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Abstract—This paper presents experimental and simulated results for the wall-to-bed contact heat transfer

coefficient in granular beds stirred by paddle-type blades. The experimental observations are shown to be

predicted fairly well by the particle renewal model for contact heat transfer. The effects of agitator speed,

wall-to-blade clearance, solids flowability, air flow rate and particle surface roughness on contact heat
transfer rates are presented and discussed.

INTRODUCTION

INDIRECTLY heated agitated vessels are widely used as
dryers, heat exchangers, calciners and have possible
applications as polymerization reactors, adsorbers,
etc. An industrial paddle-type stirred vessel is typically
a long horizontal trough with flat rectangular cross-
sectioned blades mounted along the central agitator
shaft. In case of indirect heating, heat is supplied
through the walls and sometimes through the hol-
low agitator shaft and the blades. Such equipment
has been illustrated by Root [1], Ohashi [2] and
McCormick [3] and finds wide ranging applications
in industries processing products such as minerals
and ores, chemicals, pharmaceuticals, polymers and
food.

The merits and demerits of such equipment and in
general indirectly heated agitated vessels are outlined
in several references (e.g. see refs. [4-6]). In separate
publications [5, 6] the authors have discussed the
development of a contact heat transfer model based
on the particle renewal rates at the heated surface in
granular beds stirred by paddle-type blades. This
paper presents and discusses the theoretically simu-
lated and experimental results of the wall-to-bed con-
tact heat transfer coefficient. The experimental obser-
vations include the effects of agitator rotational speed
(V). size of the wall-to-blade clearance (), solids
flowability (C), air flow rate (U) and particle surface
roughness (s,).

EXPERIMENTAL APPARATUS AND
PROCEDURE

The experimental set-up consisted of a vessel stirred
by paddle-type blades and driven via a flexible coup-
ling connecting the agitator shaft to a drive consisting
of two belt-driven pulleys and a variable speed d.c.
motor. The heat transfer vessel was 0.25 m in diameter
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and 0.15 m in depth (axially). It consisted of a per-
forated grid with an open area of 16% (1.6 mm holes
on a 3.8 mm triangular pitch) and circumferential
length 0.125 m. The vessel is illustrated in Fig. 1. The
plenum chamber was filled with spherical glass beads
to dampen turbulence in the air flow.

The vessel was heated through the side walls by
four heater assemblies, two on each side of the grid
(H1 through H4 in Fig. 1). A heater assembly con-
sisted of a 3 mm thick copper plate (one surface con-
tacting the granular bed) bonded on the back (with a
fine layer of silicone rubber epoxy) to a flexible, uni-
form heat flux, etched foil silicone heater (Sakaguchi
Electrical Heaters, Tokyo, Japan). A second flexible
heater acting as a guard against radial heat losses, was
bonded on the back of the first one with a 2 mm thick
insulating sheet in between. The heater bonded to the
copper plate supplied heat to the system. The heater
assemblies were insulated from the vessel and each
other by low thermal conductivity rubber O-rings.

The temperature difference between the guard and
the main heater was maintained within 2°C (the guard
heater always maintained at lower temperature) by a
proportional temperature controller to reduce radial
heat losses. The sides of the vessel were also insulated
with 30 mm thick glass wool sheets. The heat losses
even with the guard heaters switched off were esti-
mated to be less than 3%.

The heat input to all the four heaters could be
individually monitored and switched on or off. The
power input to all the heaters varied within +6%.
The surface temperatures were monitored on a digital
thermometer via constantan—copper thermocouples
(nominal size 0.56 mm) fused 1 mm below the surface
of the copper plates (in contact with the bed) with a
highly conducting silver emulsion epoxy. The thermo-
couples were positioned centrally at eight different
locations along the side walls, two on each heated
surface, 30 mm from the ends as shown in Fig. 1.

