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Abstract-By the method of averaging over the ensemble of turbulent flow realizations, averaged heat 
transfer equations for a solid phase and a flow as a whole are derived. Closed expressions for the second 
single-point moments of the solid and carrier phase velocity and temperature fluctuations in terms of the 
second moments of the carrier phase velocity and temperature fluctuations in a non-uniform turbulent 
flow are found. Based on these expressions, a set of equations is written for the second single-point moments 
of the liquid phase velocity and temperature fluctuations in the presence of particles. Heat transfer 
calculations are carried out for turbulent flow of gas suspension in circular tubes. The effect of the 
relationship between the thermal and physical properties of the particle material and gas on the thermal 
characteristics of a two-phase flow is investigated. The predicted Nusselt numbers for a dusty flow agree 

satisfactorily with the experimental data. 

1. INTRODUCTION 

THU PAPER is a continuation of the previous paper 
[l] and is based on its results. The forthcoming review 
of theoretical studies dealing with heat transfer of 
turbulent disperse flows makes no claims to com- 
pleteness; its aim is to illustrate the basic methods 
which are employed for calculating heat transfer of 
such two-phase flows. 

In refs. [2, 31 an analysis of the heat transfer of a 
disperse flow was carried out based on a two-layer 
model of turbulent transfer and on an empirical 
relation for the turbulent viscosity coefficient of a 
disperse flow. To calculate the coeflicient of heat ex- 
change between the flow and the wall, additional in- 
formation on the hydraulic resistance coefficient is 
required, and this poses a self-sustained problem. The 
results of calculations made in ref. [4] and based on 
the van Driest damping model, modified to take into 
account the effect of admixture on turbulence, cor- 
relate well with experimental data and adequately rep 
resent the nature of the dependence of heat transfer 
on the concentration and size of particles. However, 
the solution obtained in that work contains some 
additional constants associated with the presence of 
particles and determined by comparing with exper- 
imental data. The hypothesis about the suppression 
by particles of turbulent fluctuations the characteristic 
size of which is smaller than the particle diameter [5] 
was taken as a basis for the mode1 of heat transfer 
in gas suspension with relatively large particles [6]. 
Calculations based on the latter model also employ 
additional constants the values of which are selected 
by comparing prediction with experiment. References 
[2-4,6] primarily study the effect of the size, material 
density and mass concentration of admixture particles 
on the heat transfer of gas suspension flows hardly 

touching on the problem of the effect which is exerted 
by the relationship between the thermophysical prop- 
erties of the discrete and liquid phases of heat transfer 
of disperse flows. This factor is of interest in regard 
to the problem of controlling the intensity of heat 
transfer of dusty flows ; thus, for example, an increase 
in the heat capacity ratio of the particle material and 
gas can signiticantly enhance heat transfer of a dis- 
perse flow [7, S]. Also, there is virtually no inves- 
tigations into the effect of the carrier phase Prandtl 
number on transfer of a turbulent disperse flow. 

In the present paper, using the method of averaging 
over the ensemble of turbulent flow realizations, equa- 
tions are obtained which describe turbulent heat 
transfer in a solid phase and in a dusty flow as a whole. 
Taking into account the turbulent flow inhomo- 
geneity, closed expressions were found for corre- 
lating the velocity and temperature fluctuations of 
the discrete and liquid phases. With these expressions 
being incorporated in the equations for the second 
single-point moments of the carrier phase velocity and 
temperature fluctuations, calculations were carried 
out for heat transfer of a gas suspension flow in a 
circular tube. As a result, the effect of the relative size 
and mass concentration of particles and of the ratio 
between the the~ophysi~al properties of the discrete 
and liquid phases on the thermal characteristics of a 
disperse turbulent flow was studied. 

2. AVERAGED HEAT TRANSFER EQUATIONS 

FOR A DISCRETE PHASE AND A FLOW AS A 

WHOLE 

A theoretical examination is made of the heat trans- 
fer of a disperse flow of small particles the dynamic 
relaxation time of which is commensurable with the 

2341 



2342 I. V. DEREVICH et al. 

NOMENCLATURE 

a particle radius 

(0 volume concentration of solid phase 
c ,, cz heat capacity of particle material and 

gas, respectively 

0: ‘thermal’ coefficient of diffusion 
E turbulent energy of carrier phase 
F,(s), F,,(s) two-time correlation functions 

of carrier phase temperature and 
velocity fluct~tions 

fU2~_fL>99uI,g”4,~8~ coefficients describing 
the degree of entrainment of particles 
into pulsating motion 

