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Abstract

An experimental study of the heat transfer coefficient associated with solid—liquid mixture transport
was carried out using an electro-resistance sensor and infra-red imaging. The average heat transfer
increases with particle concentration. The local value of the heat transfer coefficient is strongly
influenced by the cross sectional distribution of the solid phase in the pipe. At flow regimes associated
with low mixture flow rates and substantial settled bed, the heat transfer at the bed periphery
deteriorates because of the “‘screen effect” produced by the settled particles. In some cases, this
phenomenon may cause local overheating. The analysis of the near wall structures, obtained from the
temperature field, has shown that at a relatively high velocity where the bed is thin and flat the streaky
structure is close to the one observed in a single phase flow, while at low mixture velocities, where the
bed is thick and well packed the typical streaky structures of clear water are destroyed. It is shown that
the modified Boltzman function fits the concentration profiles for the case of a moving bed regime.
Good agreement is found between the bed height, obtained from experimental data, and the one
predicted by the three-layer model. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Slurry transportation from reactors to places where materials are utilized or stored is
strongly influenced by the heat exchange between the transported materials and the
surrounding. The heat transfer in slurry pipelines is affected by the cross sectional solid phase
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distribution. Since the slurry reactor design requires characteristics of the heat removal to be
known, the heat transfer from the slurry to the heated wall is a subject of intense interest.

Various flow patterns can be encountered in solid—liquid pipelines that affect the
hydrodynamics of the flow and the mechanism of heat transfer. The slurry flow behavior
depends strongly on the mixture flow rate and the delivery concentration of the particles. The
solid—liquid flow patterns are classified according to the solid phase distribution in the carrier
liquid. The main flow patterns observed in slurries of coarse particles are: stationary bed,
moving bed, heterogencous flow, and pseudo-homogeneous flow patterns. (Doron and Barnea,
1996; Shook and Roco, 1991; Televantos et al., 1979; Wilson et al., 1972). Under certain
conditions the bed takes a form of ““dunes” like periodic flow (Thomas, 1964).

Slurry flow structure can be assessed from concentration distribution measurements as
demonstrated by Nasr-el-din et al. (1987). A non-intrusive electro-resistance sensor for
concentration measurements in narrow pump channels was proposed by Creutz and Mewes
(1999). Ozbelge and Somer (1988) measured both cross sectional solid phase distribution and
bulk heat transfer coefficient in horizontal solid-liquid suspension flow.

Analytical prediction of concentration profiles in solid-liquid flow is reported by Taylor
(1954) and Foster et al. (1992). The three-layer model presented by Doron and Barnea (1993)
for flow pattern and pressure drop predictions yields also the concentration distribution in the
pipe cross section.

The effect of solid particles on the heat transfer in turbulent flow has been the subject of
many experimental investigations. Wilkinson and Norman (1967), and Hasegawa et al. (1983)
studied this effect in solid—gas flow, while Harada et al. (1985, 1989), Agarwal (1988) and
Hetsroni and Rozenblit (1994) in solid—liquid mixtures. Quader and Wilkinson (1981) discussed
the limitations of using the analogy between heat and momentum transfer.

The heat transfer coefficient is usually correlated by using a modification of the Sieder—Tate
equation or other empirical formulas. No attention was paid to the local heat transfer
modification due to the particles. Significant attention, on the other hand, was paid to the
effect of the solid particles on the turbulence and coherent structure in the vicinity of the wall,
which play a dominant part in the heat transfer mechanism. The alternating streaks of high
and low speed fluid, associated with the velocity field near the wall were observed. The streaks
do not exhibit steady behavior or uniform distribution. Nevertheless, it is possible to estimate a
mean spanwise spacing of streaks. The large particles do not follow the streaky structure
whereas small ones, generally are accumulated along the low speed streaks, as was found by
Hetsroni and Rozenblit (1994) by means of their infrared technique and by Kaftori et al.
(1995). Nino and Garsia (1996) reported that the velocity of large particles corresponds to the
streaky structure.

The main objectives of the present study are to estimate the influence of slurry flow on the
local heat transfer coefficient, and describe the turbulent coherent structure evolution induced
by the particles. In the present work the moving bed pattern is considered. The interface of the
moving bed is either wavy (dune regime) at low velocities or flat (flat bed regime) at high
mixture flow rates.

