HEAT TRANSFER OF GAS-SUSPENSION FLOW
IN HORIZONTAL AND VERTICAL TUBES
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It is shown experimentally that the heat transfer to a dusty gas flow is significantly influenced by
the flow conditions and the tube orientation, ' ‘

The vast majority of studies of heat-transfer processes in a disperse current of gas and solid particles
have investigated turbulent flow of the mixture in vertical channels [4, 5]. At the same time, it is known that
for apparatus with a two-component heat carrier the greatest energetic efficiency is obtained at the minimum
gas velocity that is-stable for the given concentration of solid phase. In this case, the intensity of heat exchange
may be greatly affected by the direction of flow, and the extent to which the particle concentration and the gas
velocity influence the heat-transfer coefficient will change significantly depending on the flow conditions. This
explains the difference in the effect of gravity on the behavior of solid particles in vertical and horizontal tubes,
especially at small Reynolds numbers; the change in the velocity and concentration profiles of the flow; and the
marked effect of free convection under laminar flow conditions. :

Experiments on the heat transfer to an air current carrying synthetic-corundum particles ‘(diameter 60 p)
were carried out on an apparatus of open-circuit type [1]. The air was pumped through a receiver, a measur-
ing diaphragm, a rotor dust-feeder, and the working part of the tube, and, after dust removal in a fabric filter,
was released to the atmosphere. The mass flow rate of the air was varied in the range 0.2-3.7 kg/h. The mean
gas velocity over the total cross section of the working part of the tube was 2.5-18.0 m/sec in the experiments
with dust, corresponding to a variation in Reynolds number between 10% and 8-103%, The flow rate of solid phase
was determined both from the output of the dust feeder and by weighing the filter at known intervals. The con-
centration of particles in the air current varied from 0 to 25 kg/kg for a horizontal tube and from 0 to 15 kg/kg
for a vertical tube. The working part was a steel tube of internal diameter 8 mm and length 800 mm, to the
outside of which was fitted a 500-W Nichrome electric heater. The outer diameter of the working part, taking
into account the layer of heat insulation, is 50 mm. The temperature of the current and the tube walls was
measured by an XA-type thermocouple, the emf of which was recorded using a PP-63 potentiometer. All of the
experiments were carried out in the steady state, for constant heat-flow density over the length of the channel.

Some results were given in [1] for the heat transfer of the gas suspension when the working part was
horizontal.

The numerical values of Recr1 and Recrz, which reflect the transition from one set of flow conditions to
another, were estimated from the change in thé dependence of the heat-transfer coefficient on the air velocity
at different values of the dust concentration, as explained in more detail in [1].

Under these conditions, laminar flow is retained until Recri = 2200, and relatively developed turbulent
flow begins at Repp, = 5000. The experiments with the gas suspension showed that for all orientations of the
tube the value of Re;, depends significantly on the concentration of solid particles, whereas the value of Rey .
remains unchanged. The dependence of the critical Reynolds number Regy on the concentration u of solid
particles in the air current is not monotonic (see Fig. 1). In the absence of solid particles (u = 0, Recrl is
2200, but with increase in u to 4 kg/kg, Recy, falls to 1200 for a horizontal tube and to 1500 for a vertical tube.
Thus, for small concentrations of fine but su}ficiently heavy corundum particles, laminar flow of the gas sus-
pension becomes unstable even for Reynolds numbers of order 10%, It is evident that under these conditions the
main mass of particles is concentrated at the chammel wall (small velocity gradient at the wall for small Re)
and a role is played by surface asperities, which lead to the formation of gas eddies in individual parts of the
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Fig. 1. Dependence of critical Reynolds number on concentration of solid particles: the dashed
curve is for a vertical tube and the continuous curve, for a horizontal tube; 1 and 2 are for Recr,.