The size of the wall-to-blade clearance was varied
between 2.3 and 37 mm. The wall-to-blade clearance
region in this study is defined as the annular zone in
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P
E(1) expected value of particle—surface
contact time {equation (16)) [—]

F fraction of vessel circumferential area
covered with particles [~-]

H average bed height at central midplane
[m]

h local wall-to-bed contact heat transfer
coefficient [Wm™? K]

B, overall wall-to-bed contact heat transfer
coefficient f[Wm~2 K~']

ke fluid thermal conductivity [Wm ™' K~']

L circumferential length of particle covered
surface area [m]

! linear separation between two adjacent
bl blades [m]

N agitator rotational speed [rev min ™'}

Ny number of blade passes (bl) required for
a particle along the wall to traverse the
distance L [—]

local Nusselt number, Ad k' []
average Nusselt number, . d k7 ' [—]

Nu
Nu,,

NOMENCLATURE
B blade height [m] n number of bl blades mounted on the
C modified bulk compressibility of solids shaft in the same axial and radial
] planes [-—]
C,  specific heat of granular bed S, average size of surface asperities on
Bkg 'K "] contacting surfaces [m]
D vessel diameter [m] t particle-surface contact time [s)
d characteristic particle dimension [mm]) . average particle—surface contact time [s]

At time taken per pass of blade bl [s]

AT  average wall-to-bed temperature
gradient [K]

U superficial air velocity through the bed

[ms™ ]

U, minimum fluidization velocity [ms™']

X instantaneous particle position along the
wall [m]

Ax  average particle displacement per blade

pass along the wall [m].

Greek symbols

& thickness of the wall-to-blade clearance
region [mm]
£ average porosity of the granular bed

(-1

Mo efficiency of particle renewal [—]

n region of influence of the moving blade
[m]

Po bulk density of the granular bed
fkgm~’]

the bed between the cylindrical vessel wall and the
surface swept by the outer tip of the rotating blade.
The experimental uncertainty in evaluation of the
average wall-to-bed heat transfer coefficient (4,,) was
estimated at +11%. The heat transfer measurements
were reproducible within +6%. The heat transfer
coefficients were also found to be independent of the
heat flux (50-200% range) over the entire range of
operating parameters.

The range of the operating parameters and the
thermophysical properties of the granular bed and
particles are available in the companion paper [5].

The heat transfer experimenis were performed
under ‘quasi-steady state’ conditions. A known weight
of the solids at room temperature (20-25°C) was
loaded in the vessel and the air flow set to the desired
level. The heat input was then adjusted to obtain the
desired range of wall temperatures. ‘Steady state’ was
assumed when the variation in the wall temperatures
was typically less than 0.1°C over 4 min. After
recording the wall, inlet and outlet air temperatures,
the air and heat supply were shut off simultaneously.
The bed temperature (7,,) was then measured imme-
diately thereafter at different radial locations by in-
serting a thermocouple from the hood.

DATA ANALYSIS

The bed temperatures were recorded at two radial
locations—10-154, deep from the bed surface and
2-3 cm above the longer blade (bl in Fig, 1). Tem-
perature variations as high as 2-3°C (as compared to
AT = 5-15°C) were observed under most operating
conditions. However for N> 10 rev min™' and
UlU = 0.4, the bed was thermally well mixed (tem-
perature variation +0.3°C). The inlet and outlet air
temperatures were also recorded.

The local wall-to-bed heat transfer coefficients (k)
were defined as

k= Q/AT H

where @ is the local heat flux and AT the local wall-
to-bed temperature difference at a given thermocouple
location. The local Nusselt number (Nu) was then
determined as

Nu = hd,jk.. (2)
The average Nusselt number, Nu,,, was defined as
Nuav = havdp/kf (3)

where h,, is the average heat transfer coefficient. Note,
that A, is evaluated as the average of local values of
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F1G. 1. Front view of the heat transfer apparatus.

h for heaters in operation. For example, for H/B < 5,
heater H1 was almost bare and was therefore switched
off. In this case h,, refers to the average values of &
for heaters H2 through H4.

Evaluation of the representative bed temperature
to be used in the definition of AT poses a major
problem in such vessels. For packed granular beds
flowing over a heated plate most authors [7-9] mea-
sured the bed temperature of the solids upstream of
the heated surface. Other researchers [10, 11] do not
explicitly mention the procedure for determining the
bed temperature in stirred granular beds. However,
they assume the bed to be thermally well mixed.

As discussed by the authors in separate publications
[4, 12, 13] the bulk of the granular bed does not get
randomly mixed after every blade pass. Uniform bulk
solids mixing is achieved after a certain number of
blade passes. The existence of thermal gradients within
a granular bed is a function of the particle trajectories
(and thermal history) and the rate of particle renewal
at the heated surface. For example, a ‘heated’ particle
in the bed may not have sufficient time to achieve
thermal equilibrium with the rest of the bulk, before
contacting the heated surface again. This leads to
‘short-circuiting’ of heated particles. Similarly, some
particles may not contact the heat transfer surface

at all during operation [12-14]. Therefore, thermal
gradients are expected to be present within the granu-
lar bed.

