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A film model of  heat transfer between a disperse medium and a macrosurface under conditions of  an 
ascending gas flow is suggested. Model equation (11) /or  the coefficient ac. c a~ a function of  the governing 
factors is obtained. It is used for generalization of experimental data in various systems: a fludized bed, a 
circulating/luidized bed, vertical pneumotransport - described by formulas (12 ), (13 ), (15), and ( 16 ). 

Two-phase media in which particles are suspended by an ascending gas flow (a fluidized bed, a circulating 

fludized bed, vertical pneumotrausport) are widely used in industry. A large number of works are devoted to 
investigation of heat transfer between such systems and macrosurfaces (especially for a fluidized bed),  which is of 

importance in practice [1-5]. The correlations established for calculation of ac_ c have, as a rule, a rather limited 
domain of verification, which narrows the possibility of their practical use. In order to obtain simple and universal 

relations for calculation of ac_c needed in practice, it is necessary to attain a sufficiently high level of generalization 

that is unthinkable without creating models that describe the most general significant features of the process of 
heat transfer between a two-phase medium and a macrosurface and that can predict the character of the dependence 
of ac-r on the governing factors not only in a single system but also in an entire class of related systems. Among 

those are the fluidized bed, the circulating fluidized bed, and the vertical pneumotransport mentioned above. These 
systems are closely, related owing to their ability to convert from one to another with a smooth change in the gas 

velocity and to the fact that the excess gas filtration rate u - u t characterizes the intensity of transfer processes in 

aU cases. 
The analysis below is based on a film model of heat transfer that we developed for a fluidized bed in [6 ]. 

According to this model, which uses a fundamental property of a disperse medium (heat is transferred to it from 

the surface at first through a boundary gaseous film), the coefficient ac-c is determined by the simple expression 

a c _  c = 2 e l / J r ,  (1) 

which shows that ac-c is completely determined by the thermal resistance of the boundary gaseous film. Effective 
values of the film thickness (Jr) and the horizontal thermal conductivity (~ef) a r e  expressed in terms of the physical 
characteristics of the two-phase system. 

The model of heat transfer in disperse media with suspended particles is a generalization of [6 ] and is 

based on the following assumptions: 
1) the thickness of the boundary gaseous film is a nonlinear function of the particle diameter and the 

particle concentration in the flow: 

r = k I Ar -k2 (1 - e) -k3 ; (2) 

2) the temperature in the boundary gaseous film has a linear profile; 
3) the effective thermal conductivity of the gaseous film consists of conductive and convective components: 

2ef = ~'cond + 2conv ; (3) 
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4) the conductive component of her includes the effect of convection of particles penetrating into the near-  
surface zone and has the form 

~cond = k42f (c~f) kS (psl k6 (4) 

5) the convective component of ~-ef takes into account the contribution of the filtering gas and the nonlinear 

dependence of ~lconv on d and 1 - e: 

d)/ca At-k2 (1 e) - t3  ~'conv = k7cf Pf Uwd - , (5) 

These rather general assumptions make it possible, as shown below, to obtain universal relations of the 
same type for calculation of ac-c in the systems under consideration. 

We write the equation of heat balance on the heat-transfer surface, which determines ac-c: 

or I ac_ c (r |  - rw) = - aef ~-r , = o / 2  (6) 

Using assumption 2), we can write the following expression for the temperature gradient on the wall: 

~[r=D/2 -- Tw- (7) 

Substituting this expression for OT/Or into (6). we arrive at 

ac -c  -- ~'ef Os / J f .  (8) 

which is a generalization of (1). 
The dimensionless relative temperature Os of the first series of particles characterizes the temperature 

profile in a horizontal cross section of the apparatus (standpipe). This quantity serves as an empirical parameter 
and considerably simplifies the heat-transfer model by allowing its consideration in a one-zone approximation. In 
a fluidized bed, owing to its high horizontal thermal conductivity the quantity Os can be considered to be unity 
and formula (8) turns into (1). As an analysis [8 ] of experimental data [7 ] for a circulating fluidized bed and data 

obtained by Nosov ([5 ], Fig. 8-12 ] under pneumotransport conditions has revealed, the quantity Os is a rather 
weak function of the particle concentration: 

o s = k  9(1 _e )k lO ,  (9) 

where k9 '= 1.29, klo = 0.13 (a circulating fluidized bed) and k9 = 0.9, klo -- 0.18 (pneumotransport). 
Substituting into (8) its constituting quantities expressed in (2), (4), (5) and (9), we obtain 

k4k_..~9 '~f Ark2 (l _ e)k3+klo (c~f) ks IPsl k6 
a c - c  = k 1 d kPf} + 

kTk 9 (d )  k8 
+ -~1 Cfpf U w d Ar k2-k2 (1 - e) k3-k;+klO . (lO) 

In dimensionless form expression (10) is 

k4k9 (csl k5 (Psi k6 
Nuc_c = k--i- A : 2  - . = l  ~Pf} 

+ 
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+ ~k7k9 Re w Pr (~) k8 Ark2-k2 (I -- e) k3-k*3+klO . (11) 

Equation (11) is the most general form of the dependence of Nuc-c on the governing parameters. The excess 
#, 

filtration rate u - u t enters (11) indirectly in terms of the particle concentration 1 - e, which is a function of 
U m Ul" 

Now we will consider model equation (11) as applied to particular disperse media. 

