ion,  but a reduction in the heat-exchange intensity as compared  with the heat exchange of a pure gas 
is observed  in a number  of cases  [1]. However,  the deduction about a low or  negative influence of the par t ic les  
on the heat-exchange intensity of slightly dusted flows cannot possibly be extended to the case of heat exchange 
with walls causing rotation of the flow. In such cases ,  inert ial  par t ic le  flows directed to the channel walls 
occur  because of the essent ial  difference between the m a s s  densit ies of the par t ic les  and gas. These part icle 
flows can resul t  in an abrupt growth of the heat-exchange intensity. 

Pape r s  devoted to an investigation of the heat exchange of dusted flows in curvi l inear  channels are  not 
known. 

Results  of an experimental  investigation of the local heat exchange of a gas flow slightly dusted with 
fine par t ic les  to the walls of a short  curvi l inear  square channel under flow cooling conditions are  elucidated 
in the present  paper.  

The experimental  investigation was conducted in a nonstat ionary heat mode on an apparatus whose 
diagram is shown in Fig. 1. The apparatus was open to both the gas and solid phase and consis ted of an ex- 
per imenta l  section, a gas  line, a delivery,  sol id-phase meter ing and collecting sys tems,  s t r eam switching, 
and cooling and measur ing  systems.  

The experimental  section 18 was a short  curvi l inear  channel with a 180 ~ turning angle, 60 • 60-ram-  
square c r o s s  section, and 60 mm bending axis radius. It is formed by four plates, three of which are  executed 
as a single whole, while the fourth is a cover  attached to the f rame by using bolts. The channel walls were 
fabr icated f rom stainless  steel and were 12 mm thick. In order  to prevent overflow of heat between the walls, 
they were interconnected by thin i - r am- th i ck  c rossp ieces .  Two-dimensionali ty of the tempera ture  field in the 
walls was achieved by heat-insulating their  side sur faces ,  using forge asbes tos  with an admixture of epoxy 
glue. 

A 1.8-m-long heat- insulated stabilizing pipe was mounted in front of the experimental  section. 

The local heat-exchange coefficients in sections with centra l  angle ~ were determined at the time r 
on the concave, convex, and flat su r faces  forming the channel f rom the relationship 

O T )  --- ~zr (Ts, ~ ~ Tw,~,x). (1) 
- -  ~ ~ n=O,~,x 
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Fig. 1. D iag ram of the exper imenta l  apparatus:  1) c o m -  
p r e s s o r ;  2) valve;  3) t h e r m o m e t e r ;  4) measur ing  diaphragm; 
5) p i ezomete r ;  6) m a n o m e t e r ;  7) combust ion chamber ;  8) 
mixe r ;  9) valve;  10) sp i ra l  feeder ;  11) bunker;  12) drainage 
tube; 13) valves ;  14) e l ec t r i c a l  pneumatic  valves;  15) dia-  
ph ragm;  16) s tabi l izing heat- insulated pipe; 17) t r a v e r s i n g  
g e a r  with thermocouple ;  18) cu rv i l i nea r  channel; 19) dust 
ca tcher ;  20) p r e s s u r e  sensor ;  21) constant  t e m p e r a t u r e  
cbnmber ;  22) osci l lograph;  23) d i scharge  tank; 24) water  
pump; 25) heat  exchanger ;  26) p r e s s u r e  tank; 27) measu r ing  
diaphragm.  

The t e m p e r a t u r e  grad ien t  in the wall  was found on the bas i s  of a numer ica l  solution of the p rob lem of 
a two-dlmens iona l  nons ta t ionary  t e m p e r a t u r e  field with the t e m p e r a t u r e  dependence of the t h e r m a l  conductivity 
and specif ic  heat  of i ts  ma te r i a l  taken into account. The boundary conditions in the fo rm of t ime  dependences 
of the t e m p e r a t u r e  on the outline of a longitudinal wall  sect ion were  de te rmined  f rom the e x p e r i m e n t  The 
p r inc ip les  of the method of de termining the hea t -exchange  coeff ic ients  by means  of the t e m p e r a t u r e  gradient  in 
the wall of the exper imen ta l  sect ion in a nons ta t ionary  heat  mode a re  desc r ibed  in [2]. Application of this  
method p e r m i t s  a substant ia l  reduction in the duration of the experiment .  The r e su l t s  of the expe r imen t s  
were  p r o c e s s e d  on the M-220 e lec t ron ic  computer .  The local heat -exchange coeff icients  were  evaluated at 
8 channel sect ions  located eve ry  20 ~ around the bending angle. 

