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In the present work, the contact heat transfer between the granular materials and heating plates inside
plate rotary heat exchanger (PRHE) was investigated. The heat transfer coefficient is dominated by the
contact heat transfer coefficient at hot wall surface of the heating plates and the heat penetration inside
the solid bed. A plot scale PRHE with a diameter of Do = 273 mm and a length of L = 1000 mm has been
established. Quartz sand with dp = 2 mm was employed as the experimental material. The operational
parameters were in the range of x = 1 – 8 rpm, and F = 15, 20, 25, 30%, and the effect of these parameters
on the time-average contact heat transfer coefficient was analyzed. The time-average contact heat trans-
fer coefficient increases with the increase of rotary speed, but decreases with the increase of the filling
degree. The measured data of time-average heat transfer coefficients were compared with theoretical cal-
culations from Schlünder’s model, a good agreement between the measurements and the model could be
achieved, especially at a lower rotary speed and filling degree level. The maximum deviation between the
calculated data and the experimental data is approximate 10%.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Granular materials are of substantial importance in a variety of
industrial processes, such as grain, food products, fertilizer, cos-
metics, metallurgy, coal, electronics and other fields. According to
the statistics, the processing of granular materials consumes an
estimated 10% of the planet’s energy budget [1]. Rotary drums
are commonly used in above industrial engineering fields, which
can be heated directly or indirectly depending on the requirements
of production processes, and the working temperature are ranged
from 100 to 2000 �C. Most of the rotary drums appear to be cylin-
drical apparatus with different rotating movement and slope, the
granular materials are usually fed at the upper side and flow to
the lower end by the rotation of the drum and the force of gravity.

More attentions have been paying on establishing of constitu-
tive equations of granular transport in the rotary drums, several
theoretical approaches were confirmed based on the fundamental
physics of granular flow and the quantitative relationships were
found on mixing and de-mixing, free surface, segregation [2–5].
The internal granular motion is closely relate to the heat transfer
phenomenon, and the heat transfer process is a function of certain
operational variables (initial granular temperature, wall tempera-
ture, heat transfer coefficient) and granular characteristics
(sphericity, cohesiveness, stickiness, specific heat capacity) [6–11].

In our previous work, a new type of plate rotary heat exchanger
(PRHE) is developed for granular heating or cooling processes as
shown in Fig. 1. This equipment is basically a cylindrical body in
which a number of heating plates are arranged symmetrically
around the perimeter of the shell. Usually, the cylinder of PRHE
is mounted on a set of supporting wheel so that it is sloped under
the working condition, helping the transport of granular materials
through PRHE. The body of PRHE rotates by the driving of ring gear,
providing a tumbling action that continually exposes fresh mate-
rial to the heating surface. In our previous study, the mean resi-
dence time of granular has been investigated experimentally
which is illustrated to be one of the most crucial indexes in heat
transfer process [12]. Due to its industrial application, the heat
transfer between granular materials and heating plates is worthy
of studying.

Among the open literatures, the heat transfer to the granular
materials in rotating drums has been investigated for a long time
[13,14]. Early numerical investigations were carried out to predict
heat transfer in rotating drums [15–18]. Fundamental investiga-
tions and analytical models were also performed and developed
[19–21]. In indirectly heating drums, the contact heat transfer
between the covered wall and the solid bed is dominant [22].
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Nomenclature

Ac cross section area of contact solid bed [m2]
As cross section area of solid bed [m2]
AE inner cross section area of the plate rotary heat exchan-

ger [m2]
Aw contact heat transfer surface between heating plate wall

and solid bed [m2]
cp,s specific heat capacity of the solid bed [J/(kg�K)]
cp,a specific heat capacity of air [J/(kg�K)]
cp,w specific heat capacity of the heating plate wall [J/(kg�K)]
Do outer diameter of Plate rotary heat exchanger cylinder

[mm]
Di inner diameter of Plate rotary heat exchanger cylinder

[mm]
dp average particle diameter [mm]
F filling degree [%]
Hs solid bed height [mm]
h time-average contact heat transfer coefficient [W/(m2

