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SUMMARY

Experiments have been carried out on a solids cooler in
which a movingpackedbed of hot solids was cooled by a stream
of air blown crossflow through it. The experiments showed that
the Schumann analysis for heat transfer in packed beds of
particulate solids was applicable for the 3 mm glass ballotini
used in the experiments and that the mechanical design of
equipment was satisfactory.
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1. INTRODUCTION

For ease of subsequent handling and for safe storage with-
out excessive caking, it is often necessary for a particulate
product to be cooled down to a few degrees above ambient
temperature. This is especially true for fertilizer material. This
can be carried out by various methods some of which are
discussed in an article by Schreiber (1), In this article the author
compares various types of rotary coolers with a fluidised bed
' cooler and a special type of vertical counterflow cooler. The
author comes to the conclusion that in terms of both
convenience and economy the vertical counterflow cooler is
preferable. Another possible method which has not attracted
attention to date, is to pass the cooling medium, air, crossflow
through a moving packed bed of particles. This could have the -
advantage of space and economy over a rotary cooler and due
to its lower pressure drop characteristics, the advantage of
economy over a fluidised bed cooler.

The aim of the work described in this paper was to
consider the feasibility of a moving packed bed cooler for the
cooling of particulate solids and to develop a method for
designing full scale units. The work was carried out by building a
pilot plant scale cooler, and carrying out an experimental
programme to determine the heat transfer characteristics of the
system. The specific aim of the work was to determine a design.
method for the cooling of fertilizer granules, so the material
used in the experiments was 3 mm glass ballotini which was of
similar size and thermal conductivity to that of fertilizer
product material but more convenient to use.

2. THEORETICAL
2.1. Survey of Heat Transfer in Packed Beds
An analysis of heat transfer in a fixed packed bed of solid

particles was carried out by Schumann (2) | who arrived at thi
following relationships:-
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It should be noted that this analysis makes the following
important basic assumptions:-

(i) The particles are so small or of such a high thermal
conductivity that each one may be assumed to be at a
uniform temperature at any given time.

(ii) Compared to the transfer of heat from solid to fluid
the transfer of heat by conduction in the fluid itself
or between particles is small and may be neglected.

The equations derived by Schumann have been solved by
various investigators in different ways and solutions are
available in terms of Bessel Functions, Finite Differences, Series
Expansions and Error Functions. These solutions have been
reviewed by Klinkerberg (3) who suggested that his own
solutions in terms of error functions were the easiest to use. The
solutions are as follows:-
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He stated that the accuracy of this solution ‘was within
0.006 for y =2, 0.002 for y =4 and 0.001 for y=8 and that
the relations should not be used for y <2 and z < 1.

For y and z values below this limit a solution by Onsager
as cited by Thomas(4) involving error functions but with added
terms gives a more accurate result. This solution however,
requires more computation.
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There are thus solutions available which can be used for
the accurate application of the Schumann analysis over wide
ranges of y and z, _

A  considerable amount of data on heat {transfer
coefficients in packed beds is available in the literature, a
comprehensive review of which has been compiled by
Barker(3). All the reported work shows general agreement with
each other. The work considered to be the most useful for the
work carried out on the packed bed cooler was that by
Denton(6) who obtained the following empirical relation from
which the heat transfer coefficient could be obtained:-

—0.30
G s AR b . (6)

st = 0.72 Re
This relation was obtained from the results of experiments,
whereby heat was generated in single copper test spheres
randomly packed in a bed of glass spheres of similar size to
those used in the packed bed cooler experiments.

2.2. Application of Theory to Packed Bed Cooler

The Schumann analysis is derived for unsteady state heaf
transfer in packed beds. However, this can be applied to th#?
case of cross flow cooling of a moving packed bed if the time of
contact of air with the bed is taken as the time the bed takes to:
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traverse the section where heat transfer is taking place. It may
be assumed that the time of passage of air through the bed is
small compared tothe time taken to traverse the cooling section.
This is a reasonable assumption since, in the experiments carried
out, the time taken to traverse the cooling section was of the
order of minutes, whereas the time of passage of air through the
bed was only a fraction of a second.