Fig. 2. Dependence of relative heat-transfer coefficient on gas velocity. The dashed curve is for
a vertical tube: 1) u=2-3 kg/kg; 2) 5; 3) 6-7; 4) 8-10. The continuous curve is for a horizontal
tube; 5) u = 4.5-6 kg/kg; 6) 7; 7) 10-11; 8) 12-14; 9) 18 kg/kg.
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Fig. 3. Generalized heat-transfer curves. The dashed
curves are for a vertical tube; 2) transitional conditions;
4) laminar; 5) turbulent., The continuous curves are for
a horizontal tube: 1) laminar conditions; 3) transitional;
6) tubulent; 7) data of [3]; 8) data of [2].

tube, When the tube is horizontal, the possibility of precipitation of the particles on the lower surface means
that the instability of the laminar gas flow is more pronounced.

With further increase in the solid-phase concentration (u= 5), the particles gradually saturate the flow
nucleus, so that veloeity pulsations originating close to the wall are damped near the channel axis [4, 5]. In
short, the onset of turbulent conditions is postponed until Req, = 5000 for u = 25 kg/kg. Naturally, these limits
would be somewhat different if the experiment were carried out for other conditions. It is very interesting that
for large u the transitional region of gas-suspension flow is practically absent, i.e., there is an abrupt change
from laminar to turbulent flow over the whole length of the tube on reaching (under our conditions) Re & 5000.
Earlier [6], it was established that, at Re > 5000 and for a concentration p = 25 kg/kg of graphite particles,there
is a sharp discontinuity in the dependence of the heat-transfer coefficient on the solid-phase flow rate, which
confirms to some extent what was said above on the abrupt character of the change in the hydrodynamic condi~
tions of flow for a gas suspension (and also other two-component mixtures) in a channel at a given value of the
discrete~phase concentration.
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TABLE 1. Vvalues of Constants in Eq. (1)

Flow conditions |Position of tube| Re ! u kg/kg| c-100 n m

Laminar Horizontal 1100—4500 }4,5—25,0 4,3200 | —1,20 1,00

Laminar Vertical 1000—2020 |0,5—10,0{ 0,1135 | —0,55 0,30

Transitional Horizontal | 1300—5000 |1,8—25,0/ 0,4310 | —0,75 | 0,50

Transitional Vertical 1700—5000 (1,8-15,0, 1,2300 | —0,90 0,50

Turbulent Horizontal and| 5000—8000 |1,0—25,0| 0,0083 | —0,3 0,47
vertical

Similarly, the theoretical investigation in [7] also showed earlier turbulization of the disperse flow.

Individual dependences of the relative heat-transfer coefficient a, /o, on the Reynolds number calculated
from the velocity and viscosity of pure air are shown in Fig. 2. For u > 2, irrespective of the channel orienta~
tion or the velocity and conditions of flow, the heat-transfer coefficient is higher for a dusty gas flow than for
a pure gas flow, for the same value of Re. Itis important to stress that as the gas velocity increases, the role
of the solid particles in intensifying the heat transfer tends to diminish; this was observed earlier in analyzing
experimental data on the heat transfer of a turbulent flow [4, 6], but it was impossible to draw a general con-
clusion.

As is evident from Fig. 2, the negative effect of increase in velocity on the value of the relative heat-~
transfer coefficient is largest for laminar and transitional flow and is more pronounced for a horizontal tube.

Reduction in both the relative and absolute values of the heat-transfer coefficients with increase in the
velocity of the dusty gas flow for Re < 5000 may be attributed to the Bernoulli effect, in which, in a two-phase
flow, the less dense phase is more rapidly accelerated and, for a nonuniform velocity distribution over the
cross section, there is a tendency to cluster close to the channel axis. Thus, for laminar and transitional flow,
the concentration of fine particles is less at the flow nucleus than in the region at the wall. This, by the way,
is the reason for the more considerable (in comparison with turbulent conditions) intensification of the heat-
transfer process due to the hydrodynamic effect of the particles on the layer of gas at the wall. With increase
in velocity at constant y, the concentration field, like the velocity field, tends to equalize, and the Be rnoulli
effect is reduced.