1. Fluidized bed. As mentioned above, O, = 1. The Reynolds number Rew is represented as Rew = Re/e.  
Equation (11) acquires the form 

Nuc-c = ~1 Ark2 (1 - e) k3 + 

+ - - -  e r  Ar k2-k2 (1 - e) k3-k; (1 la) 
k I �9 

In [6 ], based is an analysis of numerous experimental data, the following semiempirical equation was 
obtained: 

/_~) 0.24 ( ~ )  0.14 
Nuc_ c = 0.74 Ar 0"1 (1 - e) 2/a cs Ps + 0.046 -~-__ Pr (1 - e) 2/a . (12) 

Relation (12) was verified over an extremely wide range of experimental conditions (including pressures): 1.4- 102 

< Ar ~ 1.1. 107; 0.1 _< P < 10.0 MPa. This distinguishes it favorably from the majority of correlations known from 
the literature, for instance, [1, 2, 4]. 

2. Circulating fluidized bed. Due to the special features of the motion of the phases near the heat-transfer 

surface (the descending particle flux and the gas filtration at a relatively low rate that is weakly related to the mean 

filtration rate) the actual wandering velocity ut for the given conditions is taken as Uw. Due to the relative smallness 
of the particle-concentration values the convection effect of the particles in the near-surface zone, i.e., the cofactor 
(cs/cOkStps/pO ~6 in the first term of (11), can be neglected. With account for the unambiguous relation of Ret and 
ha" Eq. (11) reduces to the form 

k4k9 Ar k2 (1 - e) k3+klO + k;k9 At" kll Pr (1 - e) k3-k;+klO ( l i b )  
Nuc_ c - kl ~ " 

In [8 ] we derived the following simple equation to describe conductive-convective heat transfer in a 
circulating fluidized bed: 

Nuc_ c = 1.65 Ar ~ (1 - e) ~ + 0.00049 Ar ~ Pr .  (la) 

Equat ion  (13) was verif ied within ra ther  wide ranges  of exper imenta l  condi t ions:  0.1 < P < 5.0 MPa ;  
0.058 < d < 0.827 ram; 1 - e -< 0.2. 

3. Vertical pneumotransport. Here the convection of the particles in the near-surface zone can also be 

neglected. The convective component of ac_ c is calculated using the well-known Mikheev formula [9 ]: 

0.2 
Nuconv = 0.021 Re~ ( d )  pr  0"43 " (14) 

In this case, model equation (11) acquires the form 
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Fig. 1. Conductive heat transfer in disperse systems with suspended particles: 
1-4) [10] ( u -  11.8, 17, 20.8, 23.7 m/sec; d - 0.076 ram), 5-8) [5, Figs. 6-8] 
U s / p f u "  5, 10 (d-0.14), 30, 55 (d " 0.165, 0.15)); 9-10) [5, Figs. 6-11b] 
(d " 0.165, 0.14); 11-13) [5, Figs. 6-11a] (u = 7.5, 14.5 (d = 0.15),  15 (d = 
0.165));  I) Eq. (15); I I )  (16); I I I )  (13); IV)  (12) (Ps = 2500 kg /m 3, cs - 800 
J / ( k g -  K)). 

k4k9 
Nuc_ c - Nuconv - kl Ar k2 (1 - e) k3+klO (1 lc)  

General izat ion of experimental  da ta  [5, 10 ] in accordance with (1 lc) yields the following relat ion 

Nuc_ c - Nuconv = 54.0 Ar 0"17 (1 - t ) ,  (15) 

which is shown in Fig. 1 toge ther  with the exper imenta l  points.  T h e  domain  of verif icat ion of Eq. (15) is: 

1 - e < 10-2; 0.076 < d --- 0.15 ram; 12 --. u -< 42 m/sec .  At 1 - e > 10 -2  (the region of f lu id-mixture  flows [5]) 

the dependence  on the particle concentrat ion is smoother  (Fig. 1) and the general izng equation is 

Nuc_ c - Nuconv = 3.8 Ar 0AT (1 - e) 0"4 . (16) 

The  particle concentrat ion is determined from the solution of the t ranscendental  equat ion 

1 - = 7 [ / ( 1  + 7 [ ) ,  (17) 

which follows from the definition of the specific flux of particles Js =ps(1 - e)v and  the express ion for  thei r  velocity 
I l l  

[4 ] v -  (u - u t (e ) ) /e .  The  quanti ty u t (e) is calculated using the well-known Todes  formula [4 ]. 