K)]
hi instantaneous transfer coefficient [W/(m2 K)]
hc heat transfer coefficient between heating plate wall and

the first granular layer [W/(m2 K)]
hg heat transfer coefficient by penetration in the solid bed

[W/(m2 K)]
hwg heat transfer coefficient by conduction in the gas gap of

the first granular layer [W/(m2 K)]
h2wg heat transfer coefficient by conduction in the gas gap of

the second granular layer [W/(m2 K)]
I input current [A]
L length of the plate rotary heat exchanger [mm]
ma quality of the air inside the plate rotary heat exchanger

[kg]
ms quality of the solid bed [kg]
M molar mass [kg/kmol]
nc the number of granular materials in each contact pro-

cess

n the total number of granular materials in the plate ro-
tary heat exchanger

p pressure [Pa]
Qtotal total heat transfer of the plate rotary heat exchanger

[W]
Qair heat transfer between the heating plates and air inside

the plate rotary heat exchanger [W]
Qs heat transfer between the heating plates and solid bed

[W]
Qloss heat dissipation of the plate rotary heat exchanger [W]
U input voltage [V]
Tm average temperature of the solid bed [K]
Ts,1 temperature of the first granular layer [K]
Ta air temperature [K]
T1 room temperature [K]
RE inner radius of the plate rotary heat exchanger [mm]
R universal gas constant

Greek symbols
s time interval of the heating plate sweeping the solid bed

[s]
sc contact time [s]
h filling angle [rad]
c accommodation coefficient
r modified mean free path of the gas molecules [mm]
ka conductivity of air [W/m K]
ks conductivity of the solid bed [W/m K]
ki conductivity of the insulation material [W/m K]
di thickness of the insulation
w surface coverage factor
x rotary speed [rpm]
ai surface heat dissipation coefficient [W/(m2 K)]
u void fraction

Screw feeder

Granular materials

Belt conveyor

Motor
Condensed water

Vaper

Steam chest
Heating-plate

Fig. 1. Schematic of plate rotary heat exchanger.
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The experimental investigations carried out by Herz [23–25]
revealed that the contact heat transfer coefficient is increasing
with the increase of rotating speed, while it is decreasing with
the increase of filling degree. Furthermore, the thermos-physical
properties of the solid bed such as density, conductivity and heat
capacity also showed significant influence on the contact heat
transfer coefficient.
As mentioned above, the heat transfer in PRHE strongly
depends on the combined transport of mass and heat within the
granular materials. The thorough analysis of the heat transfer
mechanism in the reverse heat exchanger is not only the improve-
ment of the theory in this field, but also of great significance to the
improvement of the equipment application level. For the engineer-
ing practice and safe design of PRHE, the contact heat transfer
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process should be described as accurately as possible. Accordingly,
the heat transfer between the granular materials and heating
plates under overloaded condition will be investigated analytically
and experimentally. Furthermore, the influence of the operational
parameters on contact heat transfer will be studied.

Model of granular heat transfer in PRHE

Heat transfer process

A physical model based on the heat balance is solved through
the heating plate wall in order to reach the heat transfer coeffi-
cients inside PRHE. The cross section view of the heating plate
arrangement and the solid bed inside the PRHE is shown in
Fig. 2. The heat carrier (such as steam, hot gas and thermal oil)
flows into the inner plate channel side. With the rotation of PRHE,
the granular materials are lifted outside and discharged by the
heating plates, heat transfer happened between the granular mate-
rials and the heat carrier through the contacting of the heating
plate wall. The phenomenology of the heat transfer in PRHE is
schematically depicted in Fig. 2. The wall of the heating plates,
which is made of stainless steel, is heated by the heat carrier inside
plate channel.