L spatial scale of turbulence 
m ratio of thermal to dynamic relaxation 

times of particles, z,/T, 
N number of particles per flow volume 
Nu, NuO Nusselt number of gas suspension 

flow and single-phase flow, respectively 
P pressure fluctuations in carrier phase 
Pr , , Pr, molecular and turbulent Prandtl 

number of gas, respectively 

4W heat flux at the tube wall 
R tube radius 

Rp(f) radius vector of pth particle 
Re main stream Reynolds number 

ReE turbulent Reynolds number 

TE time scale of turbulence 

Til characteristic time of variation of 
averaged quantities 

(Vi), ui averaged and pulsating velocities of 
carrier phase 

%. 

average velocity of carrier phase 
u, averaged and pulsating velocities of 

discrete phase 
Vpk(t) velocity ofpth particle 

4 Xk Cartesian coordinates 

x,r lon~tudina1 and radial coordinates 

Y distance from the tube wall normalized 
to the tube radius. 

Greek symbols 

S(x) Dirac delta function 
9u 9 

Ei YE terms describing interphase interaction 
in the equations of second single- 
point moments for velocity and 
temperature fluctuations of particle- 
laden gas 

O,, (0 ,), 9, actual, averaged and 
fluctuating temperatures of the liquid 
phase 

O,, (a,), Q2 actual, averaged and 
fluctuating temperatures of the discrete 
phase 

O,, 0, wall and bulk temperatures 
coefficient of molecular and turbulent 
kinematic vi~osities of the liquid 
phase 
thermal diffusivity of gas 
turbulent thermal diffusivity of the 
liquid and solid phase, respectively 
density of particle material and gas, 
respectively 
time of dynamic relaxation of particles, 

(2/91(p,ip,)(a2/v,) 
time of thermal relaxation of particles, 

(3/2)(pzcz/p,cl)(a2/rc,) 
coefficient of dynamic relaxation of 
particles 
coefficient of thermal relaxation of 
particles. 

lifetime of energy-carrying fluctuations of the carrier 
phase. It is assumed that the ~e~ophysi~ prop- 

0,(x, t)C(x, t) = ; f ~(X_~~(~))~~(~~. 

erties of the solid and carrier phases are constant, 
Np- 1 

whereas the thermal conductivity of the particle ma- Averaging over the ensemble of turbulent flow real- 

terial substantially exceeds that of the carrier phase. izations, isolate the averaged and fluctuating com- 

Phenomena associated with the particle thermo- ponents of the liquid and solid phase temperatures 

phoresis are not touched upon. Variation in the 
temperature of a single particle and of the carrier 

@,@,t) = <O,(x,O)+@,tx,t), <%(x,0) =o 

phase is described by the equations @&,t) = <@,~~tc,0>+92(.%0 

where 
(1) 

<C(& O)<@,(x, 0) = ; $ w-R,(t))O,(t) 
Elp- i > 

(3) 
(2) 

(C(x, W,(x, 0) = 1. (4) 

The distribution of the solid phase temperature Differentiating equation (3) with respect to time, 
throughout the flow volume is represented as with equations (1) and (4) taken into account, the 
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equations for the solid phase averaged temperature is 
obtained 

(0 
a(@,> ( ae,> 
at +wk+jy- 

k ) 
= -(C)F -(S,v,)~++2*> 

k k 

Substituting the single particle motion and heat 
transfer equations into equations (7) and (8) gives 

It is seen from equation (5) that variations in the 
solid phase temperature are attributable to a turbulent 
flow of heat in the solid phase because of the entrain- 
ment of particles into pulsating motion [the first term 
on the right-hand side of equation (5)], to the diffu- 
sional transfer of temperature fluctuations [the second 
term on the ~ght-hand side of equation (5)], and also 
to the interphase heat transfer [the last two terms on 
the right-hand side of equation (5)]. 

Having averaged equation (2) and added it to equa- 
tion (5), the heat balance equation for the flow as a 
whole can be written as 

+ Pzc, Cc%> 
-(<@,>-(W) (9) 

PlCl 79 

Equation (5) for the solid phase averaged tem- 
perature and the expressions for ai” and 8 include 
single-point correlation moments of the solid and car- 
rier phase velocity and temperature fluctuations. For 
these to be calculated, assume that the solid phase 
temperature fluctuations are caused by the fluctuating 
temperature slip of phases, i.e. 

