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ARRoTaqwx-B CTaTbe paCCMOTpeHbI IIpOqeCCbI IIepeHOCa TeIIjIa M BeIqeCTBa B ra30B3BeCM 

(OT ra3aK YacTHqaM)II J'CTaHOBJIeHbI OCHOBHbIe +aKTOpbI,BJIAFIIo~EIe Ha MX IIHTeHCHBHOCTb. 

AaH aHaJII13 BJIHHHHH Ha IIepeHOC: KOHgeHTpaIjRM ra30B3BeCH, IW~pO~HHaMWIeCKOti I4 

TeIIJIOBOfi HeCTaUHOHapHOCTIl, Typ6ynmaum Ha6eramqero IIOTOKa, BpaIqeHMR YaCTHIl &I 

MX@OpMIJ. 

06OCHOBaHa CIlCTeMa paweTa IIpoqeccoB nepeHoca B ra30B3BeCLI. rIoKa3aH0, 4TO B 

ra30B3BeCA MeJIKElX '4acTIlU IIpOUeCCbI IIepeHOCa IlpOTeKaKIT C BeCbMa BbICOKOti HHTeHCR- 

BHOCTbH), pe3KO BO3paCTaIoIQei-8 IIpll J'BeJIeYeHHll KOHIJeHTpa~IUI. YCTaHOBJIeHO, 'IT0 TOp- 

MOmeHHfI IIepeHOCa 38 C'IeT CTeCHeHHOCTH ~BWKeHHH B ra30B3BeCI4 Me.TIKIlX liaCTI4II IIpH 

Re < 10 He MOmeT 6bITb. nOKa3aHbI B03MOX(HOCTII AOCTHHteHIIH BbICOKOlt 3@@eKTIlBHOCTII 

TeIIJI006MeHHHKOB II peaKTOpOB, kICIIOJIb3J'lo~HX ra30B3BeCb. BpeMfl HarpeBa ra3a (saCTHq) 

B J'CJIOBIGIX UrOMOreHHOfiH ra3OB3BeCH MOFKeT 6bITb XOBeAeHO A0 ,QeCJITIITbICSIYHbIX n 

CT~T~ICJNH~IX nonet CeKYHabII. 

NOMENCLATURE 
cold filtration rate per unit total cross- 
section referred to 0°C (273°K) ; 
diameter and equivalent diameter of a 
particle respectively ; 
bed height, flow path; 
dimensionless bed height ; 
bed porosity ; 
concentration of solid particles in gas 
suspension ; 
terminal falling velocity ; 
thermal conductivity; 
thermal diffusivity ; 
diffusivity ; 
density of particles and gas: 
friction factor ; drag coefficient ; 
heat- and mass-transfer coefficients ; 

t Part I was published in the ht. J. Heat Mass Transfer 6, 
691-701 (1963). 

Q, Qm 

Pr v. dlf = -3 
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Pe = Re.Pr: 

Nl.4 = ‘;: 1) d 
NUd,f = -$ 

NU 
‘p=py; 

NUdir . 
(Pdif = pedir j 

Bi = ‘T 
s 

amount of heat received (released) and 
amount of heat obtained at r = co, 
i.e. when heating particles up to 
equilibrium (final) temperature, re- 
spectively. 

1. HEAT AND MASS TRANSFER IN MOTION OF 
SOLID PARTICLES IN A GAS SUSPENSION 

PART I [l] dealt with heat and mass transfer 
from solid particles in a fixed bed to a gas 
passing through it. Fundamental relations were 
established which allowed to conduct with 
sufficient accuracy appropriate calculation of 
interaction of a gas with solid particles and of 
heating (cooling) of a gas at Re from 30 to 400. 
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The design equations and the main di- 
mensionless relations obtained for a fixed bed 

Nu = 0.24. Re0’82 and 

cp = 032. Re-0”8 (1) 

also remain valid for a moving packed bed if 
this bed of granular material moves as a compact 
mass without no mixing of particles in the 
volume in which heat- and mass-transfer pro- 
cesses proceed. 

The mutual displacement of particles in a 
packed bed? may be ascertained using the 

which is valid and unique for fixed and moving 
packed beds. In case of “discontinuous” dis- 
placement of particles in a packed moving bed, 
equation (2) changes abruptly even with small 
increase of bed porosity. 

The change in the friction factor dependence 

& on Rerrr is very characteristic when the type 
of bed [3] is changed. With a gas moving upwards 
through a packed bed of solid spherical particles. 
the friction factor varies with an increase in 

Re fir? as is shown on curve II (Fig. 1). For non- 
spherical particles the curves c$, = f(Re,,,) are 
approximately equidistant and above curve II, 
depending on shape and roughness. 

A small increase of gas velocity through a 
packed bed above its critical value disturbs the 
stability of the bed and produces a sharp change 
in the character of equation (2). The friction 
factor becomes approximately inversely pro- 
portional to Refil and strongly dependent on 
particle size; equation (2) is no longer single- 
valued, which was characteristic for a packed 
bed. 

