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It was shown in [1] that the fluidity of structurally viscous fluids 
varies linearly in a range of shear stresses of practical interest. 

According to [2], the heat transfer coefficients in the laminar 
flow of such fluids with constant physical properties and with internal 
heat sources neglected are given by the relationship 

[( o )/(  o , .  
- -  z w 1 -ff 0 . 8 -  N u  o. (I) Nu = 1 + % ~0 ":w'jJ 

We investigated heat transfer with a 4% solution of polyvinyl al- 
cohol (PVA) and a 1.25% solution of carboxymethylcellulose (Na-CMC) 
in water in order to confirm relationship (1) experimentally. The 
theological characteristics of the investigated structurally viscous 
liquids were determined on a modified Ubbelohde capillary viscometer 
and are shown in Fig. 1. The figure shows that the fluidity curve 
(e -T)  is approximated satisfactorily by a linear law for a 1.25% Na- 
CMC solution in the whole investigated range of shear stress and for 
a 4% PVA solution up to ~'w '~ 4.5 N/m 2. The heat transfer experi- 
ments were carried out in the same range of shear stress. The t h e r -  
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Fig. 1. Curves of fluidity ~ (m2/N �9 see) for a 4% solution of 
PVA in water (a) and for a 1.25% solution of Na-CMC in 
water (b): 1) 70 ~ C; 2) 50; 3) 30; 4) 20; 5) 85; 6) 14; T w in 

N / m  2. 

real conductivity of the structurally viscous liquids was determined 
by the method of [3]. 

The experimental apparatus consisted of a closed cycle with a 
constant-level tank and a cooler, which ensured the constancy of 
the flow and temperature of the liquid at the entrance during the ex- 
periment. 

The experiments were conducted in a reetanguIar channel (1 x 
X 4 x 100 cm) with the heat supplied to one side and with the condi- 
tion qw = const. The mean flow veIocity of the liquid was deter- 
mined by a rotameter, which was graduated beforehand on the in- 
vestigated liquids by means of the optical instrument described in 

[4]. 
The operation of the apparatus was tested in special experiments 

in water and then the values of Nu 0 for Pe 0 d/x numbers in the range 
70 to 3000 were obtained in experiments with water-glycerol solu- 
tions. 

In experiments with a water-glycerol solution of concentration 
75% by weight, the viscosity of which was approximately the same as 
that of the investigated structurally viscous liquids, we determined 
the limits of the possible changes in the regime parameters (velocity, 
temperature, heat flux) at which the effect of natural convection 
could be neglected. The obtained results agreed with the recommend- 

ations of [5]. 
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Fig. 2. Heat transfer coefficients a (W/m 2 �9 deg) for a 4~ 
solution of PVA in water with different heat loads and dif- 
ferent flows of liquid: I) < W > = 12.7 em/sec; II) 6.7; 

III) 3.1; 1) x/d = 22.4; 2) 35.2; 3) 48.2; q in W/m 2. 

Estimates showed that the effect of dissipation of mechanical 
energy on the heat transfer in our experiments was also negligible. 

As mentioned above, relationship [1] is valid for quasi-isothermal 
conditions, where the change in the physical properties of the liquids 
over the cross section of the flow can be neglected. In the experi- 
ments, however, even at comparatively low heat Ioads (q = 2 �9 104 
W/m 2) the change in viscosity over the cross section of the flow was 
considerable. To obtain the values of the heat transfer coefficient in 
quasi-isothermal conditions we carried out the experiments in the f o l -  

lowing way. 
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Fig. 3. Plot of Nu0• "Us against Pe0d/x for laminar flow: 1) 
for water-glycerol solutions of concentrations 75 and 37.5% 
by weight; 2) for 4% PVA solution; 3) for 1.25% Na-CMC 

solution. 

We measured the heat transfer coefficients at constant rate of flow 
with several different heat fluxes. By extrapolation of the heat trans- 
fer coefficients into the region of zero heat fluxes we reduced the ex- 
perimental data to quasi-isothermaI conditions (Fig. 2). 
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The values of the Nusselt number obtained in this way for structur- 
ally viscous liquids and water-glycerol solutions are given in h3g. 3. 
For comparison with formula (1) the values of the Nusselt number for 
structurally viscous liquids are multiplied by X t/z, where 

~( = (1 q-@/?o~w)/(1 + 0.8 @/~o~w)- 

The experimental points lie satisfactorily close to a line, thus 
conforming the validity of formula (1). The maximum deviation of 
the experimental data from the averaging line does not exceed ~8%. 

NOTATION 

Nu 0 is the Nusselt number for laminar flow of Newtonian liquid; 
Nu is the Nussek number for structurally viscous liquids; Pc0 is the 
Peclet number determined from temperature at entrance to channel; 
Re 0 is the Reynolds number determined from zero fluidity O-w -> 0) 
andtemperature of liquid at entrance; ~( = (1 -t- O/V0r + 0.80/~d~w) 

is a coefficient which takes into account the structurally viscous prop- 
erties of a liquid with a linear fluidity law; G is the coefficient of 
structural instability of the liquid; r is the zero fluidity of liquid; ~w 
is the tangential shear stress on wail. 
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We consider the case where all the heat supplied to the fluidized 
bed by radiation through the upper boundary is carried off by the 
fluidizing medium (gas). The propagation of heat into the bed depends 
on the effective longitudinal thermal conductivity kef f. Neglecting 
longitudinal conductive heat transfer by the gas and regarding the bed 
as ideally fluidized and consisting of smooth spherical particles of 
equal diameter we write the Fourier-Kimhhoff equation for unit ele- 
mentary volume: 

d~O 6~(1 - - ; )  
keff dh ~ --  d ( O - - t ) ,  (1) 

dt 6 ~ ( 1 - - e )  (O-- t ) .  (2) 
7g egwg dh -- d 

Introducing the dimensionless height y = h/H of the bed and using 
the symbols a = Xeff/H , b = 6cff1 - s)H/dTgcgWg , g = bTgCgWg = 
= 6a(1 - r H/d, we obtain 

d 2 0 
a-~f i  - - g (O  - - t )  = 0, (3) 

dt 
- -  - -  b (O - -  t) = 0. (4) 
dy 

Expressing | from (4) and substituting in (3) we obtain after trans- 
formations 

dSt dZt g dt 
dy 3 "-~- b dy ~ a dy ~ 0~ (5) 

The general form of the solution of Eq. (5) is 

t = C l e x p [ - - + ( 1 - - r ) y ] q - C e e x p [ - - + ( 1  @ l')y]-}-C3, (6) 

where 

Using Eq. (4), we obtain an expression for 

@ = C l - - ~ e x p  --  -~- (1--  r) y q- 

q-C 1 - - r  b ~ - - - ~ e x p [ - - ~ - ( l q - I ' ) y ] q - C  s. (7) 

The boundary conditions are obtained from the following consider- 

ations. Since the absorption of radiation terminates in a thin upper 
zone of the bed [1, 2] we can assume that the radiative heat flux is 
deIivered to the upper cross section of the bed; the heat is carried 
downward by the effective thermal conductivity of the bed. Hence, 

when y = 1, 

dO 
a - ~ y  = qrad' (8) 

There is no heat flux through the lower boundary of the bed and, 
hence, fory  =0 

d~ 
a --~-y = 0. (9) 

In addition, wheny =0, t = t  1. 
Using the boundary conditions we finally obtain expressions for 

the gas temperature 

•  ( b ) s h  (~o) 

and for the temperature of the material 

/ ,11, :P = ]/" 1 -1- 4g/ab z �9 X [2g exp ' b 