Now, although the Schumann model had been used to
calculate heat transfer coefficients from experimental results
(7,8,9) there was no reported work on.the conditions under
which the analysis would be expected to be valid. Since the
particles (3 mm) were relatively large and the thermal
conductivity low (0.002 cals sec—lem—loc—1) it was
considered that the theory may not be valid because of the
possibility of temperature gradients within the particles, It was
thus necessary to carry out a series of experiments to determine
whether the Schumann analysis held under the conditions
envisaged in practice,

theory. If the experiment results agreed with the theoretically
predicted ones then this would indicate that the theory could
be used a design method for this type of equipment,

3. EXPERIMENTAL COOLER
3.1. General Description of Experimental Cooler

The apparatus used to investigate the continuous cooling
of packed beds of glass beads, shown in Figure 1, consisted of 2
6” wide channel, 15” deep, along the bottom of which ran a
moving, endless 30 mesh stainless steel belt. The cooler was 9 ft.
long, there being a section 2 ft. long (Section 1 of Figure 1)
preceding the 2% ft, long section (Section 2 of Figure 1). The
hot glass beads were dropped on to the moving belt at the
beginning of Section 1, where the subsequent level of the bed in
the cooler was controlled by a gate, Just before reaching the
tooling section (Section 2) the temperature of the solids was
Mmeasured at various levels in the bed. The hot beads were then
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moved by the belt over the cooling section where the solids
were cooled by air, which was blown vertically upwards through
the mesh belt. On leaving the cooling section the temperature of
the cooled bed was again measured at various levels in the bed.
The solids flow rate was measured in the next section (Section
3) after which the solids dropped off the belt, when it went
round a roller. The endless belt went round two rollers only,
one at each end of the cooler, the belt return coming back
through the inlet cooling air.

The belt was driven from 1/15 H.P. motor and its speed
was variable in the range 4 to 14 inches/minute. The belt was
sealed to the sides of the channel to prevent solids leakage by
seating it on suitably angled flat strips of brass fixed to each
side of the channel. _

The air was blown vertically upwards into the cooling
section of the cooler from a duct of cross section 2% ft. by 4 ft.
The ducting supplying air to this section was specially designed
to produce as uniform a distribution of cooling air velocities in
this section as could be achieved. The mean range of velocities
at a given air flow rate measured in this section was + 8% over
45 readings, which was considered to be satisfactory.

3.2. Experimental Measurements

The air temperatures in the experimental runs were
measured with mercury in glass thermometers. The cooler inlet
air temperature was measured by use of suitable tappings in the
duct underneath the bed. The outlet air temperatures were
measured by suspending the thermometers directly above the:
moving bed, at various positions which are shown in Figure 1.

The solids temperatures were measured with resistance
thermometers specially made to suit the system. These
thermometers were in the form of a flat strip, the resistance
winding which was 5" long and 3/8” wide being covered by and
insulated from a brass cover. The total thickness of each
thermometer was of the order of 0.040.” The thermometers-
measured the mean solids temperature over the width of the:
bed at a given level in the bed. Four of these thermometers were’
calibrated in the range 90° to 150° temperature measurements
range 25° to 90° for meeasurements at the cold end of t_hﬁ‘
cooler. Facilities were provided for putting the thermometers-iiﬁa\.
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the channel at heights of 2 1/8”, 3 5/8” 5 1/8” and 6 5/8”
above the belt, both immediately preceding and following the
cooling section of the cooler, as shown in Figure 1.

The cooler air flow rate was measured by a rectangular
section venturi in the duct supplying air to the cooling section.
The meter was calibrated by hot wire anemometer traverses 111
the cooling section before use.

The mass throughput of solid was calculated from
measuremcnts of the height and speed of the moving bed in the
section following the cooling section. The volumetric solid
throughput in the cooling section was also measured, this being
used to calculate the bed voidage. :

3.3. Experimental Procedure

All the experiments were carried out under steady state
conditions. The equipment was first set up to give satisfactory
continuous running with a mean solids inlet temperature to the
cooling section 120° C. After all the temperatures had settled
out there was a 15 minute interval of continuous steady running
before the experimental measurements were taken. Two
complete sets of readings were taken for each experiment, the
mean of the two sets being used in the calculations. '

Expecriments were carried out over a range of bed heights
varying from 24" to 77, belt speeds from 4’ per minute to 14”
per minute and Sllpt‘.lflClal air velocities in the cooling SE:ctmn-.
from 2 ft/sec. to 5 ft/sec.

4, EXPERIMENTAL RESULTS
4.1. Heat Transfer

Values of y and z were calculated initially for each set of
experimental conditions. In the calculation of these values, the
contact time t was taken as the time the bed took tn traverse
the cooling section. y was found to be in the range 9 to 43 and
z in the range 5 to84. It was thus considered that Klinkenberg
solution of the Schtimann analysis could be used since tné
estimated accuracy would be very much less than 1%. In the
calculation of z it was found that the term x/y was always
negligible compared to t and so was neglected in each case.