As has been already shown, in a packed bed 
the intensity of heat and mass transfer between 
a gas and a surface of solid particles is very high 
and for Re from 30 to 400 is given by equation (1). 

t With separation of particles from each other and 
formation of a gap between them. 

The slightest disturbance of a bed density 
leading to displacement “pouring” of particles 
sharply changes the hydrodynamic characteris- 
tics of a bed as well as strongly decreasing the 
transfer intensity, which cannot be described by 
equation (1). 
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1. Influence of Re upon friction factor for a packed bed : 
packed bedof particles of the Moscow Coal basin 

packed bed of spheres 
coal dust of the Moscow Coal basin (88-250~~) 
powdered catalyst (25&64Op) 
steel spheres 3 mm dia. 
chamotte and coal particles of different sizes. diameter 
of ‘particles is measured in mm : 
14-5 ; 2.67 ; 3.56; 44-5 (coal) 
C, = f(Re) for sphere. 

When the gas velocity is above its critical 
value the packed bed as the mode of interaction 
between a gas and granular material with all its 
inherent properties, in particular, with single- 
valuedness of equation (1) for different sizes of 
particles, vanishes converting into quite a new 
mode of interaction between granular material 
and a gas flow, which differs sharply from a 
packed bed. 

This new mode of interaction is not stable 
since the change in the gas velocity leads to 
changes in “bed” porosity and the character of 
displacement of solid particles. At first, however. 
the motion of particles in a bed is, in general, 
hardly noticeable but, as the velocity increases. 
it becomes more intense and the bed becomes 



externally like a “boiling” liquid, hence it is 
called a “fluidized” bed. 
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and 0.42 mjs; 0.62 and 0.52 m/s; 068 and 
062 m/s [2]. In this figure are also presented the 
points for a packed bed with porosity 0.5 and 
velocity 0.61 m/s. 

For a long period of time it has been assumed 
that a “fluidized bed” is characterized by the 
highest intensity of heat and mass transfer 
between a gas and solid particles. 

Meanwhile in reality, while passing from a 
packed bed to a “fluidized” one, the intensity 
of heat and mass transfer greatly decreases 
(usually several times). This is clearly seen in 
Fig. 2 where are presented the curves of oxygen 
flow rate in a bed of burning carbon particles 
n 3.2 mm in size [2]. Curve I is for a packed bed 
with porosity .f, = 05 and velocity wfi, h 0.25 
m/s. Curves II, III and IV are for a fluidized bed 
with porosities and velocities, respectively : 0.56 

In Fig. 2 it is seen how sharply the rate of 
combustion decelerates which is an indication 
of the mass-transfer rate under these conditions. 

The greatest jump with a decrease in mass 
transfer is observed when changing a bed 
structure from curve I to curve II despite the fact 
that the value of the reaction surface of carbon 
F react in a bed decreases only by 12 per cent and, 
as is seen from Fig. 3, the distance between the 
adjacent particles practically does not vary. 

60. 
h 

FIG. 3. Influence ofvolumetric concentration ofsohd particles 
in a gas suspension upon distance between particles. 

Bed height, mm 

In the packed bed of burning carbon particles 
usually the size of the oxygen zone, i.e. the bed 
height over which oxygen concentration de- 
creases up to 5-10 per cent of its initial value, 
does not exceed two rows of particles, zid < 2. 
Under the same conditions in a uniformly 
fluidized bed the size of the oxygen zone in- 
creases 6-10 times. This means that firstly 
equation (1) is quite inapplicable to determine 
Nu and cp in a fluidized bed and secondly 
considerably smaller values of Nu and cp satisfy 
the same values of Refil for a fluidized bed. 

The increase in the gas velocity (upwards) in 
a fluidized bed? leads to increase in its porosity. 
For a certain critical velocity equal to that of 
free fall of solid particles the fluidized bed con- 
verts into a gas suspension when relative motion 

FIG. 2. Dynamics of oxygen flow rate with respect to height of 
fluidized and packed beds at different conditions: 
fluidized bed : rl = 2.6-3.7 mm 

0)~~~ - 042 m/s; 
l tr,, - 

AM.,, - @52 mjs: 
0.62 m/s 

packed bed : d = 26-3.7 mm 
ci ,t’IC - @61 m/s; 
_r/ =45mm 
I wr, - 0.25 m/s. 

t For simplicity we consider disperse material of uniform 
particle size. 
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of particles ceases.? With upward flow of gas, 
when the gas velocity is above that of free-fall 
of particles in a gas suspension, the gas and the 
solid particles move in one direction with the 
relative velocity close or equal to that of free-fall 
of these particles under steady-state conditions. 