Particle renewal has been shown [4, 13] to occur
behind the moving blade from the bulk. Therefore,
the temperature of the ‘freshly renewed packet’ of
particles is most likely to be equal to the bed tem-
perature at the location where such renewal is occur-
ring. Particle renewal along heaters 2 and 4 was
observed to occur mainly from the particle layers near
the bed surface. Therefore, the average temperature
recorded by thermocouples 10-15d, from the bed sur-
face was chosen as the bed temperature corresponding
to heaters H2 and H4. For heater H3, the average
temperature of solids 2-3 cm above blade bl (when
blade bl is over H3) was selected as the bed tem-
perature in the computation of 4.

RESULTS AND DISCUSSIONS

Background

The following expression for estimating particle
renewal efficiency (,) along the vessel wall in the
wall-to-blade clearance region was proposed in refs.
[4, 6]
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The above equation was derived assuming a parabolic
particle velocity profile along the wall upstream of the
moving blade. The extent of the zone where particle
movement occurs is denoted by IT and is defined [4,
6] as the upstream region of influence (along the wall)
exerted by the moving blade. The average particle
displacement per blade pass at a given location along
the vessel cylindrical wall is denoted by Ax. Except for
particles with reduced flowability [4, 13], Ax/L < 1.
Generally, Ax/L increases almost linearly with x [4,
6]. The particle position at any given location along
the wall is denoted by x, with its origin at the point
of blade entry into the granular bed.

The solids flowability has been characterized by the
‘modified bulk compressibility’ (C) [4, 13] in terms of
the difference in the bulk densities of the granular bed
in packed and normal states. In beds stirred by paddle-
type blades, particles with C < 0.08 are labelled as
free-flowing, while solids with C > 0.11 exhibit
reduced flowability. Granular beds with C > 0.11 flow
as a ‘plug’ upstream of the blade under certain oper-
ating conditions [4, 6, 12, 13].

The particle renewal efficiency is a function of the
particle position, because Ax and IT both vary with x
[4, 6]. However, an expression was developed in ref.
[5] for the average particle—surface contact time (z,,)
based on a simplified model assuming Ax and 7,
to be constant along the heated surface area of the
granular bed (i.e. for 0 < x < L). This assumption
does not introduce significant errors in estimating #,,,
because the ratio Ax/IT does not vary much with x
[4, 6]. The final expression for t,,, derived from the
binomial probability distribution is given as

t,, = E(f) At &)
where
E() = zl ﬂ(%"!_j),nﬁf-'(l —noY(j+1)
+ Ny (I=10)"  (6)
and
No= .
Ax

The time interval between two successive blade passes
is given by A¢, while the “expectation value’ of contact
time is denoted by E(). Equation (5) may be used in
conjunction with existing theories on particle-surface
contact heat transfer (e.g. refs. [5, 7, 9]) to evaluate
the wall-to-bed average heat transfer coefficient (A,,).
For particles exhibiting ‘plug flow’ under certain
operating conditions (rice and linseed ; é/d, < 5 for
D =0.5m and é/d, < 3 for D = 0.25 m), h,, may be
evaluated by the following equations [4, 5]:
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Equation (7) takes into account the reduction in the
particle renewal area when more than one blade is
immersed in the bed at any instant. The time a given
blade remains immersed within the bed is denoted
by tx. The local wall-to-bed contact heat transfer
coefficient (4) may be evaluated from expressions pro-
posed in refs. [4, 5, 15].

Simulated results

In industrial practice, indirect heat is supplied
mainly via the latent heat of a condensing gas medium.
Therefore, the theoretical simulations presented in
this paper assume an isothermal heat transfer surface
area. Figure 2 presents the simulation results obtained
from equation (8) for a bed of rice particles. It is clear
that while increasing N enhances the heat transfer
rate, this increase is significant mainly at lower
rotational speeds, i.e. N < 15 rev min~'. Whereas a
six-fold increase in N from 2.5 to 15 rev min~'
enhances Nu,, by about 60% for d, = 1.7 mm, the
corresponding increase is about 35% for N increased
from 15 to 90 rev min~'. This is consistent with the
experimental results presented later.