In order to observe the particle influence on the heat transfer in solid liquid mixture flow,
the local heat transfer coefficient is measured using the IR image technique combined with
chord concentration measurements.
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The solid—-liquid mixture is composed of plastic acetal particles suspended in clear water and
flowing as a mixture in a horizontal pipe. The experimental results include the temperature
distribution on the heated wall and the vertical chord concentration distribution. The data are
used to calculate the local as well as the average values of the heat transfer coefficients. The
near wall structures available from the temperature field in single phase flow is compared to
those associated with different slurry flow patterns. A simultancous qualitative analysis of the
near wall structures and the corresponding solid phase concentration profiles is performed.

-90<B<90

Fig. 1. Experimental system.
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2. Experimental

The experimental facility is given schematically in Fig. 1. It includes a slurry tank (1) fitted
with a variable speed mixer, a variable speed slurry pump (2), a mass flow meter (3) for
simultaneous measurements of the mixture flow rate and mixture density; a magnetic flow
meter (4) for volumetric flow rate measurements and a 10 m long test section made of a
transparent pipe (5) which allows visual observation of the slurry flow patterns.

The solid-liquid mixture contains spherical shape coarse particles with a density of 1240 kg/
m® and a diameter of 3.0 mm, suspended in clear water.

A special tomographic sensor (6) and a control unit (7) are used for chord concentration
measurements and an infrared camera is used to measure the heat transfer characteristics.

The sensor operational principle is based on the dependence of the mixture conductivity on
the concentration of non-conducting particles suspended in a conducting liquid (Creutz and
Mewes, 1999; Simkhis et al., 1998).

The sensor cross section is shown schematically in Fig. 1. The sensor consists of an array of
16 strip electrodes (9) pasted on one half of the periphery, a shield electrode (10) and a
common electrode (11) placed on the other half. An electronic multiplexer provides sequential
measurements of the resistance between any electrode and the common one which yields the
resistance of the mixture at a certain level. Calibration of the resistance allows to translate
these readings into local concentrations. This sensor is designed to take a continuous reading
of the local concentration at all levels of the pipe cross section.

The pipe wall temperature was measured using a setup which consists of a heating section
(8) and an IR camera (9) attached to a video recording system and a PC. The heating section
is constructed as a window of 50 pum thick Constantan foil attached to the inner plastic tube
wall and heated by d.c. current.

The angular dimension of the window was 70°. In order to measure the time average foil
temperature corresponding to different angular coordinates this section was rotated so that the

Temperature

scale ;
Concentration

scale

°N

0,65'

34.0°c @ Control

window
350°C H

Scanning
reference

Fig. 2. Illustration of the temperature measurement.
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measurements cover the range from —90° to 90°, as shown in the cross section view A—A in
Fig. 1.

Two liquid Reynolds numbers were used. The first one (Rey, =19 000) is within the dune
regime while the second one (Rey, =55 000) is in the flat moving bed regime (Fig. 2). The tested
volumetric concentrations were 6%, 9%, 12%, and 15%.

The local temperatures have been averaged over a time interval of several minutes. The local
time average heat transfer coefficient is:

N q
= =t W

where ¢ is the input heat flux; ¢, the local time average wall temperature; 7., the slurry flow
bulk temperature.
The dimensionless heat transfer coefficient is defined as follows:
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Fig. 3. Concentration and heat transfer coefficient profiles for the flat moving bed regime (Re,, =55 000).
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where: og is the heat transfer coefficient in clear liquid.
The cross sectional average heat transfer coefficient is:

_ 0

"= o
where

B 1 2n D
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and D is the pipe diameter.
More on the infrared measurement technique is detailed in Hetsroni et al. (1998). The chord
concentration profiles are determined as an average of at least 300 consequent profiles obtained
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Fig. 4. Concentration and heat transfer coefficient profiles for the dune regime (Rey, =19 000).
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by using an electro-resistance sensor. Details on this technique can be found in Simkhis et al.
(1998).

3. Experimental results

Combined concentration and heat transfer coefficient profiles for the flat moving bed regime
(Rey, =55 000) and the dune regime (Rey, =19 000) are shown in Figs. 3 and 4, respectively.
hi=h/D is the dimensionless level above the bottom of the pipe (D is the pipe diameter). As can
be seen from the graphs, the concentration profiles show an exponential behavior. The region
where the concentration approaches the maximum value is associated with the bed layer. The
upper region corresponds to the suspended particles region (the heterogeneous layer).