Qtotal is the total amount of heat input through the heating
plate, and the energy transported to the wall surface is absorbed
by the solid bed and the air inside PRHE, a part of the transferred
heat is conducted through the shell of PRHE and then proceeds
as the heat loss to the surroundings. Based on the heat balance,
the total heat transfer of PRHE can be expressed as follows:

Qtotal ¼ Qair þ Qbed þ Qloss ð1Þ
The amount of heat absorbed by the air inside PRHE can be

expressed as:

Qair ¼ cp;ama
dTa

dt
ð2Þ

And the amount of heat absorbed by the solid bed can be
expressed as:

Qbed ¼ cp;sms
dTs

dt
ð3Þ

The heat loss from the outer wall of PRHE to the surroundings
can be expressed as:
RE

Solid bed 

Heating plate 

Heat exchanger cylinder 

H

(a) starting position

Fig. 2. Schematic cross section of the rotating
Qloss ¼
ðTm � T1Þ

½ðDO þ 2diÞ=ð2kiÞ lnððDO þ 2diÞ=DoÞ þ 1=ai� ð4Þ

There are two regions in PRHE, free wall surface region and
solid bed contact region, which are depend on the filling degree
in PRHE, as shown in Fig. 2. The filling degree is defined by the ratio
of the solid bed area in the cross section to the total cross section
area of PRHE and can be expressed as:

F ¼ As

AE
� 100% ¼

h
2 � sin h

2 cos h
2

p
� 100% ð5Þ

where h can be defined:

h ¼ 2arccos 1� Hs

RE

� �
ð6Þ

In the free wall surface region, the heat is conducted from the
wall of heating plate to the air inside PRHE. In the solid bed contact
region, the heat transfer is controlled by the contact resistance
between the heating plate wall surface and the heat penetration
inside the solid bed.

Contact heat transfer

The motion of the granular materials inside PRHE is compli-
cated. Therefore, it is necessary for analytical simplicity to assume
that: (1) The heat flux of the heating plate wall per unit area is uni-
formly distributed. (2) The granular materials are well distributed
in the solid bed. (3) The granular materials are spherical and the
granular sizes distribution is homogeneous. (4) The shape of the
granular materials is spherical.

The principle of heat transfer to solid bed from a hot wall sur-
face was proposed by Schlünder [19], which has been widely used
in the heat transfer model of packed beds. In Schlünder’s work, a
thin layer of gas film is assumed to be existed between the granular
materials and heating plate wall. The temperature profile in solid
bed heated from the hot wall surface is shown in Fig. 3. Near the
point of contact between the granular and surface wall, the gas
gap is less than the mean free path of the gas molecules. As set
forth in [26], the main reason for the contact heat transfer resis-
tance is that the heat conductivity of the gas in the wedge between
the granular and surface wall goes to zero when approaching the
contact point. Consequently, the conduction and radiation in the
gas gap between the heating plate wall and the first layer of gran-
ular materials can be considered in accordance with:
Free wall 
surface region

Qair

Qbed

Qloss

(b) steady state

motion and heat transfer process in PRHE.
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Fig. 3. Temperature profile in a solid bed heated from hot wall [19].
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hwg ¼ 4ka

dp
1þ 2r

dp

� �
ln 1þ dg

2r

� �
� 1

� �
ð7Þ

where

r ¼ 2
2�!
!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTm

M

r
ka

p 2cp;a � R
M

� � ð8Þ

Based on the experimental results [27], the accommodation
coefficient is given by the following empirical equation:

lg
1
!
� 1

� �
¼ 0:6�

1000
T þ 1

� �
2:8

ð9Þ

Considering the heat transfer between the heating wall and sec-
ond layer of granular materials, the contacted heat transfer coeffi-
cient between heating wall and granular materials is:

hc ¼ whwg þ ð1� wÞh2wg ð10Þ
The granular materials contacting to the heating wall directly is

assumed to be arranged in a hexagonal closest packing, and the
surface coverage factor w = 0.91. At each hypothetical static stage,
the heat conduction inside the solid bed is expressed by the pene-
tration model [28] as follows:

hp ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksqbcp;s
psc

s
ð11Þ

Hence, the instantaneous heat transfer coefficient can be
obtained:

hi ¼ 1
1
hc
þ 1

hp

ð12Þ

Accordingly, the time-averaged heat transfer coefficient can be
obtained by integrating during contact time:

h ¼ 1
sc

Z sc

0
hidt ¼ 2hc

ffiffiffiffiffiffiffiffi
ps�

p � ln 1þ ffiffiffiffiffiffiffiffi
ps�

p	 
	 

=ðps�Þ ð13Þ

With

s� ¼ h2
csc=ðkgqgcp;gÞ ð14Þ
The contact time

For calculating the heat transfer coefficient, it is important to
know the contact time between granular materials and heating
plates. Under the overloaded condition, the contact time between
the granular materials and heating plate is related to the contact
surface of heating plates, diameter of granular materials and the
granular coverage factor at any given moment. And the time inter-
val of a single heating plate sweeping the solid bed within a revo-
lution can be calculated as follows:

s ¼ h
p �x ð15Þ

Assuming the material is sufficiently and uniformly contacted
with the heating wall, the contact time of a single heating plate
within a revolution is calculated by an approximate macro statistic
method as proposed below:

sc ¼ N � snc

n
ð16Þ

It is assumed that the granular materials are uniformly dis-
tributed along the axial direction, then, nc is defined as:

nc ¼ / � Ac

p
4 d

2
p

ð17Þ

And n is calculated by substituting Eq. (17) to Eq. (16):

n ¼ / � As � L
4p
3 d3

p

ð18Þ
Experiments

Experimental system

The experimental system included following parts: a plate
rotary heat exchanger (PRHE), a drive and control unit, an electrical
heating & power control unit and a temperature measuring unit. A
schematic diagram of the experimental system and the experimen-
tal apparatus are shown in Figs. 4 and 5, respectively.

Plate rotary heat exchanger: this unit is basically a cylindrical
body which constructed with a seamless stainless steel pipe as
the shell of the heat exchanger and has an outer diameter of 273
mm, a total length of 1000 mm and a shell thickness of 4 mm.
twelve rectangular plates are arranged uniformly along the cir-
cumference as the ‘‘heating plates”. One of the rectangular plates
is the test heating plate which is used to measure the heat transfer
coefficient. The geometric dimension of the test heating plate is
1060 mm � 45 mm � 6 mm, while the effective heating length is
1000 mm. The other rectangular plates are stainless steel plates
with the same size of the test heating plate. In order to observe
the position of the test heating plate, corresponding mark is
arranged on the outer wall of PRHE. At each end of the shell, a
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Fig. 4. Schematic of PRHE experimental system.

Fig. 5. Photograph of the experimental apparatus.
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Fig. 6. Cross-sectional representation of the experimental apparatus.
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flange is installed as a supporting point. The PRHE body is mounted
on the rotor wheels by the contact with the flange.

Drive and control unit: It consists of two pairs of rotor wheels
(driving wheels and driven wheels), a stepless speed regulating
motor and a digital display tuner. The rotor wheels that working
in the style of rolling contact are the important rotating driving
components in rotating power transport system. The geometric
dimension of both the driving and driven wheels are U100 � 20
mm, and the separation between the two pairs of rotor wheels
are 300 mm, as shown in Fig. 6. The wheels are covered by approx-
imately 10 mm thick rubber layer to prevent slipping between the
flange and the wheels. The power is provided by the stepless speed
regulating motor, the speed adjustment of PRHE was achieved
through the control of motor speed by a digital display tuner.
The rotate speed can be regulated at the range of 0 to 30 rpm.
The motor provided energy for the driving wheels running, and
then the driving wheels leaded the driven wheels rotating simulta-
neously through the rubber belt. Due to the action of gravity and
friction, PRHE rotated stability.

Electrical heating and power control unit: carbon brush technol-
ogy is adopted to supply power to the test heating plate continu-
ously and stably. In order to measure and regulate the heating
power of the test heating plate, a silicon control, an ammeter and
a voltmeter are arranged on the power line of the test heating
plate. Resistance wire is fixed inside the test heating plate to pro-
vide a steady heat flow rate during the experimental process.