Gas suspension may be non-uniform when 
particles are poorly mixed with the gas and 
uniform “homogeneous” when solid particles 
are statistically uniformly distributed over the 
whole gas volume and the “concentration” of 
solid particles yc in m3 per m3 of gas suspension 
is statistically invariable in the whole “active 
space” where heat- and mass-transfer processes 
are taking place. In this paper only homogeneous 
gas suspension of uniform particle size is con- 
sidered otherwise specified. 

2. GAS SUSPENSION 

The arrangement of flow of heat transfer 
media in a gas suspension may be counter- 
current, cocurrent and crosscurrent (transverse). 

The countercurrent arrangement of gas sus- 
pension is best obtained in the form of a “falling 
bed” when the gas flows upwards, with a velocity 
smaller than the velocity of free-fall of the 
particles ~)a, through a “rain” of solid particles 
falling uniformly over the cross-section of a 
chamber. 

The cocurrent flow arrangement of gas sus- 
pension is possible with motion of gas and 
particles downwards and upwards and under 
certain conditions in eddy, cyclone flows, etc. 

The transverse flow arrangement of gas sus- 
pension is, in particular, possible with transverse 
gas motion through the falling bed of solid 
particles or in rotary flow. 

The volumetric concentration of a solid phase 
in gas suspension may vary over wide ranges 
from 1U-h-10-4 to more than 03 m3 of solid 
particles per m3 of gas suspension. 

In industry and power generation the use of 
heat and mass transfer in gas suspension 
(particle P gas) is increasing from year to year 

t Displacement due to turbulent pulsation is not taken 
into account 

since this mode of heating is very effective [4]. 
The heating of air in gas suspension is carried 
out up to high temperatures, and this is very 
important for new methods of production of 
electrical energy and for a number of new tech- 
nological processes. 

Despite great practical necessity and a great 
number of investigations including very 
thorough and valuable ones [3], up to now there 
is no reliable theoretical basis for solving the 
problem on heat and mass transfer in a gas 
suspension. 

In some cases the problem on heat and mass 
transfer both for an individual particle and for 
a gas suspension may be exactly formulated 
theoretically by writing down the corresponding 
system of the equations. However, very often 
this problem cannot be theoretically solved due 
to its complexity. and therefore to obtain a 
method of calculation experimental data and 
semi-empirical relations should be mainly used. 

llnfortunately the complexity of a heat and 
mass transfer process in a gas suspension also 
restricts the use of experimental data since there 
is no reliable model of a mechanism for the 
transfer phenomena, and the experimental data 
are contradictory and not always reliable. IJp 
to now there are no generally accepted di- 
mensionless equations governing the process 
intensity and, consequently, there are no methods 
for calculating heat exchangers and reactors. 

This circumstance essentially keeps back the 
development of the practical application of the 
method of calculation, experimental data and 
laboratory engineering to study exo- and endo- 
thermal processes and reactions. 

Very different results obtained in a number of 
experimental investigations on intensity of trans- 
fer processes in gas suspension give rise to doubt 
and uncertainty among engineers and design 
workers. Very often these differences exceed 
hundreds of per cent and attain even a whole 
order of magnitude. 

The problem of the effect of concentration of 
gas suspension upon transfer intensity is quite 
obscure. Some specialists [3] consider that, for 
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all practical purposes, concentration of the solid 
phase starts considerably decreasing the transfer 
intensity already from 3*10T4 m3 per m3 of gas 
suspension. The author of the present paper 
does not share this point of view but considers 
that concentration can influence a process only 
starting from values which are two orders of 
magnitude higher. 

Moreover, even the main problem, whether 
there are any differences in heat transfer between 
the gas and individual stationary spherical 
particles and those of another shape and of 
particles in “flight” in a gas suspension system 
is not uniquely solved up to now. 

At present there are a great number of publica- 
tions available on heat and mass transfer from 
a gas in flow to stationary spherical particles and 
other bodies [5]. Works on heat and mass 
transfer from particles to a gas in a gas sus- 
pension are also known. Before considering the 
experimental results let us study briefly a 
physical pattern of interaction between a gas 
flow and particles and try to find the similarity 
and the difference between the interaction of a 
gas and “free-falling” particles and between 
a flowing gas and stationary particles. 

The character of gas motion near the surface 
of stationary spheres and cylinders has been 
studied many times. For a small Re (- 1) the 
character of gas flow past a sphere is laminar and 
non-separated but already at Re x 200 at the 
rear part of a sphere as well as of a cylinder it is 
possible to observe the separation of the bound- 
ary layer and the formation of a “vortex” path 
with reverse gas flow past the rear part of the 
sphere (cylinder) [6]. 

With an increase in Re the eddy formation at 
the rear part of a body flow increases, and the 
flow past the frontal part of a sphere (cylinder) 
remains by its nature invariable, and the bound- 
ary layer at low turbulence of an incoming flow 
remains laminar up to Re x 105, at which there 
occurs turbulization of the boundary layer. Such 
is, in general, the scheme of a physical pattern of 
interaction between individual stationary bodies 
and gas flow. 