The dimensionless local heat transfer coefficient changes from its lowest value, below unity
at the bottom of the pipe, to values above unity at the upper heterogeneous layer. For the case
of Rey =55 000 the local heat transfer coefficient in contact with the bed layer is about 10—
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Fig. 5. Local heat transfer coefficient — comparison between Rew =19 000 and Rew =55 000.
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15% lower than that in clear liquid, while, at the upper part it is up to 35% above the value in
clear water (Fig. 3). Near the upper wall the heat transfer coefficients approach the value of
clear liquid. For the case of Rey, =19 000 (Fig. 4) the average bed thickness is greater than the
one observed for Rey, =55 000 and it is more compact (see concentration profiles). As a result
the variation of the local heat transfer coefficient has a much wider range. At the bottom of
the pipe the heat transfer coefficient is about 8-fold lower than for clear water due to the
insulating effect of the packed bed. On the other hand an increase of about 60% can be
observed in the upper heterogeneous region. This is attributed to the smaller gap of the
heterogeneous layer in this case. A comparison between the two regimes (Rey, =19 000 and 55
000) is shown in Fig. 5 where the local heat transfer coefficient is plotted as a function of the
angular coordinate. One can notice the drastic decrease of the dimensionless heat transfer
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Fig. 6. Temperature fields.
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coefficient in the bed layer corresponding to relatively low mixture velocities (Re,, =19 000, the
dune regime), compared with a relatively “smooth” variation of the heat transfer coefficient
associated with high mixture velocities (Re,, =55 000, the flat bed regime).

Fig. 6 illustrates the wall temperature fields as obtained by the IR camera. Each image
presents an window of 70° opening. The images in 6(c) and 6(e) exhibit the near wall structure
corresponding to the flat bed regime (Re,, =55 000). From the images it can be observed that
this streaky structure is similar to the one observed in clear liquid flow [Fig. 6(a)]. All images
were obtained at the same heat flux.

The structure near the wall changes drastically for the case of Rey, =19 000 (the dune flow
regime). The streaky structure typical to clear water flow [Fig. 6(b)] is completely destroyed in
the bed [Fig. 6(d)]. We had to decrease the heat flux by a factor of four, simultaneously
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Fig. 7. Average heat transfer coefficient and pressure drop vs delivery concentration.
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doubling the color play interval, to observe the changes in the thermal patterns. The
“overheated” zone can easily be noticed at the bottom (side view) of the thermal field in the
dune regime [Fig. 6(f)]. Nevertheless, above the bed region the thermal streaks can be
observed.

The effect of the delivery concentration, Cs, on the cross sectional average heat transfer
coefficient and on the pressure drop is shown in Fig. 7. As can be seen these too parameters
increase with the delivery concentration for the dune regime as well as for the flat bed regime.
At low mixture velocities [Fig. 7(a)] the average heat transfer coefficient is lower than the one
for clear water (at the same Reynolds number), while for high mixture flow rates the average
heat transfer coefficient is higher [Fig. 7(b)].

The concentration profiles (Figs. 3 and 4) were fitted using a modified Boltzman function of
the form

Cmax

—— ()
1 + exp(h ;};ﬂ))

where Cp,y is the bed concentration, hi=h/D the dimensionless height, hy the moving bed
average height and A/ a term representing the profile slope at /5. Cpax is assumed to be 0.52
(cubic packing for spheres). The best fit is obtained for A4 given by the following linear
relation,

C =

Ah =022+ 0.0164C; (6)

and for A given in Fig. 8.
The values of Ay are compared in Fig. 8 to the bed height obtained by the three-layer model
(Doron and Barnea, 1993).
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Fig. 8. Bed height — experimental data and the three-layer model prediction.
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4. Conclusions

An experimental study of the heat transfer, associated with solid—liquid mixture transport
was carried out by using an electro-resistance sensor and infrared imaging. The local value of
the heat transfer coefficient is strongly influenced by the distribution of the solid phase in the
pipe cross section. At flow regimes associated with low mixture flow rates and substantial
settled bed the heat transfer at the bed periphery deteriorates because of the “‘insulating effect”
produced by the settled particles. In some cases, this phenomenon may cause local overheating.
The heat transfer increase above the bed can be explained by the increase of the average
mixture velocity in the upper region of the pipe and by the mixing effect of the particles.

The near wall structure, as inferred from the temperature field, has shown that at velocities
associated with the flat moving bed regime, the streaky structure is close to the one observed in
clear liquid.

It is shown that the modified Boltzman function fits the concentration profiles both for the
dune and the flat bed regimes. Good agreement is observed between the bed height available
from experimental data, and the one predicted by the three-layer model.
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