It follows from the above equation that the admix- 
ture particles not only contribute to convective heat 
transfer, but also enhance the turbulent heat flow due 
to their entrainment into pulsating motion. 

3. EQUATIONS FOR THE SECOND MOMENTS 

OF THE PARTICLE-LADEN CARRIER PHASE 

VELOCITY AND TEMPERATURE FLUCTUATIONS 

Equations for the second single-point moments of 
the velocity and temperature fluctuations of the car- 
rier phase laden with particles result from equation (2) 
and coincide with the corresponding equations for 
a single-phase flow, except for the additional terms 
arising due to the interphase interaction. The 
additions term in the equation for the second single- 
point moments of the liquid phase velocity and tem- 
perature fluctuations has the following form : 

The additional interphase heat transfer term in the 
equation for the second single-point moments of the 
carrier phase temperature fluctuations is 

+ a(92vk- (QZvk)) + I,, -9 ) 
axk 

1 2 * 
78 

(11) 

Writing down equation (11) in integral form, mul- 
tiplying the result by the carrier phase velocity or 
temperature fluctuations and averaging, obtain closed 
expressions for the correlations of temperature and 
velocity fluctuations of the solid and carrier phase 
accurate to the terms of the order of (TE/TO)’ : 

(Q2%> =93r(%ui)--sgs* 
[ 

1 a(%ui> 
- ~ 2 at 

+(v-,> u.3 +q411> 
( > *ax, h2 i k 

(Q,Vk) = g”,(Q,ui)-Zugu2 [ ; T 

02) 

(13) 
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(9,&L) =$,(9:)-s,,& [ ;fF 

a<w g9u2 
+ ;(vk,, 

k 
+ pU”)p 

92 k 

1 a@;uk> 
+ 2 ax, ~ . (14) 1 

Analogously, using the method of averaging over 
the ensemble of turbulent flow realizations for the 
equation of temperature fluctuations (1 l), obtain 
expressions for the correlations accurate to the terms 
of the order of 

(92&> = ihI<QI~i)- ~@Y”2+99.1) u 

[ 
ach) aew 
p+(vk)F 

a( vi) 
at k +@IUk)~ k 

+(“iuk)----- 
a:,) + a(;;uk) (15J 

k ‘k 1 
(9:) =Lw<G> +9(f9*+.h,) [ F 
+<v,> db"'+2g;2~yyg,uk) 

k 82 81 

a@2> a@iuk> 
Xzy+ 1 axk . (16) 

The functions f, g, q in equations (12)-( 16) describe 
the degree with which the admixture particles are 
entrained into the carrier phase temperature fluc- 
tuations. They have the following form : 

fg, =~~ev(-$Wld~ 

h2=$~~ew(-$Fd4ds 

SS”I = &J [e&) 

+ exp - t 
( )I F,,(s) ds 

suz =$rsexp (-~)&Wd~ 
gs2 =$~sexp(-$)f'&~ds 
K%ll = Gg[=p(-$) 

-exp -? 
( >] 

Fs’s, (4 ds 
7, 

q92 = 

-exp -t 
( )I F,(s) ds. (17) 

The functions F,&s) and &(s) determine two-time 
correlation moments of the carrier phase velocity and 
temperature fluctuations 

(9,(x, Mx, t+s)) = F&)(9,(x, Mx, 0) 

By assigning the specific form of the functions F,,(s) 
and F,(s), it is possible to obtain from equations (12)- 
(17), closed expressions for the correlations of the 
solid and carrier phase velocity and temperature fluc- 
tuations in terms of the second single-point moments 
of liquid phase velocity and temperature fluctuations 
taking account of the nonuniformity and unsteadiness 
of the turbulent flow. In this case, the first terms on 
the right-hand sides of equations (12)-(16) represent 
correlations of the solid and carrier phase velocity and 
temperature fluctuations in a uniform steady-state 
turbulent flow, whereas the terms within square 
brackets describe the contribution of the unsteadiness 
and nonuniformity of the carrier phase velocity and 
temperature fluctuation. 

For particles with low dynamic and thermal inertia 
(z, -+ 0, zg +O), obtain (9,~~) = (9,~~) = (Siu,), 
(Q,g2) = (9:) = (9:); for inertia particles the dy- 
namic and thermal relaxation times of which con- 
siderably exceed the lifetime of thermal-carrying 
moles, obtain (Q2ui) -+ (9,~~) -+ (QlS2) + 0, but due 
to the additional generation of the intensity of solid 
phase fluctuations in a non-uniform turbulent flow 
<&vi) = O(LP,I, (9:) = o(~lT,). 