What is the difference between this pattern 
and that of interaction between a gas flow and 
particles in gas suspension‘? First of all, the 
mutual effect of adjacent particles upon a gas 
flow past them is, in principle, possible and even 
inevitable. Obviously this effect is the more 
pronounced, the higher the volumetric concen- 
tration of gas suspension yo. The presence of the 
adjacent particles may also influence the inter- 
action between a gas and a particle due to particle 
collisions. 

A free particle in a gas suspension may move 
in flow in different directions, and it is especially 
important that almost always, apart from 
translational motion it may rotate. The rotation 
may be, in addition, non-uniform with possible 
changes in the orientation of the rotation axis. 
All this will inevitably promote the onset of 
pulsations and the artificial increase in “incom- 
ing” flow turbulence on separate particles as 
well as their unsteady interaction. 

Thus, a particle in a gas suspension will 
interact with a gas flow differently from a 
stationary particle and the interaction depends 
on many reasons which are very peculiar and 
complex. At present this problem cannot be 
solved theoretically, and the only way of its 
approximate solution consists of estimating and 
taking into account the effect of separate factors 
(rotation, concentration, unsteadiness, flow 
turbulence, etc.) and their totality under real 
conditions of heat and mass transfer from a gas 
to a particle in gas suspension. 

In order to obtain a more exact estimate, 
consider in more detail a process of interaction 
between a gas and a stationary particle and 
elucidate the effect of separate factors peculiar 
to the flow of a gas suspension upon this process. 

3. INTERACTION OF GAS FLOW WITH 
STATIONARY SPHERICAL PARTICLE AND 

PARTICLE OF DIFFERENT CONFIGURATION 

A heated metallic sphere is introduced into a 
cold gas flow. With no heat sources the heat 
conduction equation for isotropic materials with 
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symmetric cooling of a sphere may be written as 
follows 

1’p 
“1 

- = a. V2T. 
aT 

Solving this equation under the appropriate 
boundary and initial conditions it is possible to 
find a temperature distribution at any point of 
the sphere for the time z. At high values of thermal 
conductivity of sphere material or more exactly 

for any time and, vice versa knowing cr, it is 
not difficult to calculate the curves for cooling 
a sphere. 

For Bi < 0.1 equation (4) is also applicable 
for calculating the time of cooling of bodies 
(particles) of another configuration using the 
diameter (n,,) of particles. 

Figure 4 presents experimental data on cooling 
of metallic spheres and a cube in a gas flow [7]. 
The curves are calculated for a value of tx in- 

06 

SFlmp 

04 

0.2 

0 I 2 3 4 5 6 7 

r, min 

FIG. 4. Change in temperature of spheres and cubes in air flow 
1. cube : a = 20 mm Rr = 32750 c( = 158 kcal;m2h”C 
2. sphere : d = 19.8 mm Re = 4185 c( = 72 kcnl.m*h C 
3. sphere: d = 29.4 mm Re = 54100 r = 140 kcaljm*h”C 
4. sphere : d = 254 mm Re = 34100 LX = 132 kcaljm’h’C 
5. sphere: d = 125 mm Re = 23240 r = 185 kcal;m2h”C 

Dashed curves 5 are plotted at r differing from a = 185 kcalim’h “C by 5 per cent. 

at small values of the Biot number (E < (Pit) 
the equation determining cooling (heating) time 
of a sphere up to a definite state which can be 
characterized by the relation of the amount of 
heat released by a sphere Q to that which can be 
transferred Q, at z = cc is determined by the 
following simple equation at T,,, = const. [2] 

$QiQ,) z=z 
d 

138O.C,.y, a .log 

From the experimental data on sphere cooling 
it is possible, using equation (41, to determine 
mean values of the heat transfer coefficient c( 

t Under these conditions the sphere temperature is 
uniform at its centre and near its surface: the temperature 
gradient is small. 

variable in time. The accuracy of the experiments 
is quite satisfactory, which is clearly demonstra- 
ted by the curves plotted at a differing by f 5 per 
cent with reproducibility of experimental points 
of + 3 per cent. 

The above curves are characterized by the 
constancy of a in a heat transfer process, although 
theoretically at the initial time when a thermal 
boundary layer is not yet formed and a tempera- 
ture gradient is high, a should have considerably 
higher values. 

It is obvious that in these experiments the 
value of the initial unsteady heat transfer period 
is quantitatively not high, therefore it does not 
influence the character of the curves of cooling 
relatively large spheres and cubes by air (Fig. 4). 
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A change in the hydrodynamic conditions 
leads to a change in the intensity of heat transfer 
from a surface to a gas. In a fixed infinite gas 
medium the intensity of cooling a sphere? is 
determined by 

a.d 
NUZ -E2. 

I. 