Redistribution of particle concentration over the cross section leads to an increase in the thermal resis-
tance of the flow nucleus (the concentration rises) and an increase in the thermal resistance of the layer at the
wall (the concentration falls). In short, a decrease in the heat-transfer coefficient ay, is obse rved, especially
for a horizontal tube.

For turbulent conditions in both horizontal and vertical tubes, ay/ay ~ Re™®%, i.e., in this case the value
of aqy, increases with rise in Re, although (in good agreement with the data of [1, 6]) less than for pure air.

Hence, the addition of solid particles to a laminar gas flow may give the best results in terms of energy,
but at the same time it is difficult to obtain a high absolute value of the heat-transfer coefficient.

The effect on heat-transfer intensity of the extent to which the flow is saturated by solid particles also
changes on passing from laminar to turbulent conditions and depends on the direction of flow. The maximum
value of the relative heat-transfer coefficient am/aa is obtained for laminar flow. Thus, for example, for Re =
2000 and u ~ 10 kg/kg, the value of oy, /o, is 6 for a horizontal tube and 4 for a vertical tube, while for Re =
7000 (turbulent conditions) the values are 2 and 1.5, respectively. For a vertical tube, the dependence of the
heat-transfer coefficient on the value of u changes insignificantly on passing from laminar to turbulent flow.
This evidently indicates a more uniform distribution of particles over the tube. In horizontal tubes, the picture
is different. For Re < 2000, the ratio am/o, ~ p!*; for transitional conditions, am/ua ~ u°*%; and for Re = 5000
(turbulent flow), as also in the case of a vertical tube, am/ay ~ u®*47. This change in the effect of u is evidently
associated with an extremely nonuniform distribution of particles over the channel cross section for small gas

velocities and with gradual equalization of the concentration as the velocity increases.

A generalization of the experimental data is shown in Fig. 3, which includes the experimental results of
[2, 3]. Experimental points corresponding to [2] for Re = 200-5000 and p = 17-66 kg/kg (vertical channel) lie
between the curves corresponding to laminar and transitional flow. The data of [3] are in satisfactory agree-
ment with the correlation obtained for turbulent flow.
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Analysis of the results using dimensionless numbers gives the calculational dependence

dm :CRE"M’”. 1)

The values of the constants ¢, n, and m are given in Table 1.

Thus, the experimental results obtained demonstrate that there is a significant change in the extent to
which the gas velocity and the particle concentration affect the heat-transfer coefficient of a disperse current
on passing from laminar to turbulent flow. In a number of cases this may be the main cause of the discrepancy
between results obtained by different workers.

NOTATION
I is the concentration of solid particles in air, kg/kg;
oy is the heat-transfer coefficient of air, W/m?- °C;
Cm is the heat-transfer coefficient of mixture of air and solid particles, W/m?-°C;
Recrl is the Reynolds number characterizing the change from laminar to transitional flow;
Recr, is the Reynolds number characterizing the change from transitional to turbulent flow.
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HEAT AND MASS TRANSFER OF LARGE DROPLETS
IN HIGHLY TURBULENT FLOWS

R. S. Tyul'panov UDC 536.422.4

A model is proposed for the heat and mass transfer of spherical bodies and large droplets in a
strongly turbulent gas flow, when the scale of the turbulence is larger than the diameter of the
body. Theoretical formulas are compared with experimental results.

The motion of a droplet in a gas flow in different kinds of technological equipment, including power in-
stallations, is accompanied by evaporation and by heat exchange with the surrounding gaseous medium. For
large drops which are not involved in turbulent velocity pulsations, when the flow is characterized by the condi-
tion L >d (L is the scale of the turbulence and d is the diameter of the body), the heat and mass transfer have
certain specific properties.

In a number of works on the heat and mass transfer of a body in a gas flow, the processes appearing in
the above conditions were found to be strongly influenced by the intensity of turbulence s,

For a cylinder, the maximum value of Nu was observe_d for L/d = 1.6, and on this basis a resonance
theory of transfer was developed [1, 10].
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