The t e m p e r a t u r e  dis t r ibut ion on the channel  wall  su r f aces  was m e a s u r e d  as a function of t ime  by 
Nichrome- -Cons tan tan  the rmocoup les  by using th ree  K-20-22  osci l lographs.  A total  of 53 the rmocoup les  were  
mounted on the ou te r  (concave),  inner  (convex), and side (flat) walls .  Thermocouple  wi re s  0,2 m m  in d i a m e t e r  
with h e a t - r e s i s t a n t  ename l  insulat ion were  stowed in 0.3 • 0 .4-ram grooves  and were  sealed by using epoxy 
glue. The exposed ends of a I - r a m - l o n g  thermocouple  were  spot-welded at two 0.2 x 0.1 • 1 - m m  slots  s epa -  
rated by 0.5-1 ram.  T h e r e f o r e ,  the hot ends of the thermocouple  were  separa ted  by 0 . 5 - l - r a m  spacings .  AII 
the the rmocoup les  were  ca l ib ra ted  under  s ta t ic  conditions in combinat ion with the osc i l lograph  ga lvanomete r s .  

f (o 'p  r 
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Fig. 3. Dependence of Nu 0 on the angle of rotat ion ~0: a) Re = 
5.62. 104; b) 8.4" 104; c) 15.05. 104; d) 20.2" 104; 1) concave 
wall; 2) convex; 3) flat;  4) mean  values with r e s p e c t  to the 
p e r i m e t e r ;  5) according to (2). 

The ex te rna l  wall  su r f aces  of the exper imen ta l  channel were  wa te r -coo led ;  the gas  channel included the 
c o m p r e s s o r  1 and the combust ion c h a m b e r  7. 

The gas  d i scharge  was c o m p r i s e d  of the d i scharges  of the a i r ,  m e a s u r e d  by using the measu r ing  dia-  
p h r a g m  4, and of the fuel,  m e a s u r e d  by means  of the p r e s s u r e  drop in the nozzle.  

The so l id -phase  de l ive ry  and col lect ion s y s t e m  cons i s ted  of the bunker  11, the sp i r a l - t ype  feeder  10, 
the valve 9, the m i x e r  8, and the dust ca t che r  19. The p r e s s u r e s  in the bunker  cav i t ies  and the m i x e r  were  
equal ized by using the dra inage tube 12. 

The d i scharge  of the solid phase  was de te rmined  in the following manner .  The dust charge  needed to 
conduct one exper imen t  was loaded into the bunker.  The t ime  at the onset  of dust feeding and the t ime  at its 
comple t ion  were  de te rmined  by the change in flow p r e s s u r e  and t e m p e r a t u r e  de te rmined  on the osc i l lo -  
g r a m s ;  during de l ivery  of the dust, v is ib le  aper iodic  i]uctuations were  obse rved  on the p r e s s u r e  and t e m p e r a -  
tu re  curves .  Nonuniformity of the dust de l ive ry  to the working band of the d i scha rges  was 4-5%. 

The s t r e a m  p r e s s u r e s  at the ent rance  to the cu rv i l inea r  channel and at i ts  exit were  m e a s u r e d  by using 
20 s e n s o r s  and s tandard  m a n o m e t e r s .  The s t r e a m  t e m p e r a t u r e  at the channel en t rance  was m e a s u r e d  by an 
open Chrome l - -Cope l  the rmocouple  mounted on the t r a v e r s i n g  gea r  17. 

The flow switching s y s t e m  is intended to accompl i sh  a sudden s t a r t - up  of the s t r e a m  in ,he  exper imenta l  
sect ion and c o m p r i s e s  the valves  13, which opera ted  in synchronizat ion and were  control led  by using the 
e l ec t r i c a l  pneumat ic  va lves  14. By using the va lves  13 the flow was d i rec ted  e i ther  through the stabil izing 
hea t - insu la ted  pipe 16 in the exper imen ta l  sect ion or  through the adjusted mainl ine  in the a tmosphere .  The 
hydraul ic  r e s i s t a n c e  of the adjusted mainl ine  was set  equal to the r e s i s t ance  of the fundamental  mainl ine by 
using the detachable d iaphragm 15. This  a s s u r e d  equali ty of the d i scha rges  during operat ion in the funda- 
men ta l  and adjusted mainl ines .  