This equation is also valid for a gas flow at 
small Re not exceeding l-2. An increase in Re 
leads to an increase in Nu. The empirical 
equation for Re from 1 to 150-200, i.e. for non- 
separated flow past a sphere, which satisfac- 
torily describes the experimental data, is of the 
form 

Ntr x 2 + 0.4. Re0’5. (6) 

With a further increase in Re above 200 for 
separated flow past a sphere when there occurs 
formation of a laminar boundary layer and up 
to Re = 4-7. lo3 the dimensionless equation 
for a fixed sphere is simplified to 

Nu x 0.55. Re’.‘. (7) 

The experimental data obtained without 
intensifying the incoming flow turbulization are 
quite satisfactorily described by this equation 

PI. 
It has been already mentioned that the 

theoretical solution of such a problem on heat 
transfer between a gas and sphere is extremely 
diffkult ; however, for another “external” 
problem on heat transfer from a plate (slab) it 
was obtained exactly for the conditions of the 
formation of the laminar Pohlhausen boundary 
layer [9]. The equation obtained by Pohlhausen 
may be written for a mean Nu number over a 
plate as follows 

Nu ,? = 0.668 Re0’5 PY’.~~ - . z. N 0.61 . Rez’5. (8) 

In Fig. 5 are presented plots of Nu vs. Re for 
external flow past bodies of different contigura- 
tion: plate, sphere, cylinder and cube. For all 
these problems the experimental data obtained 
with a change in Re within 100 and 4-7. lo3 lie 

t Without regard for heat removal due to radiation and 
natural convection. 

well on the curves where Nu is proportional to 
Re0’5, that according to the Pohlhausen solution 
corresponds to the formation of a laminar 
boundary layer at a surface. 

The second important peculiarity which is 
clearly seen from Fig. 5 is the fact that heat 
transfer between a gas and cylinder and that 
between a gas and sphere differ only slightly 
according to the curve Nu = f(Re). For heat 
transfer between a gas and bodies of different 
configuration such as a plate, cube, etc, the value 
of the heat transfer coefficient is not compara- 
tively great. 

L I I I I I I 
0 5 10 15 20 25 50 

Re lo-’ 

FIG;. 5. Heat transfer between gas and bodies of different 
configuration. 

1 -disc, 2 -plate (Pr = @7), 3 -sphere in strongly turbu- 
lized incoming flow, 4 -cubes, 5 -plate (Pr = 1.0) 6 -sphere, 
7 cylinder, 8 Nu = 056 Re’ 5, 9 -Nu = 0.5 RE?‘~. 

For the region with Nu proportional to Re0’5, 
i.e. for a laminar boundary layer and the same 
degree of turbulence of the incoming flow the 
values of Nu at the same Re for bodies of 
different configuration differ mainly within + 10 
per cent from those of Nu for a sphere. 

The following fact is undoubtedly of interest 
that heat transfer with impact of a gas jet on a 
disc surface (transverse flow past a disc) cor- 
responds to that between a gas and a surface 
in a laminar boundary layer when Nu x A.Re”’ 

[lOI. 
When treating Day’s data [ 1 l] on combustion 

of a carbon hole the author [ 121 has established 
that, even with high-rate injection of air into 
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the hole through a nozzle, a laminar boundary of flow past a sphere and cylinder despite the 
layer is formed near the hole surface in reverse fact that the reverse “incoming” fiow of a gas 
gas flow, and the intensity of oxygen transfer has pronounced eddy nature. For this very 
to a carbon surface is well described by Pohl- reason heat transfer between a sphere and 
hausen’s equation (8). cylinder at Re - 4-7. lo3 is determined by the 

I I I I I I I I 
0 20 40 60 80 100 120 140 160 160 

Angle, deg 

FE. 6. Dependence of the exponent of the Reynolds number upon polar angle at sphere (according 
to T. R. Galloway and B. H. Sage). 

The data presented here and numerous results 
of other investigations on heat and mass transfer 
convincingly confirm that, when forming a 
laminar boundary layer in flow past bodies of 
any configuration, in the dimensionless transfer 
equation : firstly, a change in Nu is proportional 
to Re”’ and secondly, the configuration of 
bodies which interact with a gas flow influences 
comparatively slightly the absolute values of the 
Nu number. 

This fact is convincingly confirmed by the 
experimental data of Work [ 131 on heat transfer 
between a “sharp” gas jet and a hole forming 
in a liquid into which this jet is injected with 
high velocity. In this case the high jet velocity and 
pulsation of the walls of the hole, from which 
there occurs mass transfer, the boundary layer 
is laminar and transfer intensity (Nu) is pro- 
portional to Re”‘S. 

The formation of a laminar boundary layer 
at the rear is no less peculiar for the conditions 

equation of type (7). The aforesaid is well 
illustrated by the curve in Fig. 6 [14] with a 
change in the exponent of the Reynolds number 
over a sphere surface in a gas flow starting from 
a front “stagnation” point (0”) up to a “stagna- 
tion” point of the rear-t part of a sphere (180”). 