The expression for the correlation ((3,) is found 
similarly to the expression for (CuJ in ref. [l]. It has 
the following form : 

where 



Hydrodynamics and heat transfer of turbulent gas suspension flows in tubes-2. Heat transfer 2345 

Using equation (18) the solid phase heat transfer 
equation (6) can be written as 

a<o,> a(@,> a(9,tk) 
at+<Wax= -~ 

k axk 

+ ;(W-W- $8 7 (19) 
k 

where 

0: = (W,, +7&s,S)(~,~kk) 

is the ‘thermal’ coefficient of diffusion. 
Equations (7)-(lo), (12)-(16) and (18) yield a set 

of equations for the second single-point moments of 
the velocity and temperature fluctuations and also for 
the square of the particle-laden carrier phase tem- 
perature fluctuations 

a@kuk> P2 
+(&ax 

k 
+ j$c)(vk) 

+ a@luiuk) 

axk 

(uk) +E (c)fQZ(vk) F 

k 

(20) 

+2(9,uk) 

a*9: 
= K, ~- 

a&a% 2KI 

where 

(21) 

It is seen from equations (20) and (21) that 
particles, being entrained into the pulsating motion of 
the carrier phase, contribute to the terms that describe 
convective transfer, turbulent diffusion of the carrier 
phase temperature fluctuations and fluctuation orig- 
ination from averaged motion. Moreover, new terms 
appear that describe the variation in temperature 
fluctuations due to the admixture concentration gradi- 
ent [the last but one terms in equations (20) and (21)] 
and the additional dissipation of the carrier phase 
fluctuations by particles [the last terms in equations 
(20) and (21)]. 

For inertia-free particles (7, + 0, tg + 0, gu2 + 1, 

gQ2 -+ 1, ssu2 -+ 1, gsu4+0, gQ4+01 fQ4+% the 

convective and turbulent diffusion transfer and also 
the origination of temperature fluctuations increase in 
equations (20) and (21) as compared with the single- 
phase liquid flow. Inertia particles (7, N TE) are less 
entrained into pulsating motion Cgy2 < 1, gs2 < 1, 
gsV2 -C 1, gu4 # 0, gs4 # 0, fs4 # 0) and can lead to a 
decrease in the intensity of temperature fluctuations. 
Large particles (T,, >> TE, zs >> T,) are not entrained 
into the carrier phase temperature fluctuations and 

therefore guzr g,92. gSuzr gtq4, gu4, _G4 --t 0. 

4. EQUATIONS FOR CALCULATING HEAT 

TRANSFER OF TURBULENT FLOWS IN TUBES 

As with the calculation of hydrodynamics [1], the 
two-time correlation functions of the carrier phase 
velocity and temperature fluctuations are given in the 
form 

FsuW = F,(s) = 
1, when O<s<T, 

2, when s > TE ’ 

Substituting equation (24) into equations (16) and 
(23), the following expressions for the coefficients that 
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0 I 2 3 4 5 6 

-Qa 
FIG. 1. Coefficients representing the contribution of particles 
into averaged heat transfer, additional generation and dis- 
sipation of gas temperature fluctuations 1.51, = 0.2, 1, 10. 

describe the degree of the entrainment of the particles 
into the gas temperature fluctuations are obtained : 

gvl = l-exp(-1/W, h, =gsI = l-exp(-l/W 

gu2 = 1-(1+WL,)exp(-WL) 

h2 = ga2 = 1 - Cl+ l/QJ exp (- VW 

a1 = I-[%ew(-WJ 

gu2 = qs2 = qu2 = 1 -Ph ev (- VW 

gu4 = exp (- VWfL 

go4 = fo4 = exp (- Vkd/% (22) 

Formulae (22) include the thermal inertia par- 
ameter Rs = qJTE which is analogous in meaning to 
the parameter of the dynamic inertia of particles 
R, = z,/TE. 

Figure 1 illustrates the dependence of the coeffi- 
cients that describe the entrainment of particles into 
temperature fluctuations on the particle thermal in- 
ertia parameter. It is seen that as the thermal inertia 
parameter increases, the concentration of particles 
into turbulent heat transfer diminishes. The maximum 
of the additional dissipation of temperature fluc- 
tuations on particles is reached at RB = 1. 