Figure 1 also shows functions (12) and (13). For  correctness  the conductive components  of ac-c a re  

compared for the case of fine particles (for definiteness, with Ar = 200). An analysis of the  functions given in Fig. 

1 allows us to draw the  following conclusions: 

1)  the values of acond for f luid-mixture flows and a fluidized bed are  approximate ly  the  same despite a 

considerable difference in the particle concentration; 

2) the values of acon d for a circulating bed asymptotically approach the values of acond for a f luidized bed 

with increase in 1 - e; 

3) at the same values of 1 - e, acond for a circulating fluidized bed is approximate ly  1.5-2.5 fold lower 

than for pneumotranspor t  conditions. 

Figure 2 shows thicknesses of the boundary  gaseous film calculated for different  systems at Ar = 570. For  

a circulating fluidized bed and pneumotransport  tcond ffi I f  since the cofactors (Cs/Cf)k5(1Os/19f) k6 in (4) can be 

neglected. In this case the formula for 6f stemming from (8) is as follows: 
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Fig. 2. Thickness of the boundary gaseous film, Ar = 570: I, II) 'pneumo- 
transport (see Fig. I); III) a circulating fluidized bed; IV) a fluidized bed; 
the dashed line is Eq. (20). 

~f/d = O s / N u c o n d ,  (18) 

where Os and Nucond are determined by (9), (13), (15), and (16). To calculate 6f for a fiuidized bed, the following 
formula [ I 1  ] was used: 

6 f / d  = 0.38 Ar -0"l (1 - e) - z / a  , 

The same figure depicts results of an experimental study of t~f in the form of the empirical relation 

6f/d = 0 . 0 2 8 7  ( I  - e )  -~  , 

(19) 

(20) 

obtained in [12 ] in experiments with a circulating fluidized bed of sand with d - 0.182 mm (Ar - 570). As is seen, 

the experimental and calculated values of 6f are in fair agreement under pneumotransport conditions. In the case 

of a circulating fluidized bed the agreement is only qualitative. 

It is of interest to analyze the reasons for the considerable difference in the coefficients acond for the related 
s y s t e m s  of a circulating fluidized bed and pneumotransport. In terms of the film modr these systems are charac- 

terized by different values of Jf (Fig. 2). This can be attributable to the considerable difference in the velocities of 
the phases at the heat-transfer surface. Thus, according to data of [13 ], in a circulating fluidized bed of a catalyst 

(d  - 0 .05  ram) in all regimes with u -< 6 m/sec the velocity of the descending particle flux at the wall is 1 -1 .5  

m/sec ,  while the ascending gas velocity is only - 0 . 5  m/sec.  Obviously, for conditions typical of vertical 
pneumotransport, the level of the velocities of the phases directed upward is considerably higher, which results in 

lower values of t~f (and, thus, in higher acond). 
In conclusion, the suggested film model of heat transfer in disperse systems with suspended particles makes 

it possible to establish a general dependence of ac-c on the basic governing factors, namely, formula (11). 

Correlations (12), (13), (15), and (16) of the same type, obtained based on it, describe a large amount of 
experimental data over wide ranges of experimental conditions and prove to be convenient for practical use. 

N O T A T I O N  

Ar = g d a ( p s / p f -  1)/v 2, Archimedes number; c, specific heat; D, apparatus (standpipe) diameter; d, 

particle diameter; g, gravitational acceleration; Js  = J s / P s  (u - ut); Js, specific flux of particles; ki, dimensionless 
coefficients; Nu = ad/J l f ,  Nusselt number; P, pressure; Re = u d / v f ,  R e w  = u w d / v f ,  Reynolds  numbers; T, 
temperature; Uw, longitudinal gas velocity at the heat-exchange surface; u, gas filtration rate based on an empty 

section of the apparatus (standpipe) ; u t (e), particle wandering rate under conditions of constraint; a ,  heat-transfer 
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coefficient; 6f, effective thickness of the gaseous film near at heat-transfer surface; e, void content;  Os = 
( T  s - T w ) / ( T  | - Tw); 2f, molecular thermal conductivity of the gas; ;tel, effective thermal conductivity of the 
gaseous film; vf, kinetic viscosity of the gas; p, density. Subscripts: cond, conductive; cony, convective, c-c, 
conductive-convective; f, gas, s, particles; w, heat-transfer surface; 0% bed core; t, wandering conditions of a 
particle. 
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