As is seen from the curve and the points in 
Fig. 6, for the whole frontal part of a sphere up 
to the place of boundary layer separation the 
Reynolds number has the exponent of 0.5 over 
the whole range of Re up to critical values. This 
very exponent is repeated at the “frontal” part 
of reverse flow at the rear part of a sphere. 

What happens to the heat and mass transfer 
with turbilization of a boundary layer when in 
addition to molecular transfer in a pseudo- 
laminar boundary sublayer there appears molar 
transfer by turbulent pulsations? 

In this case there is no theoretical solution 

t The rear point (180”) of the main flow. 
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even for the simplest problem, not speaking of 
such a complex problem as heat and mass 
transfer from a gas to a sphere or cylinder. 

However, there are semi-empirical equations 
for heat transfer between a gas and a plate in a 
turbulent boundary layer. As a rule these 
equations take into account the fact that at the 
initial section of the plate along the length z 
under normal conditions the boundary layer 
exists in which transfer intensity is determined 
by equation (8). 

For a turbulent boundary layer, according 
to Johnson [6], the equation for heat transfer 
between a gas and a plate is 

Nu 0.037 ReO’* pr’13; z . z. cp = 0.047. Re;0’2. 

(9) 
On the basis of the hydrodynamics theory of 

heat transfer the author [15] arrives at the 
equation 

r 1 

= 4’ 1 + (w&v) [2Pr - (wl WI] (10) 

which for local values of Nu in case of flow past 
a plate for the case of a turbulent boundary 
layer is written as 

O-058. Re “’ 
Nu, = _ ._ ~__~____z______ .(I()*) 

1 + 4.02 Re,-‘.’ - 4.05. Re,-0.2 

For mean values of Nu, and cp equation (lo*) 
is approximated by 

Nu, w 0.028 . Ref’g2 ; cp z 0.039 . Rezm0”8. 

(11) 

When laminar and turbulent layers are present, 
the dimensionless equation for heat transfer is 
written? as follows 

Nu, z 0.61 . Re,*“‘5 + 0.028. Rez’82 - 

0.028. R&o’82 (12) 

_ tur + .%*transient - 
%z = 0028 (R&s2 - Ref?) + CO61 R&” or accord- 
ing to Johnson: Ez,, 
0051 Re”“. 

= Gz z @037 (ReP” - Rez?) + 

. I 

where Re,* is the Reynolds number satisfying a 
laminar boundary layer for which z* is the 
characteristic length from which a turbulent 
boundary layer starts. The Re,* number for a 
heated plate is - 100000, and in this case 
equation (12) is simplified to 

Nu, = 0.028. Rei’a2 + 193-348 = 

0.028 Re0’82 - 155. . I (13) 

Figure 7 gives a comparison of equation (13) 
and experimental data of heat transfer between 
flow and a slab (plate). As is seen from Fig. 7, the 
experimental points are satisfactorily correlated 
by equation (13). 

. 
2000 

1500 
a* 

e 

1000 

500 

0 loo 200 xx) 400 500 600 700 800 900 1oooI100 

Re, to3 
FIG. 7. Heat transfer between gas and slab 

[Predicted curve is plotted by equation (13).] 
@ -Frank’s experimental points 
0 -Jurges’ experimental points 
l -Elias’ experimental points. 

Meanwhile, the analysis of equation (12) 
shows that under favourable conditions in a 
boundary layer the turbulent boundary layer at 
a plate may appear at considerably smaller 
values of Re, than is usually accepted. 

Assuming that both the character, the regu- 
larity and the quantitative characteristics of heat 
transfer between a gas and a cylinder and plate 
are practically identical, according to Pohl- 
hausen’s equation, we have for non-separated 
flow past a cylinder 

Nu = !?!_ Re0’5 = 0.5. Re0’5, 

Jw~ (14) 
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Taking into account the fact that with separa- 
tion of a boundary layer the characteristic 
length is h 0.72d; the heat-transfer equation for 
a laminar boundary layer is written as follows : 

Nu = 0.36. Re0’5 + a, ,036. Ret.& (15) 

The second term in this equation depends on 
the size of the active surface of the rear part of 
a cylinder and on the velocity of the reverse flow. 

Since the velocity of the reverse flow is 
proportional to that of the forward incoming 
gas flow then Rebaclr = K . Re and, consequently 
the equation may be written as : 

Nu = 0.36. Re0’5 + a2. Re”’ x O-5. Re0’5. (16) 

On the basis of numerous investigations [6] 
a2 = 0.14. This value of a2 at a constant 
magnitude of the active surface corresponds to 
the velocity of the reverse flow, which is approxi- 
mately 6 times smaller than that of the incoming 
flow. 