To describe the dissipation and exchange terms in 
equations (20) and (21) use is made of the Monin- 
Kolovandin approximation hypotheses [9, lo] 

_ = k+,u,). (23) 

In ref. [l 11, a detailed analysis of the effect of par- 
ticles on the intensity of turbulent heat transfer of a 
gas suspension is performed. A diffusion-free approxi- 
mation for large turbulent Reynolds numbers, 
Re, x 1, gives an algebraic set of equations for the 
second single-point moments of velocity and tem- 
perature fluctuations of a carrying gas with particles. 
The solution of this set of equations yields in the form 
of modified Prandtl ratios that determine the intensity 
of temperature fluctuations of a turbulent heat flow 
and also expressions that define the turbulent Prandtl 
number for the carrying gas. Analysis of the resulting 
expressions shows that particles with the dynamic 
inertia parameter exceeding unity weaken the intensity 
of temperature fluctuations and the turbulent heat 
flow of the carrying gas. Particles with low dynamic 
and thermal inertia parameters intensify the processes 
of turbulent transfer, with the growth of the particle 
thermal inertia decreasing the intensity of the carrier 
phase temperature fluctuations. 

Heat transfer for a hydrodynamically and thermally 
stabilized turbulent disperse flow in a circular tube 
will now be calculated. In this case the averaged 
velocities and temperatures of both phases can be 
assumed equal, and the heat transfer equation (6) 
for the disperse flow in the boundary layer theory 
approximation can be stated as follows : 

-0,~) - Z(Q)(~,~C) )I . (24) 

Turbulent flows of heat in the liquid and solid 
phases are represented by the coefficients of turbulent 
thermal diffusivity as 

am) 
(~21$) = -K,?----7. 

or 

The relationship between the turbulent thermal 
diffusivities of the solid and carrier phases in a non- 
uniform turbulent flow is determined from formula 
(12) and has the form 

X 
1+ (@>%A,, +c2/c,g94)/(k9T~E”2) 

1 +c,lc,<@)q”* I- 

The expression for the turbulent Prandtl number 
of gas laden with particles follows from the set of 
equations for the second single-point moments of the 
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carrier phase velocity and temperature fluctuations, 
with closing relations (23) taken into account 

For a single-phase turbulent flow ((0) = 0) it fol- 
lows from equations (30) that Pr, - 1+ l/Pr, in the 
near-wall region where Re, cc 1. Away from the chan- 
nel walls, the effect of molecular Prandtl number 
becomes weaker and in the logarithmic region of flow, 
where Re, s 1, Pr, N kg/k. 

The carrier phase temperature fluctuations are cal- 
culated on the basis of the equation obtained from 
equation (21) with the use of approximation relations 

(23) 

(25) 

The solution of the carrier phase energy equation 
(24) is considered at the given heat flux qw on the inner 
surface of the tube. The Nusselt number is found from 
the formula 

NM = 2&w 2R ao, 
lcl(O,-0,) = - (0,-O,) ar ,=R’ 

The distribution of temperature fluctuations over 
the tube cross-section is determined from equation 
(25) provided there are no temperature fluctuations 
on the tube walls. The values of the constants k, kg, 
c,~, q, are selected the same as for a single-phase flow 
[12] ; the constant y is determined in ref. [l]. 

5. CALCULATION RESULTS 

As compared with the hydrodynamic problem the 
analysis of the effect of particles on heat transfer 
requires that two additional parameters be taken into 
account : the Prandtl number which is involved in the 
ratio between thermal and dynamic inertia parameters 
of particles (thermal and dynamic relaxation times) 
R&J = zg/z, = 3Pr,/2c2/c,, and the ratio between the 
particle material and gas heat capacities which enters 
both in R&2, and in the ‘thermal’ concentration 

0 0.2 04 0.6 0.6 I 
u 

FIG. 2. Effect of the ratio between the thennophysical prop- 
erties of the particle material and gas on the intensity of 
gas temperature fluctuations (Re = 2.2 x 104) : 1, (@> = 0, 
Pr, = 0.7; 2, (@) = 3, Pr, = 0.7, R/a = 5000, c2/cI = 0.5; 
3, (@) = 3, Pr, = 0.1, R/a = 5000, cJc, = 2; 4, (@> = 3, 
Pr, = 0.1, R/a = 600, cz/c, = 0.5; 5, (@) = 3, Pr, = 0.1, 
R/a = 600, cz/c, = 2; 6, (a) = 0, Pr, = 5; I, (Q> = 3, 
Pr, = 5, R/a = 5000, c2/cl =0.5; 8, (@) = 3, Pr, = 5, 
R/a = 5000, CJC, = 2; 9, (Q) = 3, Pr, = 5, c2/cI = 0.S; 10, 