Also, Nu,, increases with increasing d,,. This follows
from the fact that for fine particles (d, < 1 mm) the
overall heat transfer coefficient is controlled by the
resistance to heat conduction in the packed bed over
the entire range of particle—surface contact times
encountered in this study [4, 5]. Heat conduction in
packed beds is a function of the bed physio-thermal
properties and particle—surface contact time, but in-
dependent of particle size. However, the wall-to-first
particle layer thermal contact resistance (in series with
the conduction resistance) is a function of fluid
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F1G. 2. Effect of 4, on Nu,, for N, = 1.
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properties, bed porosity and 4, only, and varies in-
versely with the particle diameter. Therefore, for fine
particles, resistance due to heat conduction in the
packed bed controls 4. Heat conduction resistance is
also the controlling factor for contact times when the
thermal penetration is well beyond several particle
layers. The above-mentioned reasons lead to lower
values of Nu,, for finer particles (although 4,, is
higher than coarser ones).

The above results imply that mechanically stirred
vessels may not be suitable for very fine particles with
respect to maximizing 4,,. Equipment such as vibrated
and conventional fluidized beds [16] allowing very
short particle-surface contact times to be achieved
are probably better suited for finer particles. Similar
conclusions may be drawn for beds of free-flowing
glass or millet particles.

For cases where there is particle renewal along
the wall (¥, > 1), two parameters, N, and #,, are
required to estimate A,,. The effects of these par-
ameters are displayed in Figs. 3 and 4. Figure 3 shows
that increasing 5, enhances Nu,, for a given value of
N,. The increase in Nu,, is most significant beyond
#o > 0.7. The upper and lower bounds for Nu,, cor-
respond to y, =1 and 0 (equations (4) and (5)),
respectively. The difference between the two extrema
is almost 100% for N =5 rev min™' and 65% for
N =25 rev min~ ', This implies that for a constant

© N=28rpm =2 dp=Tmm
S=1xW'm  @=22x10 ms!

'

F1G. 4. Effect of N, on Nu,,.

431

N,, the adverse effect of decreasing 1, on Nu,, dimin-
ishes with increasing N.

Figure 4 presents a family of Nu,, curves for N = 25
rev min~ ! with #, as a parameter. For 5 = 1, Nu,,
is independent of N, and is a function of N only.
There is a sharp reduction in Nu,, with increasing N,
for N, < 10. Beyond N, > 10, the rate of decline slows
down. Furthermore, the difference in the values of
Nu,, at 7, = 0 and 1 increases sharply with increasing
N, for N, < 20. This also corresponds to the range of
interest in most practical applications. Higher values
of N, are obtained for high values of §/d, (>7) [4,
5] leading to low heat transfer rates. Moreover, as
discussed by the authors [5], an increase in 6/d,, causes
a simultaneous increase in N, and a decrease in #,.
This is expected to compound the adverse effect of
increasing 4 on Nu,,.

The results presented in this paper are for a constant
bed porosity. However, as reported by several authors
[8, 17-19] the porosity in the vicinity of the contact
surface for flowing granular beds is a function of bed
depth and flow velocity of solids. As suggested by
Spelt et al. [8] (and verified visually in this study),
the bed porosity (¢) increases with increasing N and
decreasing bed hold-up. This affects &,, adversely. It
has been illustrated that for a bed of spherical glass
beads a 100% increase in ¢ diminishes Nu,, by about
60% [4]. Therefore, assuming ¢ to be constant over a
wide range of agitator speeds (e.g. N =5-100 rev
min~ '} may introduce significant errors in the esti-
mation of 4,,.

The results presented above were simulated
assuming a particle surface roughness of s, = 10 ym
(common value for most materials). Schlunder [19]
suggests using s, = 0 (perfectly smooth surfaces) to
estimate s, A decrease in s, overestimates 4. This is
assumed to compensate for the fact that a particle
contacting the surface is slightly deformed and
thereby increases its contact surface area. The model
for estimating A [15, 19] assumes a point contact.
However, it was found in this study that assuming
s, = 0 greatly overestimates h,, values as compared to
experimentally measured ones.

The effect of 5, on Nu,, for a bed of rice particles is
shown in Fig. 5. Nu,, for s, = 0 is about 35% higher
as compared to that for s, =10 pm at N =5 rev
min~'. For N = 100 rev min~' this difference more
than doubles in magnitude. Beyond s, = 10 ym the
rate of decrease of Nu,, gradually slows down.