All known investigations uniquely show that 
at the frontal part of a cylinder and sphere the 
laminar boundary layer (up to the separation 
point) is very stable and remains so up to large 
Re under ordinary conditions. However, the 
nature of the laminar boundary layer does not 
exclude the possibility of influencing its thick- 
ness and, consequently, the transfer process 
intensity by other ways, apart from increasing 
Re. One of these ways is an increase in the turbu- 
lence of the incoming flow [14], that intensifies 
transfer but does not change the exponent of 
the Reynolds number over a wide range of Re 
in the dimensionless heat-transfer equation. 

The laminar boundary layer is less stable 
when appearing at the rear part of a cylinder 
and sphere and becomes turbulent already at 
ReZ = 5. 103-104. IJndoubtedly the eddy 
character of the reverse flow promotes this. 

The whole pattern of the interaction of flow 
with a cylinder-i sharply changes at the rear part 
when increasing Re above 4. 103-lo4 when a 

t With a sphere and other bodies in case of flow separa- 
tion. 

boundary layer turbulizes in accordance with 
the three-term equation (12). The equation for 
heat transfer between a gas and a cylinder in this 
case will be rather complex because the rear 
surface will be covered with a laminar boundary 
layer. Since the motion at the rear part is due to 
the eddy formation and periodic separation of 
eddies, then it may be considered that the 
turbulent boundary layer at the rear part formed 
near the point of separation of a reverse bound- 
ary layer should immediately spread almost over 
the whole rear surface of a cylinder. 

In this case equation (12) assumes a compara- 
tively simple form 

Nu z 0.36. Re0’5 + b .0.028. Re0’82. (17) 

where the coefficient b accounts both for a 
part of the surface of a cylinder occupied by the 
turbulent boundary layer and for a decrease in 
the velocity of the reverse gas flow. 

Thus, without essential inaccuracies and 
assumptions the dimensionless heat transfer 
equation for a sphere, cylinder, cube and other 
bodies of regular and irregular shape may be 
written as: 

Nu z A. Re0’5 + B . Re0’82. (18) 

The first term of the equation represents heat 
transfer? in the laminar and the second term in 
the turbulent sections of the boundary layer as 
a result of the interaction between flow and a 
stationary solid. 

The analysis of the general equation obtained 
in the light of the above mechanism of heat and 
mass transfer as well as of interaction between 
flow and a particle allows the main trends and 
the ways of effective intensification of heat 
transfer to be established. 

Before dwelling upon the analysis of equation 
(18) in detail, let the region of Re values be 
determined which are of practical and theoreti- 
cal interest for a gas suspension. 

As is known, the intensity of heat and mass 
transfer in a gas suspension is determined not 

t Mass transfer too. 
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only by a and p and, consequently by Nu(cp) 
and NU,ir ((Pdrf) but also by the magnitude of the 
surface area per unit volume, i.e. by the size of 
particles d, and their concentration yU. The 
finer the particles in a gas suspension and the 
greater yv, the greater the surface area per unit 
volume S, which for spherical particles is 

s =L5 
P d * (19) 

While gas suspension concentration yU is prac- 
tically limited by a maximum value of the order 

(up to 500-1200) is of the most practical interest 
for industrial and laboratory conditions. 

From the aforesaid it is clear that the motion 
of particles in these cases differs from the so- 
called supercritical regime of flow when in 
“normal” conditions the boundary layer turbu- 
lizes at the frontal part of a sphere, cylinder and 
other bodies. Moreover, in the Re region of 
interest under “normal” conditions at the rear 
part of a sphere and cylinder there exists mainly 
a laminar boundary layer. 

Before studying individual ways of transfer 

Re 

FIG. 8. Intensification of heat and mass transfer by artificial turbulization and 
“compression” of laminar boundary layer. 

l -Slobodkin’s experimental points, unsteady drying 
0 Slobodkin’s experimental points, steady drying. 

of 0.2-0.3 the size of particles may vary within 
very great ranges from 50-100 mm down to 
0*01-0*02 mm. 

It is not diffkult to see from equation (19) that 
practical interest gas suspensions with particles 
less than 46 mm in size for creating high transfer 
intensities per unit volume exists only for when 
the surface area S, is sufficiently large. These 
conditions apply to laminar flow (Re < 104). A 
still more narrow range of the Reynolds number 

intensification and characteristic peculiarities of 
gas suspension, consider briefly the formal 
characteristic of equation (18) at relatively small 
Re. 

Figure 8 shows the character of intensification 
of heat and mass transfer and its effect upon the 
coefficients A and B in equation (18). The lower 
curve in Fig. 8 satisfies the “normal” equation 
(8) for heat transfer between gas flow and a 
stationary spherical particle. and the curve 
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02. Re0’82 corresponds to the equation for heat 5. K. LEE and H. BARROW, Transport processes in flow 

transfer between gas and particles in a gas past a sphere with particular reference to the transfer of 

suspension [ 161. The remaining curves are 
mass, Int. J. Hear Mass Transfm 11, 1013-1026 (1968). 