(a) = 3, Pr, = 5, R/a = 600, c&, = 2. 

c2/cI(@). The effect of the parameters Pr, and c2/c, 
on the characteristics of turbulent heat transfer is 
significant for small particles and is negligible for large 
ones, since the effect of high-inertia particles on the 
rate of turbulent momentum and heat transfer is insig- 
nificant within the framework of the analysis per- 
formed. Figure 2 illustrates the dependence of the in- 
tensity of gas temperature fluctuations on the Prandtl 
number and on the ratio of the particle material and 
gas heat capacities. Particles with the low dynamic 
inertia parameter R, < 1 enhance the carrier phase 
temperature fluctuations when the thermal inertia 
parameter Rg = 1. An increase in the Prandtl number 
of the carrier phase or in the heat capacity ratio cz/c, 
leads to a growth of the thermal inertia parameter of 
the admixture and this reduces the intensity of the 
gas temperature fluctuations. For inertia particles 
(0, > 1) a drop in the liquid phase temperature fluc- 
tuations is observed, with the maximum of tem- 
perature fluctuations being located closer to tube 
walls. 

Figure 3 illustrates the effect of the admixture mass 
concentration on the thermal diffusivity of the carrier 
phase. It is seen that low inertia particles lead to a 
monotonous increase in the turbulent thermal diffu- 
sivity coefficient of the carrier phase, with the degree 
of this increase diminishing with the growth of the 
Prandtl number for the gas or of the ratio between 
the heat capacities of the particles and gas. For par- 
ticles with higher inertia R, > 1, the dependence of 
the turbulent thermal diffusivity coefficient is not 
monotonous: a drop in the turbulent thermal diffu- 
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101 IO’ 

<a> 
PIG. 3. Effect of the admixture mass concentration on the 
turbulent thermal diffusivity of gas (Re = 2.2 x 104, F = 1) : 
I, R/a= 5000, CJC, =0.5, Pr, = 0.7; 2, R/a= SOOfl, 
c2/c, = 2, Pr j = 0.7 ; 3, R/a = 5000, cl/cl = 0.5, Pr , = 5 ; 4, 
R/a = 5000, c-Jc, = 2, Pr, = 5 ; 5, R/a = 600, cJc, = OS, 
Pr, = 0.7 ; 6, R/a = 600, c2/c, = 2, Pr, = 0.7 ; 7, R/a = 600 

c2/c, = 0.5, Pr, = 5 ; 8, RJa = 600, cz/c, = 2, Pr, = 5. 

sivity coefficient of the carrier phase is followed by 
an increase when the admixture mass concentration 
changes from 0 to (Q) = 3-5. The higher the value 
of the particle thermal inertia parameter, the lower 
are located the curves of K,~/K$ vs the particle weight 
concentration. 

The dependence of turbulence on the molecular 
Prandtl number is more significant in gas suspension 
flows than in single-phase flows : to greater Pr I there 
correspond greater turbulent Prandtl numbers (Fig. 
4). This is explained by the fact that an increase in the 
Prandtl number of the gas, which causes an increase 
in the thermal inertia parameter, leads to a more inten- 
sive temperature slip of phases, i.e. to an increase in 
the dissipation of the liquid phase temperature fluc- 
tuations. The location of the maximum turbulent 

4, , 

FIG. 4. Distribution of the turbulent Prandtl number of gas 
over the tube cross-section (Re = 3 x 104, (Q> = 5, 
R/a = 5000): 1, IV, = 0.7, cI/cI = 1; 2, Pr, = 5, C&I = 1 ; 
3, Pr, = 20, cJc, = 1; 4, Pr, = 0.7, CJC, = 4; 5, Pr, = 5, 

FIG. 6. Effect of the molecular Pxandtl number of gas on the 
Nusselt number of gas suspension (Re = 3 x 104, (a) = 5) : 
1, R/a = 5000, cz/cI = 1; 2, R/a = 5000, c*/c, = 4; 3, 

CJC, = 4; 6, Pr, = 20, c&, = 4. R/a = 3000, cdc, = 1; 4, R/a = 3000, CJC, = 4. 

IO0 IO ’ I02 
v+ 

FIG. 5. Distribution of the turbulent Prandtl number of gas 
laden with particles near the tube wall (for symbols, see 

Fig. 4). 