The average surface roughness for all model par-
ticles (except glass beads) was measured under a bin-
ocular vision microscope to be between 15 and 25 um.
Therefore, in all simulations (for verifying exper-
imental results) s, was assumed to be approximately
half of the average particle roughness, i.e. 12 um for
rice, and 7 pgm for linseed and millet particles. This
reduction in s, is expected to compensate for the
increase in particle-surface contact area due to par-
ticle deformation [19] and lead to satisfactory results.
For glass beads s, was taken from the literature [20,
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FiG. S. Effect of particle surface roughness on Nu,,.

21]. However, the exact knowledge of s, and particle
deformation is yet elusive and is one of the major
limitations of using Schlunder’s model [4, 15, 19] for
estimating 4, as it can introduce significant uncer-
tainties in the predictions.

The effect of §/d, ratios on Nu,, for beds of free-
flowing millet (C = 0.08) and rice (C = 0.12) is pre-
sented in Fig. 6. It shows that for both particles,
increasing 6/d, ratio adversely affects Nu,,. However,
the reduction in Nu,, is more severe for free-flowing
particulate beds. Whereas a five-fold increase in /d,
from 2 to 10 at N = 25 rev min~ ' decreases Nu,, for
beds of rice by about 13%, the corresponding drop
for beds of millet is more than 40%. The adverse effect
of é/d, on Nu,, diminishes with increasing N. It can
therefore be inferred that for granular beds of lower
flowability (C = 0.11) stirred by paddle-type blades,
increasing 6 would have a minimal effect on the contact
heat transfer rates (for 6/d, < 10).

Experimental results

Figure 7 displays the variation of the measured local
Nusselt number (Nu) as a function of the agitator
speed. The abscissa denotes the location of the ther-
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F1G. 6. Effect of 4/d, and C on Nu,,.

Fi1G. 7. Effect of agitator speed on Nu.

mocouple employed to record the wall temperature.
L includes the circumferential length of the grid and
the heated surface. Figure 7 shows that the heat trans-
fer rates are higher over the heated section immedi-
ately after the grid (i.e. x/L > 0.562). This also cor-
responds to the region of high particle displacements,
i.e. when the number of blade passes required by a
particle to traverse the length from x/L = 0.562 to 1
is about 3 for d/d, < 7 [5] over the entire range of
operating parameters. Particle renewal efficiency, 7,
in this zone is greater than 0.3 even for spherical
free-flowing particles (for /d, < 8). Furthermore, all
particles contacting the heated surface immediately
beyond the grid (x/L > 0.562) are freshly renewed
from within the bulk or from above the air distributor.
This leads to high rates of heat transfer (equations (5)
and (6)).

Note that the computed high values of Nu beyond
x/L = 0.562 may be partly due to the choice of the
bed temperature, T,. As discussed earlier, the average
bed temperature for the heated wall H3 (Fig. 1) was
the average bed temperature 2-3 cm above the blade
bl. However, particles exposed to the cooler inlet air
over the grid may attain lower than the measured bed
temperature. This would lead to a reduction in the
calculated heat transfer coefficients (as compared to
those shown in Fig. 7) due to increased AT.

Figure 7 also shows that the heat transfer rates are
approximately of the same magnitude for the heated
sections H2 and H4. Lower heat transfer rates (as
compared to those for H3) are observed for the ver-
tical heated surface H4, due to particle slippage and
the observed short circuiting of ‘heated particles’ in
that zone.

Figure 7 also shows that agitation improves Nu,,
considerably up to N = 40 rev min~'. The maximum
enhancement in Nu,, (>350%) is achieved as N
increases from 0 to 5 rev min~'. A further eight-fold
increase in N from 5 to 40 rev min~' effects only
about a 75% improvement in heat transfer. In fact, at
higher values of N (N = 60 rev min~') a reduction in
the contact heat transfer rate is observed. As men-
tioned earlier, this may be attributed to an increase in
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the bed porosity along the heated wall which adversely
affects the heat transfer rates. This is discussed later
on.