Using the Klinkenberg solution together with the measureci
inlet air and solids temperature, the theoretically predicted-aif’
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and solids temperatures leaving the cooling section at the
appropriate points where they were measured in practice, were
calculated for each experiment in turn.

Typical graphs of solid temperature against time of contact
of air and solid are shown in Figures 2 to 7. In these graphs, the
continuous lines are the temperature profiles calculated using
Equation 3 and the points marked on the graphs are the
experimentally measured temperatures. Thus each graph is a
direct comparison of theory with practice.

Typical graphs of air temperature above the bed against
time of contact of air and solid are given in Figures 8 and 9. The
continuous lines are temperature profiles calculated using
equation 2 and the points marked on the graphs are the
experimentally measured temperatures.

The theoretical cirves in each case were not always
smooth curves because the bed porosity varied slightly from one
experiment to another.,

4.2. Operational Behaviour of Cooler

No serious problem were encountered in the mechanical
operation of the cooler.

. The main problem envisaged was the seal between the belt
and the wall of the cooler which had to eliminate solids leakage.
The second method tried, that of seating the belt on slightly
angled metallic strips, extending % inch into the channel for
each side, proved to be entirely satisfactory. The weight of the
bed on the seal prevented any particles from passing between
the strip and the belt,

The seal between the belt return and the inlet air stream
was affected by passing the belt through a slit in a piece of thick
. Tubber sheet. There was no noticeable air leakage with this
system. Rubber flaps were used between the end of the air duct
and the belt to prevent air leakage under the bed. Only a small
‘amount of leakage was encountered here., '

Although the resistance thermometers for solids
temperature measurement were only 0.040” thick they did give
rise to a resis ance to the flow of solids in the channel. There
Was a tendency for the level of the bed to rise directly above the

thermometer. The effect is depicted in Figure 1. Other than
this, the use of the resistance thermometers proved to be
satisfactory.
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5. DISCUSSION
5.1. Heat Transfer Results

The agreement between the experimentally obtained
temperatures and the theoretically predicted temperatures was
generally within experimental error for both air and solids.
There was a tendency for greater discrepancies at the lowest air
velocity (2 fifsec) which could be attributed to the increased
difficulty of accurate reading of the micromanometer used to
measure the venturi pressure drop at the lower end of the range.

Of the assumptions made in the Schumann analysis it was
considered that the weakest was that of assuming that the
particles were at a uniform temperature at any given time, If
the thermal conductivity of the particles was small enough or
the particles large enough to conmstitute a resistance to heat
transfer in this system then it would be expected that the
measured solids temperatures would be higher than those
predicted. This is not shown up in the results. It would also be
expected that thiseffectwould be accentuated at the higher air
velocities. However, the agreement between measured and.
prechcted temperatures was found to be very much better at the
higher air velocities, probably due to the increased accuracy of_
the air flow measurement. :

The exit solids temperatures were measured about one
inch down-stream of the cooling section. If the thermal
conductivity were to constitute a resistance to heat transfer
then, when the solids were moved by the belt away from the
coohng section, the measured temperature of the solid would be
expected to rise as the surface temperature came into
equilibrium with the core temperature. In runs on the coolef
whereby the solids were cooled to a temperature intermediate
between the inlet solids temperature and the inlet air
temperature, solids temperatures were measured at the same
height above the belt at distances 17°, 3”’, 5”" and 9 away frou:
the cooling section for a particular mass of solids. There was ne
significant change in the temperatures measured. This is
further indicatioh that the assumption that the solid particles
are at a uniform temperature at a given time is valid.
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that the height of the beq does not optimise, the lower the bed
height the lower is the total annual cost, Also, the lower the

applied to particles as large as 3 mm of 3 material of therma]
conductivity as low as 0.002 cals él cm OCTJ. This gives a
satisfactory basis for the full scale design of a moving packed -
bed cooler which has shown itself to be mechanically reliable in
Pilot plant tests,
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NOMENCLATURE

Cq — specific heat of air cals/gm®C

Cg  — specific heat of solid cals/gm®C

dp — particle diameter cms

h  — heat transfer coefficinet cals/OC sec cim?

H  — volumetric heat transfer coefficient  cals/°C sec cm3

Tg — outlet solids temperature relative to
inlet solids temperature

Tg — outlet air temperature relative to in-
let solids temperature

T, — inlet air temperature relative to jp-
let solids temperature

t — time of contact of air and solid

V.  — fluid flow rate per cross sectional
area of bed

X  — height of bed

bed voidage
Pg  — density of gas

Ps — density of solid

i viscosity of gas
Re ——pgvc{p .
Hg
St — _h
Pg “..f'Cg
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