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The heat transfer coefficient between the heating wall and the granular bed in the stationary heating-plane type
of indirect-heat agitated dryer was measured. Taking account of the effect of the clearance between heating wall
and agitating blade, an improved heat transfer model was proposed. This model can also describe the dependence of
the heat transfer coefficient on the circumferential velocity of the agitator, the thermal properties of the granular
material, the particle size and so on. Furthermore, it was confirmed that this model was usable when the particles
werenon-spherical or whenscale-up of the dryer was considered.

Introduction

The indirect-heat agitated dryer has been widely
used recently in many fields because of its high
thermal efficiency and minimal exhaust gas. This
work is concerned with the heat transfer in such

dryers of the stationary heating-plane type.6) In this
type, there inevitably exists a clearance between heat-
ing wall and agitating blade, and the negative effect of
this clearance on heat transfer is very significant.

It also becomes important to estimate quanti-
tatively the effect of clearance on the heat transfer

coefficient when scale-up of the dryer is considered.
The width of the clearance cannot be kept quite small,
since in that case the agitator shaft might bend in a
large-scale dryer. In that case, the effect of the dryer

diameter on the heat transfer coefficient is also a

problem to be investigated.
The granular material particles to be processed in

this dryer are non-spherical in manycases. Therefore,
it is also important to investigate the effect of particle
shape on the heat transfer coefficient.

1. Model

In the previous model proposed by the present
authors,6) heat transfer in the stationary heading-

plane type of indirect-heat agitated dryer consists of
the four mechanisms shown in Fig. 1.
1) wall-to-particle heat transfer
2) heat conduction in packed bed

3) heat convection by particle motion in bulk
material
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4) heat transfer in clearance
Based on the model suggested by Schliinder3"5)

and partly revised by Mollekopf and Martin,2) the
wall-to-particle heat transfer coefficient can be calcu-
lated with the following equations if the particle is

spherical:

hp=4iydp){(l+2<r/dp)ln(l+dp/2<T)- l} (1)

<J=22^J2nRT/M ^ à" (2)

y v p(2cpg-R/M)

hs=^hp+^ -^)h2p+hR (3)

In these equations, hp is the maximumachievable
wall-to-single particle heat transfer coefficient, hs is

the maximumachievable wall-to-first particle layer
coefficient, h2p is the coefficient between the heating

plane and a second-layer particle from the plane and
hR is that by radiation. The second and third terms in
Eq. (3) are negligible in comparison with the first term

so long as the pressure and temperature are
atmospheric.

The heat transfer coefficient of heat conduction in
the packed bed is obtained by the penetration model,

in which the packed bed is regarded as

Fig. 1. Heat transfer mechanism.
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homogeneous.1}

K = ylkcmPblnt (4)
The heat convection by particle motion has not yet

been analysed quantitatively because the particle mo-
tion is not well known, as Schlunder mentioned.5)
However, its effect on heat transfer can be neglected if
bulk material particles are. mixed perfectly when the
agitating blade scrapes them. It should be noted that
the present model is only applicable under this
condition.

As there is a clearance between the heating wall and
the agitating blade, the heat transfer resistance in this
part must also be taken into account. There may be
some velocity distribution of particles in this clear-
ance, but it is difficult to estimate. We therefore
introduce the hypothesis that there exists a stationary
particle layer, which has an effective thickness <5e, on
the heating wall. According to this hypothesis, the
heat transfer resistance in this part is equal to be\Xe.

When the resistances mentioned above are con-
nected in series to each other, we can get the in-
stantaneous heat transfer coefficient as follows:

A,-= l/(l/As+ acMc+ l/Ac) (5)

Furthermore, it is assumed that the contact time
between particle and heating wall is equal to the
interval of scraping by the agitating blade. So the
time-averaged heat transfer coefficient can be ob-

tained by integrating Eq. (5) during this contact time.