Digital temperature measuring unit: There are two temperature
measuring section located about 300 mm from the centerline of
PRHE. To draw the temperature profile of the test heating plate
surface wall and the solid bed, 12 thermocouples are installed
directly at the outer wall surface of the heating plate and 18 ther-
mocouples are fixed on measuring rods at different distance to the
inner wall of PRHE cylinder. A fixed measuring rod was positioned
stationary at the center of the cross section to assess the delay of
the thermocouples. The details of the thermocouples arrangement
is presented in Fig. 7. All these thermocouples are K-type with a
diameter of 0.5 mm, the temperature data are recorded every five
seconds.

Experimental method

The quartz sand is employed as the granular sample, and the
effective thermo physical properties of the solid beds are listed
in Table 1, such as average particle size, bulk density, apparent par-
ticle density, thermal conductivity and heat capacity.

The experimental procedure is described as follows.
Firstly, the cylinder of PRHE is charged with quartz sands to a

filling degree, the total heat capacity of the test heating plate is
set to 50 W, which resulting in a feasible maximum wall tempera-
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Fig. 7. The thermocouple arrangement for the experimental measurement.

Table 1
The properties of the experimental sample.

Parameter Unit Value

dp mm 2
qp kg/m3 2650
qb kg/m3 1390
cp,s J/(kg�K) 1080
ks W/(m�K) 0.518

Table 2
Parameters of experimental conditions.

Parameter Unit Value

q W 50
n rpm 1, 2, 3, 4, 5, 6, 7, 8
F (%) 15, 20, 25, 30
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ture no higher than 368 K. Then the PRHE is rotated at a predeter-
mined speed according to the experimental conditions listed in
Table 2. As soon as the desired wall curve reaches a consistent
tend, it is considered that the experiment has reached a steady
state and the temperatures are recorded. At the same time, the
location of the test heating plate will be recorded. During the
experiment, there has no air passed through PRHE and the heat
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transfer at any given moment can be calculated from the heat bal-
ance equation:

UI � cp;wmw
dTw

dt
¼ hiAw � ðTw � TmÞ ð19Þ

During the whole solid bed contact region, the time-average
contact heat transfer heat coefficient is acquired by the following
formula:

h ¼ 1
s2 � s1

Z s2

s1
hi � dt ð20Þ
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Uncertainty analysis

All the instruments are calibrated before test. The K-type ther-
mocouples have a precision of ±0.1 K, the maximum range of the
multimeter is used as the test value, and the accuracy of voltage
and is 0.1 V and 0.001A respectively.

The measurement accuracy which is obtained through analysis
and estimation of error in experiments is the important basis for
evaluating the reliability of experimental data [29,30]. The relative
uncertainty analysis is explained according to the theory of error
propagation. Consider an indirectly measured variable y, which is
a function of several directly measured values and can be
determined:

y ¼ f ðx1; x2; x3 . . . xnÞ ð21Þ
A total differential of the above function is presented:

dy ¼
Xn
i¼1

@f
@xi

dxi ð22Þ

By replacing the corresponding differential variables
fdx1;dx2 . . .dxng with the absolute error of directly measured val-
ues fDx1;Dx2; . . .Dxng in expression (22), the uncertainty Dy of the
indirectly measured variable y can be calculated:

Dy ¼
Xn

i¼1

@f
@xi

Dxi ð23Þ

The uncertainty of the parameters measured in the experiments
is listed in Table 3.

Results and discussions

Unsteady heat transfer characteristics of the heating plate

Following the rotation of PRHE, the heating plate is alternately
immersed in solid bed contact region and free wall surface region.
Due to the difference in physical properties between the granular
materials and air inside PRHE, the heat transfer of the heating plate
is periodic unsteady. In Fig. 8, the periodic unsteady heat transfer
characteristics of the heating plate is presented for Quartz sand,
with a constant filling degree of F = 30%, and the rotary speed x
= 1 rpm.