Figure 8 displays the effect of d/d, on Nu. Increased
8/d, ratios lead to lower values of Nu except over the
region H3 where the opposite trend is observed for
free-flowing particles. A possible explanation for this
observation was discussed before. With increasing
d/d, ratios particles stay longer over the distributor
grid [4-6] and probably attain thermal equilibrium
with the cooler inlet air. This would lead to lower
particle temperatures for higher 6/d, ratios (and hence
higher values of AT). Particles with C > 0.11 spend
very little time over the grid and probably cool down
to a lesser extent as compared to free-flowing spherical
particles. In accord with this explanation the phenom-
enon of increasing Nu with increased d/d, along the
surface H3 was not observed for beds of rice and
linseed (C = 0.11).

Figure 9 presents the effect of N on A, for a bed of
millet particles. The predicted results were evaluated
using equations (5) and (6) and the procedure outlined
in ref. [5]. A constant heat flux type boundary con-
dition and a constant bed porosity was employed to
estimate A,,.

An increase in the 6/d, ratio causes 4,, to decrease.
This conclusion can be drawn from both the predicted
and experimental results in Fig. 9. The effect of air

00 8/d, MILLET HB=65 n=2
® 25  UUp=027 S=7x107n
150l A 37
5 = 80
-5100
[ ]
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8 A @ measured
—— predicted
0 1 1 ]
0 10 20 30 4
N, rpm

F1G. 9. Effect of é/d, on Nu,,.
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flow rate is incorporated in the model [5] through an
increase in the effective bed thermal conductivity. In
view of the +11% experimental uncertainty level in
measured values of A,, and + 10 to 15% (combined)
for N, and n,, the agreement between the exper-
imental and predicted results is fairly good. At higher
values of N the heat transfer model overestimates the
h,, values.

It should be noted that the results in this paper were
simulated for a constant bed porosity. Harakas and
Beatty [22] reported similar results showing that at
higher stirrer speeds the continuum model of heat
transfer [23] overestimated 4,,. This can be attributed
to the different thermal responses for gas and solid
phases, which implies that for very short contact times
(when the thermal wave is not beyond one or two
particle diameters), the bed cannot be assumed to
behave like a continuum with ‘effective’ properties.
However, in this study, # was evaluated based on a
model [15, 19] which included a time independent
asymptotic value of thermal contact resistance
between the wall and the first layer of contacting par-
ticles. For very short contact times, this resistance
controls A. As mentioned earlier this resistance is a
function of d,, ¢ and the interstitial fluid properties.
Therefore, any reduction in 4 with decreasing contact
times, i.e. increasing N, may be attributed to an
increase in the bed porosity. Since ¢ increases with
increasing N, it is believed that the model deviates at
higher values of N due to increasing bed porosity,
which was neglected in this study.

For glass beads the deviation between predicted
and experimental values of A,, was 25-50% at low
agitator speeds (N < 15 rev min~'). Increasing the
d/d, ratio was observed to enhance 4,,. This is con-
trary to expectations. The discrepancy is attributed to
the unusually high rates of heat transfer recorded for
heater H3 with increasing 6/d, ratio. This leads to
poor agreement between predicted and experimental
results for &/d, =7. However, for 6/d, =3 and
N > 15 rev min~', the heat transfer model predicted
the experimental results within + 10%.

Figure 10 shows a good agreement between pre-
dicted and measured values of Nu,, for beds of rice.
For N > S rev min~ ', the measured values of Nu,,
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are almost independent of N or decrease slightly. Note
that 4,, is independent of the d/d, ratio for beds of
rice particles for §/d, < 3.5. This is expected, because
for beds of rice and linseed particles very little ‘particle
slippage’ was observed for d/d, < 4 over the entire
range of operating parameters [4, 5] leading to almost
constant values for N, and n,.

Figure 11 displays the effect of air flow rate on the
measured values of Nu,, for a bed of glass beads.
Increasing air flow rate (U/U,,; < 0.4) increases Nu,,
for N < 40 rev min~'. This effect is attributed to the
fact that with increased air flow rate the bed becomes
almost thermally well mixed (+0.3°C variation) and
particle renewal occurs at the uniform bed tem-
perature over the entire heated surface. The ‘short
circuiting’ of heated particles is minimal leading to
high rates of contact heat transfer.

At low air flow rates (U/U,; < 0.2), the particle
renewal at the heated surface probably occurs at
higher than the measured bed temperatures. This
leads to lower values of heat flux (Q) largely due to
‘short circuiting’” of heated particles. Since the bed
temperature, 7,, was measured at least 20-25d,, from
the heated surface, by definition Nu,, is lower for low
air flow rates (U/U,; < 0.2).