Prandtl number of the gas laden with particles in the 
near-wall region (Fig. 5) is explained by the maximum 
dissipation of the intensity of temperature fluctuations 
at&= 1. 

The ratio between the thermo-physical properties 
of the particle material and gas exerts an influence not 
only on the fluctuating temperature structure of the 
flow, but also on the heat transfer rate of the dusty 
flow as a whole. Figure 6 shows the dependence of 
molecular Prandtl number of the carrier phase. An 
increase in the molecular Prandtl number of the gas 
entails a decrease in the Nusselt number of the gas 
suspension flow as compared with the Nusselt number 
for a single-phase flow. An increase in the heat 
capacity of the solid phase leads to an increase in heat 
transfer of the dusty flow with the degree of the gas 
suspension Nusselt number growth being at maxi- 
mum when czjc, CC 1 and decreasing when c2/cI 
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01 I I 
IO-' IO0 IO' 

c,‘c, 
FIG. 7. The Nusselt number of a dusty flow vs the ratio 
between the heat capacities of the particle material and gas 
(Re = 3x IO“, (Q) = 5): 1, Pr, = 0.7, R/a = 5000; 2, 
Prl = 5, R/a = 5000; 3, Pr, = 0.7, R/a = 3000; 4, Pr, = 5, 

R/a = 2000; 5, PT, = 0.7, R/a = 2060. 

>> 1 (Fig. 7). For particles with higher inertia, the 
effect of the ratio between the heat capacities of 
the particle material and gas on heat transfer dimin- 
ishes. The relevant results obtained for a dusty flow 
correlate well with the experimental results of refs. 

[7,81. 
In Fig. 8 comparison is made between experimental 

[8] and calculated Nusselt numbers for gas suspension 
flows in circular tubes. It is seen that the results agree 
~tisfacto~ly especially for small particles. Note that 
heat transfer calculations from formulae that neglect 
the effects of the turbulent flow nonuniformity con- 
siderably understates the results as compared with 
experimental data. 

6. CONCLUSIONS 

(1) Using the method of averaging over the en- 
semble of turbulent flow realizations, equations are 
obtained for averaged heat transfer by a discrete phase 
and by the gas suspension flow as a whole. The equa- 

FIG. 8. The Nusselt number for the flow in tubes : 1, Re = 104, 
R/a = 2500; 2, Re = I.2 x 104, R/a = 1100; 3, 
Re = 1.35 x 104, R/a = 600; 4, Re = 1.5 x 104, R/u = 200. 

tions show that the entrainment of particles into pul- 
sating motion increases the contribution of particles 
into turbulent heat transfer. 

(2) Closed expressions are obtained for correlations 
of solid and carrier phase characteristic ~uctuations 
in terms of the second single-point moments of vel- 
ocity and temperature fluctuations of the carrier phase 
alone. Taking account of the turbulent flow nonuni- 
formity in the set of equations for the second single- 
point moments of velocity and temperature tluc- 
tuations and the square of temperature ~uctuations 
of the carrier phase with particles leads to the appear- 
ance of new terms that describe the generation of con- 
vective transfer and turbulent diffusion of the liquid 
phase temperature fluctuations. The presence of par- 
ticles in a turbulent flow also leads to an additional 
dissipation of temperature fluctuations due to the 
interphase fluctuating temperature slip. The degree of 
the effect of the discrete admixture on heat transfer 
depends not only on the mass concentration, relative 
particle size and the density ratio of the particle 
material and gas, but also on the ratio between the 
heat capacities of the particle material and gas and on 
the carrier phase Prandtl number. 

(3) Without using additional constants for the pres- 
ence of particles in the flow, calculations of the gas 
suspension flow heat transfer in a circular tube were 
performed. It is found that, depending on the relative 
size, density ratio and the ratio between the heat 
capacities of the particle material and gas, as well as 
on the gas Prandtl number, both a decrease and an 
increase in the intensity of turbulent heat transfer 
processes in a gas suspension are possible. The non- 
uniformity character of the effect of admixture mass 
concentration on the turbulent thermal diffusivity 
coefficient of the carrying gas was determined from 
calculations. Comparison of the predicted Nusselt 
numbers of gas suspension with experimental data 
indicates a satisfactory description of the processes of 
the turbulent heat transfer in a dusty flow. 
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HYDRODYNAMIQUE ET TRANSFERT THERMIQUE DES ECOULEMENTS 
TURBULENTS GAZEUX AVEC SUSPENSION DANS DES TUBES-2. TRANSFERT 