=2KK{^°-ln(l +7^)}\{{K+SA)á"°] (6)

T° =h2s^/{(k + WcpmPb} (7)
The relation between the contact time and the

circumferential velocity of the agitator depends on the.
agitator's structure. Whenthe agitating blade scrapes
a given point of wall once per revolution, the relation
may be described by Eq. (8). Equation (9) shows the
relation when the agitating blade scrapes a given
point twice per revolution at regular intervals.

T=n(Dd-28)/U (8)

T= n(Dd~23)/2U (9)

Finally, we can calculate the heat transfer coef-

ficient by Eqs. (l)-(3), (6), (7) and (8) or (9) if Se is
known.

Our previous model had two problems in the
matter of estimating Se.6) One was the assumption
that the heat transfer resistance in the clearance did
not change even if the circumferential velocity of the
agitator changed. The other was that the previous
model included parameters that depend on the type of
168

agitator. To solve these problems, the following im-

proved model is proposed here.
The effective thickness 8e is thought to depend

mainly on the width of the clearance 8, the particle
diameter dp, the velocity of the agitating blade U and
the relative velocity between the particles and the
agitating blade along the lateral plane of the blade UB
(Fig. 2). UB was introduced in order to consider the
effect of the agitator's structure on heat transfer in
the clearance. So we postulate the following form,
considering the extreme cases.

8/dp= \ : 8Jdp= l/(l/!;+dp/8) (10)

Z =a(5/dp- l)b/(Uc+dUB*) (1 1)

UB= Usinp (12)
0^S/dp^l: 8e=0 (13)

where a, b, c, d and e are constants which should be
determined by fitting experimental data. The dimen-
sionless variable £ is an index indicating the variation
of effective thickness. It should be noted that the
dimensions of U and UBare meters per second in Eq.
(ll). In Eqs. (10)-(12), 8e reaches zero if U becomes
infinite and Se reaches S if U becomes zero.
2. Experimental

Two sizes ofdryers, with diameters Dd of20 cm and
60 cm, were used for the experiments. The smaller one
was the same as used in the previous work.6) A
schematic diagram of the experimental apparatus
using the larger dryer is shown in Fig. 3.
The temperature of the wall was kept constant by

adjusting the steam flow rate. To avoid heat transfer
from the granular bed to the end-plates of the dryer
and to the air over the bed surface, hot water was
circulated in the jackets installed in the end-plates and
hot air was blown over the bed surface. Heaters for
both water and air were controlled to keep their

temperatures equal to that of the granular bed.
Two types of agitators, the double-spiral type (/? =

65°, 3=0.1-5.6mm) and the flat-bar type (j8=0°, 8=
0.75-10.1 mm), were used in the experiments. Figures
4 and 5 show them used in the smaller dryer. These
agitators scraped a given point of the wall once per
revolution. The agitator used in the larger dryer was
almost the same double-spiral type. In this agitator,
however, /?=80°, 8=0.65mm and a given point was
scraped twice per revolution at regular intervals.
The procedure of the experiments was almost the

same as in the previous work.6) The heat transfer

coefficient was calculated from the following equation
by use of data obtained:

hw= {wmcpm^ WshcJ-^jj{AJTw- Tb)} (14)
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Table 1. Granular materials

Material Shape r p, n Pb_3, rT, ^á" _n __. _\ v_u

y [mm] [kg-m 3] [J-kg 1 K *] [W-m X-Kx]

Glass beads A Sphere 0.36 1450 853 0.203
Glass beads B Sphere 1.1 1450 853 0.203

Activated alumina Sphere 0.5 1 9 10 920 0. 1 57
Acrylic resin Sphere 0.57 690 1560 0. 1 16

Millet Flat oval 1.7 820 2300* 0. 170

* Measured under the condition of complete drying.

Fig. 2. Relative velocity between agitating blade and par-
ticles along lateral plane of blade.

Fig. 3. Schematic diagram of experimental apparatus with
large dryer.

Fig. 4. Double-spiral agitator.

Fig. 5. Flat-bar agitator.

Equation (14) can be obtained by the heat balance in
the system of both the granular bed and the agitator.
The holdup of the granular material was about 55%
in the small dryer, and about 35% in the large dryer.