The above arguments also explain the fact that the
contact heat transfer model predicts Nu,, to a greater
degree of accuracy for moderately aerated granular
beds as compared to non-aerated or poorly aerated
(U/U,; <0.2) ones. For moderately aerated beds
(U} U, = 0.4) the measured bed temperatures closely
represent the actual particle renewal temperatures.

CONCLUSIONS

The key results of the above study may be sum-
marized as follows :

(1) A reduction in the wall-to-blade clearance size
and/or an increase in the agitator rotational speed
enhances the average contact heat transfer coefficient
over the range of parameters examined in this study.
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(2) An increase in the é/d, ratio adversely affects
h,, to a greater extent for beds of free-flowing spherical
particles (C < 0.08) as compared to the less free-flow-
ing ones (C = 0.11). Increasing agitator speed beyond
N =25 rtev min ' causes a reduction in A, due to
increased bed voidage in the clearance region.

(3) An accurate knowledge of the size of the particle
surface asperities and the bed porosity near the con-
tacting surface is important in order to correctly esti-
mate the contact heat transfer coefficient and also
rigorously test the physics of the proposed contact
heat transfer model.

(4) The presence of aeration (through-air flow)
enhances the contact heat transfer rates considerably
(up to 50%) over the entire range of operating
parameters.
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FLUX THERMIQUE AU CONTACT PAROI-LIT DANS DES LITS GRANULAIRES
BRASSES MECANIQUEMENT

Résumé—On présente des résultats expérimentaux et simulés pour le coefficient de transfert de chaleur au

contact paroi-lit dans des lits granulaires brassés par des lames. Les observations expérimentales sont

prédites correctement par le modéle de renouvellement particulaire a la paroi. On présente et on discute

les effets de la vitesse de 'agitateur, du jeu entre paroi et lame, de la fluidité du lit, du débit d’air, de la
rugosité de la particule, sur les flux thermiques au contact.

KONTAKTWARMEUBERTRAGUNG VON EINER WAND AN EINE MECHANISCH
BEWEGTE SCHUTTUNG

Zusammenfassung—In dieser Arbeit wird iiber experimentelle und berechnete Ergebnisse fiir den Kontakt-
Wirmeiibergangskoeffizienten von einer Wand an eine mit Schaufeln mechanisch bewegte Schiittung
berichtet. Die Beobachtungen im Versuch bestitigen das “‘Erneuerungs™-Modell bei der Kontaktwirme-
libertragung. Folgende Einfliisse auf den Wiarmeiibergang werden vorgestellt und diskutiert: Rihr-
geschwindigkeit, Abstand zwischen Wand und Riihrschaufeln, FlieBfihigkeit der Feststoffpartikel,
Strémungsgeschwindigkeit der Luft und Rauhigkeit der Oberfliche.

CKOPOCTH TEIUIONTEPEHOCA ITPM KOHTAKTE CTEHKHU U CJIOA B MEXAHUYECKU
NEPEMEINIMBAEMBIX I'PAHYJIMPOBAHHBIX CJIOAX

Assorames —TIpefcTaBNeHN 3KCTICPHMEHTANLHEIC NaHHBIC H Pe3yNbTaTH MOAETMPOBAHHA KOIDH-

UMCHTA KOHTAKTHOTO TEILIONEPEHOCA MEKAY CTEHKOR H CJIOEM rPaHy/THPOBAHHOTO MaTEPHAJIA, MepeMe-

LIMBAEMOr'0 JIONATOYHBIMA Memankamy. [Toka3aHo, 9TO 3KCNEPAMEHTANLHBE AJHHBIE HOCTATOYHO

XOPOILO NPEACKa3bBAIOTCS MOMENBIO CMEHB TaCTHIL IPH KOHTAKTHOM TeIwlonepeHoce. ONHChIBAETCH M

obcyxnaercs BIHAHHE CKOPOCTH BPAIeHHA MCINAJIKH, 3330pa MEAIY CTEHKOH M JIONACTAMH, TEKYIECTH

TBSPAIX TeJl, PACXOA BO3AyXa H LIEPOXOBATOCTH MOBEPXHOCTH YACTHI HA CKOPOCTh KOHTAKTHOTO Tell-
JIonepeHoca.