Exemplarily measured the circumferential wall temperature
profile of the test heating plate is depicted in Fig. 8(b). It can be
Table 3
Uncertainty analysis of the measured parameters.

Experimental parameters Unit Uncertainty of the measurements

I A 0.33%
U V 0.26%
Tw K 0.64%
Tm K 0.47%
h W/(m2 K) 3.48%
seen that the wall temperature of test heating plate decreases
gradually in the solid bed contact region, while in the free wall sur-
face region, the wall temperature is rising gradually. With the
change position of the test heating plate, the granular in the solid
bed are also in a flowing state. In an immersion revolution, the test
heating plate wall is intermittent contact with granular and air, so
that the heat transfer process is also instantaneous in time.
40 80 120 160 200
154

Circumferential coordinate (°)

(c)  The instantaneous heat transfer coefficient 
of the test heating plate at different position

Fig. 8. The periodic unsteady heat transfer characteristics of the heating plate.
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Corresponding to Fig. 8(b), the instantaneous heat transfer coef-
ficient of the test heating plate at different position is shown in
Fig. 8(c). With the rotation of PRHE cylinder, the instantaneous
change of the heat transfer coefficient in an immersion revolution
increases first and then decreases when the test heating plate is
about to leave the solid bed. The phenomenon can be attributed
to these factors. When the test heating plate has just entered the
solid bed, the heat transfer coefficient will gradually increase with
the increase of the coverage area of the heating plate wall surface.
In addition, under the action of gravity, the granular materials at
the bottom is denser than that in the top of solid bed. Thus the
gap between the granular materials and heating plate is reduced,
which can enhance the heat transfer coefficient. With the rotation
of the heating plate, the solid bed is constantly disturbed, which is
also beneficial to improve the contact heat transfer coefficient.

As mentioned above, the instantaneous heat transfer coefficient
of the test heating plate varies continuously in an immersion rev-
olution. In the subsequent research work, for the purpose of ana-
lyze the influence of the experimental factors (rotating speed,
filling degree) on the heat transfer coefficient, the measured values
of the heating plate instantaneous heat transfer coefficient at dif-
ferent positions are integrated in an immersion revolution as the
time-average contact heat transfer coefficient. Meanwhile, the
motion and collision of the granular materials are strongly random,
the arithmetic mean value of the average heat transfer coefficient
of five immersion revolutions is used as the final measured value
under each experimental condition.
150

n (rpm)
(b) F=20%

0 2 4 6 8

0 2 4 6 8
150

200

250

300

350

h (
W

/(
m

2 K)
)

n (rpm)

 measured h=157.3n0.2617

 calculated

(c) F=30%

Fig. 9. Comparison of the contact heat transfer coefficient by calculated results and
experimental data depended on the rotary speed.
Influence of rotary speed on time-average contact heat transfer
coefficient

In order to discuss the influence of the rotary speed on heat
transfer process between test heating plate and solid bed, the
experimental investigations are carried out at different rotary
speeds with a fixed filling degree. Fig. 9 presents the contours of
time-average contact heat transfer coefficient under different
rotary speed. According to the figure, the time-average heat trans-
fer coefficient rises faster with the increase of the rotary speed
when the rotary speed is relative low. And the contact heat transfer
coefficient follows a positive power law with the rotary speed. By
fitting the measured data, the indexes are 0.2738, 0.2626 and
0.2617, for the filling degrees at 15%, 20% and 30% respectively.
Obviously, increasing the rotary speed of PRHE is beneficial to
enhance the contact heat transfer between the granular materials
and the heating plate, but the influence is minor in a certain degree
of rotary speed. This is because with the rotary speed increases, the
heating plate can renew the granular materials faster, both the
axial diffusion and mixing strength of the solid bed are improved
and finally contributing to enhance thermal conduction inside
solid bed. Moreover, the perpendicular velocity component of the
granular to the heating plate surface increases by increasing the
rotary speed of PRHE, which causes larger contact area and more
frequency collision between granular and heating plate, resulting
in an improved contact heat transfer. For the sake of particular
operation condition, the PRHE is usually worked under a relatively
low rotary speed, which causes the minor influence on average
heat transfer coefficient.