The exper imen ta l  sect ion was ddisconnected f r o m  the stabil izing pipe before the s t a r t  of the exper.iment, 
and a channel  of equivalent  g e o m e t r i c  c h a r a c t e r i s t i c s  was mounted in i ts  place. The feed pipes of the funda- 
men ta l  mainl ine  w e r e  heated by hot gas  p r i o r  to the s t a r t - up  of the s ta t ionary  t h e r m a l  s tate,  a f te r  which the 
hot gas  was switched to the adjusted mainl ine,  and the exper imen ta l  sect ion was mounted in place. The 
record ing  appara tus  was switched on, the hot s t r e a m  was switched into the fundamental  mainl ine  by using the 
va lves ,  valve 9 was s imul taneous ly  opened, and the dust c a t che r  was switched on. The duration of each ex- 
p e r i m e n t  was 60-70 sec~ 

The re la t ive  l imit ing e r r o r  in de termining the hea t -exchange  coeff ic ients  of a ga s - su spens ion  flow was 
22%. 

The invest igat ion was conducted in such a way that  the re la t ive  influence of the solid pa r t i c l e s  on the 
heat  exchange could be c la r i f i ed  by compar ing  the hea t -exchange  coeff icients  m e a s u r e d  in the t e s t s  for  the two- 
phase  s t r e a m  and for  the pure  gas.  

The ca r ry ing  med ium was a mix tu re  of the combust ion products  of ke rosene  and air.  Because  the com-  
bustion of the ke rosene  occu r r ed  under  conditions of l a rge  values  of the excess  a i r  coefficient  (the combust ion 
t e m p e r a t u r e  was compara t i ve ly  low), the phys ica l  p r o p e r t i e s  of the mix tu re  were  c lose  to the p rope r t i e s  of 
air .  
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Fig. 4. Dependence of Nu/Nu 0 on a concave wall on the angle of 
rotation: a: Re = 5.62" 104; 1)/~ = 0.285; 2) 0.295; 3) 0.528; 4) 
0.966; b: Re = 8.4- 104; 1) ~ = 0.177; 2) 0.312; 3) 0.484; 4) 1.026; 
c: Re = 15.05. 104; 1) ~ = 0.141; 2) 0.304; 3) 0.605; 4) 0.856; d: 
Re = 20.2. 104; 1) ~ = 0.147; 2) 0.396; 3) 0.53. 

The s t r eam was dusted with aluminum oxide powder with a maximum par t ic le  size of 30 p. The dis-  
tribution density function of the sol id-phase m a s s  according to par t ic le  size is presented in Fig. 2. 

The tes ts  were conducted under the following conditions: Tf = 440-520~ T w = 310-370~ p = 1 bar;  
w = 30-140 m / s e e ;  Re = (5.62-23.5) �9 104 (the governing t empera tu re  is the s t r eam tempera ture  at the channel 
entrance and the governing size is equivalent to the channel diameter) ;  and/7 = 0-1.026. The change in 
s t r eam tempera tu re  during cooling did not exceed 10 ~ in the experimental  section. Hence, the s t ream tem-  
pera ture  at the channel entrance was used as the reference  tempera ture  [Tf, r in (1)]. 

The heat-exchange coefficients at different sections of the channel almost  reached quasis ta t ionary values 

in a 30-50-see  outflow. 

Quasis ta t ionary values of a corresponding to the t ime r = 50 sec were la ter  taken for  the analysis.  

The resul ts  of the experimental  determination of the local heat-exchange coefficients of the pure gas with 
the concave,  convex, and fiat sur faces  of the cu rv ihnea r  channel for  four values of the Re number  are  shown 
in Fig. 3. The data on the mean heat-exchange coefficients for  each channel section are  superposed here. 
The averaging is pe r fo rmed  taking into account the relationship between the a reas  of the individual walls under 
the assumption that the heat-exchange coefficients on the fiat surfaces  are  identical. 

As is seen f rom the graphs ,  the heat-exchange coefficients on the channel surfaces  are  distinct: T h e y  
have the grea tes t  values onthe concave surface  inthe m a j o r p a r t  of the channel (~ > 30~ and they are  least on the 

convex par t .  

Ths magnitudes of the local heat-exchange coefficients and the nature of their  distributions over the 
separate  sur faces  and along the length (angle of rotation) in a short  curvi l inear  square channel are  determined 
by the total action of the three  fundamental effects due to the influence of m a s s  centrifugal  forces.  