Five kinds of granular materials were used in the
experiments. Their properties are tabulated in Table

VOL. 19 NO. 3 1986

1. The effective thermal conductivities of the granular
beds shown in this table were measured by the Q.T.M.
rapid thermal conductivity meter (manufactured by
Showa Denko Co., Ltd.; QTM-D1) and the apparent
densities of the beds and the specific heat at constant

pressure of the millet were also obtained by our
measurements.

3. Results and Discussion

The experimental heat transfer coefficients are plot-
ted as a function of the circumferential velocity of the
double-spiral agitator in Figs. 6-8 and as a function of
that of the flat-bar agitator in Figs. 9 and 10. These
results were obtained in the smaller dryer. As a result

of determining the parameters in Eq. (ll), which
provided the best agreement between data points and
the curves calculated from the present model, a = 0.6,
6=0.5, c=0.8, d=3.5 and e=0A5 were obtained. The
curves calculated from the model with use of these

values are also shown in Figs. 6-10. Agreement
between the observed data and these curves seems
satisfactory.
To illustrate the effect of the clearance on the heat
transfer coefficient, the observed hw values for U=

0.21m-s"1 and C/=0.78m-s~1 are plotted as a fun-
ction of the dimensionless clearance S/dp in Figs. ll
and 12. As shown in these figures, the calculated heat
transfer coefficient is constant when 8/dp is less than
unity. Then the calculated hw decreases with increas-
ing 3/dp if6/dp is greater than unity. The manner of its
decrease has the following characteristics:
1) The value ofhw decreases rapidly ifS/dp is over

unity.

2) The value of hw decreases moderately in the
region of S/dp =2-10.

3) The gradient of decrease becomes large again if
S/dp is more than 10.

It is also shown in those figures that d/dp has a

greater influence on hw with the flat-bar agitator than
with the double-spiral type. For different particle sizes

and circumferential velocities of the agitator, the
influence of 3/dp and the effect of the type of agitator
on hw are almost the same, though the absolute values
of hu, have certain differences.
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Fig. 6. Heat transfer coefficient vs. circumferential velocity
of double-spiral agitator.

Fig. 7. Heat transfer coefficient vs. circumferential velocity
of double-spiral agitator.

Fig. 8. Heat transfer* coefficient vs. circumferential velocity

of double-spiral agitator.

Fig. 9. Heat transfer coefficient vs. circumferential velocity
of flat-bar agitator.

In Fig. 13, calculated hw vs. the experimental hw
values are shown for all data. Almost all data are

correlated within ±25%. So it is concluded that the
agreement between calculated and experimental hwis

170

Fig. 10. Heat transfer coefficient vs. circumferential
velocity of flat-bar agitator.

Fig. ll. Heat transfer coefficient vs. dimensionless
clearance.

Fig. 12. Heat transfer coefficient vs. dimensionless
clearance.

good under the condition that the particle shape is
spherical.

Figure 14 shows the relation of hw vs. U of the
double-spiral agitator for the millet grain, which is a
non-spherical particle. As shown, there is a serious
deviation between the experimental heat transfer
coefficient and the calculated curves when the average
particle diameter dp= 1.7mm, obtained by sieving,
was used in the calculation provided that the particle
shape was spherical. The wall-to-single particle heat
transfer coefficient naturally depends on particle
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Fig. 13. Experimental hw vs. calculated hw.

Fig. 14. Heat transfer coefficient vs. circumferential

velocity of double-spiral agitator.

shape.2'3) So it is necessary to determine the shape of
the millet particles quantitatively, details of which are
given in the Appendix.
The calculated curves obtained in that way are also

presented in Fig. 14, and their comparison with the
experimental data showed no serious deviation. So it
might be concluded that the heat transfer coefficient

where the particle shape is non-spherical can be
predicted with the present model.

To investigate the effect of the dryer diameter on
the heat transfer coefficient, the experimental heat

transfer coefficients for the large dryer are plotted as a
function of the double-spiral agitator in Fig. 15. The

curve presented in this figure is that obtained from
Eqs. (l)-(3), (6), (7) and (9)-(12) using the same
parameters as obtained for the smaller dryer.
Agreement between observed and calculated heat
transfer coefficients is fairly good. It is therefore

concluded that the present model is also applicable in
cases where scale-up of the dryer is considered.