THERMIQUE 

R&nn&-Par la mtthode de moyenne sur l’ensemble des realisations d’ecoulements turbulents, on tcrit les 
equations du transfert de chaleur moyen pour une phase solide et pour le fluide consider& comme un tout. 
On trouve les expressions des moments de second ordre au mCme point des fluctuations de vitesse et de 
temperature de la phase fluide en presence des particules. Des calculs de transfert de chaleur sont developpes 
pour des Bcoulements turbulents de suspension dans des tubes circulaires. On Btudie les effets de couplage 
entre les proprietes thermiques et physiques du materiau particulaire et du gaz, sur les caracteristiques 
thermiques dun Bcoulement diphasique. Les nombres de Nusselt calcules pour un gaz poussiereux 

s’accordent de fagon satisfaisante avec les don&es experimentales. 

HYDRODYNAMIK UND WARMETRANSPORT BE1 TURBULENTER STRdMUNG 
EINER GASSUSPENSION IM ROHR-2. WARMETRANSPORT 

Znaammenfassung-Durch das Verfahren der Ensemble-Mittelung in einer turbulenten Stromung werden 
die Mittelwertgleichungen fiir den Warmetransport der festen Phase und der Striimung insgesamt abgeleitet. 
Es werden geschlossene Ausdriicke fiir das zweite Moment der Geschwindigkeits- und Temperatur- 
Fluktuationen fur Feststoff und Tragergas ermittelt, und zwar in Abhlngigkeit vom zweiten Moment 
der Fluktuationen im Trlgergas bei ungleichmaBiger turbulenter Stromung. Auf diesen Ausdriicken 
aufbauend, wird ein Gleichungssystem fiir das zweite Moment der Fluktuationen von Geschwindigkeit und 
Temperatur in Gegenwart von Feststoffteilchen erstellt. Fur turbulente Striimung einer Gassuspension in 
kreisformigen Rohren wird der Warmeiibergang berechnet. Die Auswirkung des Zusammenhangs 
zwischen den thermischen und den physikalischen Eigenschaften des Partikelmaterials und des Gases 
auf die thermischen Eigenschaften einer 2-Phasen-Stromung werden untersucht. Die berechneten Nusselt- 

Zahlen ftir eine Staubstriimung stimmen zufriedenstellend mit experimentellen Daten iiberein. 

I-HAPOAMHAMHKA H TEI-IJTOOEMEH IIPH TYPSYJIEHTHOM TEHEHMH FA30BSBECA 
B TPYPAX-2. TEIUIOO6MEH 

Asmu~vMerono~ ocpennermn no attcar+r6nro peana3arur~ ryp6ynenrnoro nororra nonyqenar ypan- 
tienmr ocpenrrennoro rerr.nonepenoca ~~epil0P @asI H nororra B uenord. HaBnermt 3ahfroiyrbte sbrpance- 
HHR &W, BTOpba OLMOTO¶e‘IHE.IX MOMeHTOB IIyJTbWHff CKOPOCTH H TeMnepaTypbl TBepAOfi H HeCyLUeii 

@a3 wpes BTOpbIe hfohfewrbl nynbca@i cKop0cni n TeMnepaTypxd Hecyurefi Qa3bl B H~~~O~OWOM 

Typ6yJIeHTHOM IIOTOKe. Ha OCHOBe IIOJly’IeHHbIX BbIpaEeHHi-i 3alIHCUIUIa CHCTeMa ypi3BHeHHii QnK BTOpbIX 

OWOTO’lePHblX MOMeHTOB IIyrtbcaQHi CKOpOCTH H TeMIIepaTypbl KSLWOii @Wd B IIpHCyTCTBHH ‘IaCTHU. 

l+xWleHbI pac¶eTbt rerrnoo6~ena np~ Typ6yJIeHTHOM TeYeHmi ra30B3aecH B Kpyrnbrx rpy6ax. HCCJte- 
noaano anmnnie coornomemra ~euno@i3Hwc~~~ ~B~~cTB Marepirana qacriin H ra3a tra rennoabre 
XapaKTepETHKH J,ByX+3HOI’O ,IOTOKa. PWETHbIe AaHHble “0 ‘IHCJIy HyccenbTa 3anbrJreHHOrO “OTOKa 

yLlBneTBOpHTeZbH0 COUIaCyloTCX C 3KCllepHMeHTOM. 