1. Reconstruct ion of the velocity profile at the concave and convex wails occurs  in the entrance section 
of the channel. The flow is convergent  in cha rac t e r  upon entering the curvi l inear  section at the convex wall 
(the velocity i nc reases  to the appropria te  constant c irculat ion law) and is divergent  in cha rac te r  (the velocity 
diminishes) at the concave wa l l  Hence, the heat-exchange coefficients on the convex wall can be g rea te r  in 
the entrance section (~ < 30 ~ than on the concave wall. 

2. The nature of the flow at the concave and convex walls is distinct. Centrifugal forces  exert  an active 
effect in the boundary layer  on the concave wall: By per turbingthe  s t r e a m ) T a y l o r - G o e r t l e r  vor t ices  c a n  

occur  at the concave wall. Centrifugal fo rces  exer t  a conservativ~ effect at the convex wail; they stabilize 
the boundary layer.  As the resu l t s  of a theoret ical  and experimental  investigation show, the heat-exchange 
intensity on a concave wall is higher than on a flat plate, while it is  lower on a convex wall [3]. 
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3. An important  s ingular i ty  of the fluid flow in curviUnear  channels with c i r cu la r  or  almost  square 
c ros s  section (the influence of the side walls is felt in such channels) is the origination of a vortex pair  oc-  
cupying the whole space of the c r o s s  section. Secondary flows increase  the heat-exchange intensity on all 
the channel surfaces .  A r i se  in the heat-exchange coefficients with the inc rease  in the angle of rotation 
(channel length), which is observed in the major i ty  of experiments ,  is apparently due to the development of 
secondary flows. 

The local heat exchange in turbulent fluid flow in short  curvi l inear  channels has been studied inadequately 
at this t ime;  hence, the data obtained were  compared  with computations of the local heat-el iminat ion coeff i -  
cients in a s t ra ight  pipe by means  of the formula  [4] 

/ x ~-0.I2 
Nu, = 0.022Re[.Spr~.43.1.38/_~] . (2) 

The spacing x was measured along the channel bending axis, and the equivalent channel diameter was used as 
the governing dimension. 

As is seen f rom the graphs,  the local heat-exchange coefficients on the separate  walls and the heat-  
exchange coefficients averaged with respec t  to the c r o s s - s e c t i o n  pe r ime te r  are  higher for ~ > 80 ~ than in a 
s t ra ight  pipe. In this par t  of the channel secondary flows evidently already exer t  influence on the hea t -ex-  
change intensity in a curv i l inear  channel.  

The relat ive influence of the solid phase on the total level and distribution of the heat-exchange coeffi- 
cient on the concave wall of a curvi l inear  channel is shown in Fig. 4. Here Nu is the Nussel t  number  for the 
two-phase s t r eam and Nu 0 is the Nussel t  number  for a pure gas at the same Re number. 

As an analysis  of the graphs shows, the p resence  of solid par t ic les  in the s t ream resul ts  in a substantial 
r i se  in the heat-exchange intensity at the concave wall. Thus, a sixfold increase  in the heat-exchange coeffi-  
cient is observed  for ~ = 0.966-1.026 and Re = (5.62-8.4)- 104 (Fig. 4a, b). Hence the influence of the part icles  
on the heat exchange is magnified with the inc rease  in the angle of channel rotation. 

The nature of the change in t empera tu re  of the "hot ~ concave wall surface in the tes ts  with a gas suspen-  
sion was the same as the nature of the change in Nu/Nu 0, while this t empera ture  was approximately identical 
on the whole surface in tes ts  with a npure" gas.  

A r i se  in the heat-exchange level on the concave wall because of the presence  of par t ic les  in the s t ream 
is due to the following, iner t ia l  displacement  of the par t ic les  to the concave wall surface - separa t ionof the  
par t ic les  - occurs  in a curv i l inear  channel with a gas -suspens ion  flow. Par t i c les  incident on the wall exert  on 
effect on the heat-exchange p roces s  because of mechanical  and thermal  interaction with the boundary layer 
and the wall surface.  The heat-exchange intensity between a gas-suspens ion  s t ream and a concave wall surface 
changes in compar ison  to the heat exchange of a pure gas because of the per turbat ions  which the par t ic les  
passing through induce in the boundary layer  and because of heat t r ans fe r  to the wall by colliding particles.  
Moreover ,  because of the lack of a the rma l  interphasal  equilibrium, the par t ic les  penetrating the boundary 
layer  ra i se  its t empera tu re  as compared  to the p u r e - g a s t e m p e r a t u r e .  A r i se  in the local part icle  concen t ra -  
tion occurs  because of iner t ia l  incidence of par t ic les  at the concave wall, and this can significantly exceed 
the i r  concentrat ion on the convex and fiat walls. After  the par t ic les  fall on the concave wall, they continue 
to move in the nea r -wa l l  zone. Hence an increase  in the angle of rotation is accompanied by an increase  in the 
local par t ic le  concentration,  which can exceed 10-fold the concentrat ion at the entrance to the channel. 