6. E. R. G. ECKERT and R. P. DRAKE, Heat and Mass 
plotted at A = 2 and 3 and B = 0.5, 1.0 and 2.0. Transfer. McGraw-Hill, New York (1959). 

A change in the coefficient A satisfies the “com- I. M. G. KRYUKOVA and Z. F. CHUKHANOV, Study of 

pression” of a laminar boundary layer, i.e. a 
Ways of Zntensificntion of Heat Transfer Between Gas 
andSolidParticles. Izd. ENIN AN SSR, Moscow(~~~~); 

decrease in the thickness of a boundary layer 
not due to an increase in Re. The increase in the 
coefficient B is the same for a turbulent boundary 

8, 

layer, which corresponds to an earlier transition 
to a turbulent regime of flow. 9. 

Part III will deal with the nature of intensifica- lo’ 
tion of heat and mass transfer in a gas suspension. 

First of all, one of the main problems, i.e. the 
effect of concentration yv upon transfer pro- 

11 

cesses. will be considered. 12. 
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TRANSPORT DE CHALEUR ET DE MASSE ENTRE UN GAZ ET UN MATERIAU 
GRANULAIRE 

R&sum-Les processus de transport de chaleur et de masse dans une suspension gazeuse (depuis un gaz 
jusqu’aux particules) sont consider&s, et les facteurs principaux influencant leur intensite sont ttablis dans 
I’article. 

L’influence de la concentration de la suspension gazeuse, de l’instationnarite hydrodynamique et 
thermique, de la mise en turbulence de l’boulement dent&, de la rotation des particules et de leur forme 
sur le transport est analyst. 

Le systeme de calcul des processus de transport dans une suspension gazeuse est ttabli. On a montre 
que les processus de transport dans une suspension gazeuse de particules tines se produisent avec une 
intensite tr&s blevee, augmentant fortement avec la concentration. On a etabli qu’il ne peut y avoir aucune 
d&c&ration du transport due au mouvement de pression darts une suspension gazeuse de particules tines 
ii Re < 10. Les moyens d’obtenir un rendement &led d’echangeurs de chaleur et de reacteurs employant 
des suspensions gazeuses sont indiques. Le temps de chautfage dun gaz (particules) dam une suspension 

gazeuse “homogbne” peut aller jusqu’a dix et cent millisecondes. 

WARME- UND STOFFAUSTAUSCH ZWISCHEN GAS UND FEINKdRNIGEM MATERIAL 

ZlrPammenfaaarmg-WBrme- und Stoffaustauschvorglnge in einer Gas-Suspension (vom Gas an die 
Teilchen) werden betrachtet und die hauptslchlichen Faktoren, die die Intensitit dieser Vorgange 
beeinfhtsse~, angegeben. 

Der Einfluss der Konzentration der Gas-Suspension, der hydrodynamiachen und thermischen 
Unregelmiissigkeit, sowie des Turbulenzgrades der ankommenden Striimung, der Rotation der Teilchen 
und ihrer Form auf den Warme- und Stoffaustausch wird analysiert. 
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Das System der vermuteten Ubertragungsvorgange in Gas-Suspensionen wird dargestellt. Es konnte 
gezeigt werden, dass in Gas-Suspensionen mit kleinen Partikeln die Ubertragungsvorglnge mit einer 
sehr hohen Intensitat ablaufen, die sich mit wachsender Konzentration rasch erhoht. Ausserdem wurde 
festgestellt, dass bei einer gedrosselten Bewegung in Gas-Suspensionen mit kleinen Partikeln bei Re 10 

mit Gas-Suspensionen einen hohen Wirkungsgrad zu erzielen, werden aufgezeigt. Die Zeit, urn ein Gas 
(oder die Partikel) in “homogenen-” Gas-Suspensionen aufzuheizen, kann bis herunter zu Zehntausendstel 

oder Hunderttausendstel Sekunden betragen. 

Abstract-Heat and mass transfer processes in gas suspension (from a gas to particles) are considered, 
and the main factors influencing their intensity are established in the paper. 

The influence of gas suspension concentration, hydrodynamic and thermal unsteadiness, turbulization 
of incoming flow, rotation of particles and their shape upon transfer is analysed. 

The system of calculating transfer processes in gas suspension is substantiated. It has been shown that 
in gas suspension of fine particles transfer processes occur with very high intensity, sharply increasing 
with concentration. It has been established that tnere may take place no transfer deceleration due to 
squeezed motion in gas suspension of fine particles at Re < 10. The ways ofachieving high efficiency of heat 
exchangers and reactors using gas suspension are shown. The time of heating a gas (particles) in “homo- 
genous” gas suspension may be up to ten thousandth and hundred thousandth fractions of a second. 