C onclusion
The coefficient of heat transfer between the heating

wall and the granular bed in the stationary heating-
plane type of indirect-heat agitated dryer was mea-
sured. An improved heat transfer model, considering
the effect of the clearance between the heating wall

and the agitating blade, was proposed. The com-

parison between experimental and the calculated heat
transfer coefficients showed fairly good agreement.
Furthermore, it was confirmed that this model is
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Fig. 15. Heat transfer coefficient vs. circumferential

velocity of double-spiral agitator with large dryer.

usable where the particle shape is non-spherical or
where scale-up of the dryer is considered.

Appendix

The local wall-to-single particle heat transfer coefficient at a
given location is given by Eq. (A-l).2~5)

hpA=Xgl{s+o) (A-l)

where s is the local gap width between the heating wall and the
particle surface (Fig. A-l) and a is the modified mean free path of
interstitial gas molecule denned by Eq. (2). The integration of Eq.
(A-l) gives the average value hp with respect to the projection area
of the particle. If the particle shape is spherical, this integration can
be done analytically and gives Eq. (1). In the case of non-spherical

particles, it is necessary to determine the particle shape quanti-
tatively in order to estimate the value of s. Thenwe makethe
following assumptions (Fig. A-l).

1) The cross section of millet grains is described by Eq. (A-2).
2) The millet grain is rotation-symmetric against the >>-axis. The

direction of contact between the particle and the wall was de-
termined by our observation.

(x/e)n+(y/Ky= l , n=2.2 (A-2)

With these assumptions, the value of s can be obtained and the
average value hp in this case can be calculated numerically.

Acknowledgement

The authors are grateful to Messrs. M. Miyahara, S. Araki and
H. Ohmae for their assistance in this work and to Kurimoto Ltd.

for assembling the experimental apparatus.

Nomenclature
A = heat transfer area [m2]

a = constant in Eq. (ll) [-]
b = constant in Eq. (ll) [-]
c = constant in Eq. (ll) [-]
cp = specific heat at constant pressure [Jà"kg~xà"K~*]
Dd = diameter of dryer [m]
d - constant in Eq. (ll) [-]
dp = particle diameter [m]
e = constant in Eq. (ll) [-]

h = heat transfer coefficient [Wà"m~2à"K"l]

hw = time-averaged heat transfer coefficient
between heating wall and granular bed

[W-m-^K"1]

M = molar weight of interstitial gas molecule
[kg-kmoP1]

n = parameter in Eq. (A-2) [-]
p = pressure [Pa]
R = gas constant [Jà"kmol~1 à"K"x]

s = local gap width between heating wall and
particle surface (Fig. A-l) [m]
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Fig. A-l. Cross section of millet.

T = temperature [K]
t = time [s]

U = circumferential velocity of agitator [m- s"1]
UB = relative velocity between particles and

agitating blade along lateral plane of blade
shown in Eq. (12) [m-s"1]

W = mass [kg]

p = angle of blade to its direction of motion [rad]
y = accommodation coefficient [-]

S = width of clearance between heating wall and
agitating blade [m]

de = effective thickness of stationary particle
layer on heating wall [m]

Xe - effective thermal conductivity of granular bed
[W-rn^-K-1]

Xg = thermal conductivity of interstitial gas
[W-m^-K-1]

£ = variable defined by Eq. (ll) [-]
pb = apparent density of granular bed [kg -m~3]

g = modified mean free path of interstitial gas
molecule defined by Eq. (2) [-]

i = contact time [s]
t° = modified contact time defined by Eq. (7) [-]

\j/ = surface coverage factor [-]

< Subscripts)
b = granular bed

c = conduction
g = interstitial gas
/ = instantaneous value
/ = local value

m - granular material
p = particle
R = radiation
s = particle layer

sh = shaft of agitator
w =wall
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