Therefore ,  a substantial  r ise  in the heat-exchange intensity can occur  because of the presence  of par t i -  
c les  in the s t r eam even for  comparat ively  low part ic le  concentrat ions if inert ial  incidence of par t ic les  on the 
wall is observed. 

In the range of variat ion of the sol id-phase concentrat ion investigated, the presence  of par t ic les  in the 
s t r eam resulted,  in the major i ty  of experiments ,  in a reduction in the heat exchange on the convex and flat 
walls, the values of Nu/Nu 0 for  these walls being 0.7-1.09. Hence, the test  data have a substantial spread,  
reaching 10~ This is explained principally by the par t ic les  adhering to the cold surface of the convex and 
flat walls. Visual examination of the channel surfaces ,  which was ca r r i ed  out after each experiment,  showed 
that there  were actually outcrops of aluminum oxide par t ic les  on these surfaces ,  while the concave surface 
remained clean. This surface was evidently cleansed by the abras ive  action of the inert ial  s t r eam of par t ic les  
incident on the concave  wall and then moving along it. 
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The distinct nature of the influence of a solid phase on the heat exchange of concave,  convex, and fiat 
walls affords a foundation for  assuming that the mechanical  and thermal  action of the inert ial  s t ream of par t i -  
cles on the s t r eam s t ruc ture  in the near -wal l  zone and the thermal  res is tance  of the viscous bublayer, as well 
as the increase  in the t rue par t ic le  concentrat ion at the wall surface,  are  of p r imary  value in the intensif ica- 
tion of the heat exchange on a concave wall. Hence, an investigation of the influence of the separate factors  on 
the heat-exchange intensification because of the presence  oI par t ic les  and the extension of the test  data should 
be based on a study of the s t ruc ture  of a two-phase gas flow with suspended par t ic les  in a curvi l inear  channel 
with an est imation of the velocity,  t empera ture ,  and density of the par t ic les  and the gas,  the density of the 
iner t ia l  m a s s  flux of the par t ic les  incident on the separate  sections of the concave wall surface,  and the local 
par t ic le  concentrat ion in the near-wal l  zone. 

N O T A T I O N  

d, pipe d iameter ;  ds, par t ic le  diameter ,  G, Gs, mass  flow ra tes  of the gas and pa r t i c l e s ; n ,  normal  to 
the heat-exchange surface;  p, p res su re ;  T, tempera ture ;  (dT/dn)n = 0, normal  tempera ture  gradient  at the 
wall on the heat-exchange surface;  Tf, T w, s t ream and wall t empera tu res ;  w, s t ream velocity; x, distance to 
the sect ion under consideration;  a ,  local heat-exchange coefficient; B = Gs/G,  coefficient of solid-phase par t i -  
cle d ischarge  concentrat ion;  T, t ime;  ~, coefficient of wall heat conduction; ~0, centra l  angle character iz ing 
the channel length; Nu, Nusselt  number;  P r ,  Prandt l  number;  Re, Reynolds number. 
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Hea t - t r ans fe r  p r o c e s s e s  taking place during the motion of nitrogen in a tube are studied experi-  
mentally under conditions in which some of the gas f i l ters  through the wall. The effect of suc- 
tion on the distr ibution of wall t empera tu re  and the intensity of heat t r ans fe r  is examined. 

A number of papers  devoted to problems of heat t r ans fe r  and hydrodynamics during the motion of liquid 
in channels subject to suction and injection have recent ly  appeared in the l i terature.  These papers  have ap- 
peared because of the use of porous hea t -exchangers  in various fields of the chemical  and power industries.  

During the motion of liquid in a porous tube, suction has a turbulizing effect on laminar  flow in the tube, 

this effect increasing with increas ing suction [1-9]; if there  is an external  flow around the porous wails, 
suction through the wall laminar izes  the external flow. 

Heat t r ans fe r  during the laminar  flow of a liquid in a porous tube was analyzed in [1] over a wide range 
of the fi l tration rate through the porous wail. It was found that as a resul t  of injection the hea t - t r ans fe r  
coefficient at the boundary between the flow and the wall diminished, while as a resul t  of suction it increased,  
i . e . ,  suction intensified the hea t - t r ans fe r  process .  Fo r  both suction and injection the section of s teady-state  
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