According to Fig. 9, it can be seen that the variation trend of the
calculated contact heat transfer coefficients match the experimen-
tal data very well. Under the condition of a fixed filling degree, the
calculated data are larger than the experimental measured data,
especially at a relatively high rotary speed. That’s because in the
computational model, the solid bed is assumed to be completely
mixed during each contact, actually, there may be some deviation
from the experimental conditions.
In the interest of analyzing the calculating accuracy, the relative
deviation of the calculated data is defined as:
relative deviation ¼ calculated data�measured data
measured data

� 100% ð24Þ
As presented in Fig. 10, The deviations in most of the calculated

contact heat transfer coefficients are in the range of 10%. Usually,
selection of the heat exchangers is based on the theoretical calcu-
lations and enlarges the allowance of 15%�20% in engineering
design. The objective is to compensate for the uncertainty caused
by the difference between the actual operating conditions and
the calculation condition. Therefore, the calculation model can pro-
vide a reliable reference for the industrialization design.
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Fig. 10. The relative deviation of the calculated contact heat transfer coefficient.
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Influence of filling degree on time-average heat transfer coefficient

Rotary speed and filling degree are two important variables
affecting granular-heating plate heat transfer rate. In this section,
the experimental data are plotted in a different way, viz. h vs. F.
the filling degree is set to 15%, 20%, 25% and 35%. The influence
of the filling degree on time-average contact heat transfer coeffi-
cient is illustrated in Fig. 11. The experimental data show that
the time-average contact heat transfer coefficient is slightly
decreased with the increase of filling degree. With the increase of
filling degree, the distribution area of the granular inside PRHE
increases correspondingly. The larger particle distribution area
increases the contact time between the particles and the heating
plate, which is the beneficial factor to improve the contact heat
transfer coefficient between particles and heating plate. However,
on the other hand, the decrease of the number of cycles in the same
time interval leads to the decrease of the contact heat transfer
coefficient due to the increase of the single cycle time of the gran-
ular motion. Moreover, granular materials can eventually reach
well mixed states for low filling degree levels [31], and in our pre-
viously research work [32], it is indicated that the solid bed tem-
perature reaches thermal uniformity faster under lower filling
degree condition, for the granular materials can be mixed more
entirely per unit of time, and faster mixing causes rapid heat trans-
fer from heating plate surface wall to solid bed. Qualitatively, the
same effect was also reproduced by Schlünder and Mollekopf [19].
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Fig. 11. Comparison of the contact heat transfer coefficient depended on the filling
degree.
Conclusion

In this paper, contact heat transfer between granular materials
and heating plates inside PRHE was investigated theoretically and
experimentally. The theoretical prediction of the contact heat
transfer coefficient was presented based on Schlünder’s model.
The influences of the operational parameters on contact heat trans-
fer coefficient were presented, and the experimental data were
compared with the calculated data. The main conclusions are
drawn as follows:

(1) The heat transfer inside PRHE is controlled by the contact
heat transfer coefficient at hot wall surface of the heating
plates and the heat penetration inside the solid bed.

(2) With the rotation of PRHE, the heat transfer of the heating
plate is periodic unsteady. During an immersion revolution,
the wall temperature of test heating plate decrease gradu-
ally in the solid bed contact region. While in the free wall
surface region, the wall temperature is rising gradually.

(3) The variable of time-average contact heat transfer coeffi-
cient follows a positive power law with rotary speed. The
time-average contact heat transfer coefficient increases with
the increase of rotary speed, especially when the rotary
speed is relatively low.

(4) The time-average contact heat transfer coefficient decreases
approximately linearly with the increase of the filling
degree.

(5) The variation trend of the calculated contact heat transfer
coefficients matches the experimental data very well, and
the maximum deviation between the calculated data and
the experimental data is 10%. Therefore, the calculation
model can provide a reliable reference for the industrializa-
tion design.
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