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Abstract: The moving bed heat exchanger (MBHE) has been widely applied in the recovery of waste
heat of industrial particles. Currently, investigations focus on uniform-size particles in the MBHE,
but few studies are conducted on multi-size particles produced by industrial granulation. Therefore,
based on the discrete element method (DEM), the heat transmission model of multi-size particles
is established, and flow and heat transmission processes of typically normal distribution particles
in the MBHE are studied. In conclusion, there are significant differences in particles tangential
velocity and contact number in local regions of a heat exchanger pipe, resulting in different local
heat transmission coefficients. In addition, the increases in outlet particle velocity and inlet particle
temperature significantly enhance the heat transmission. When the outlet particle velocity grows
from 1 mm/s to 5 mm/s, the overall heat transmission coefficient increases by 36.4%, and as the inlet
particle temperature rises from 473 K to 873 K, the overall heat transmission coefficient increases
by 16.1%.

Keywords: moving bed heat exchanger; waste heat recovery; multi-size particle; discrete element method

1. Introduction

Vital parts of the national economy, metallurgy, cement, and heat power industries
play significant roles in promoting economic growth and upgrading people’s living stan-
dards [1-3]. However, the development of these industries needs to consume large amounts
of energy and will release large quantities of pollutants including carbon dioxide [4,5],
which will not only aggravate the global energy crisis, but also contribute to global warm-
ing and seriously hinder the sustainable development of human beings [6]. Therefore,
it is of profound significance to realize the human-shared vision of emission peak and
carbon neutrality through promoting the energy saving, consumption diminution and
green low-carbon development of these excessive-energy expenditure and high-polluted
enterprises [7].

Studies have shown that these industries generate large quantities of high-temperature
solid materials, such as copper slag, steel slag, blast furnace slag, sintered ore, fly ash, etc.,
which contain abundant waste heat resources [8,9]. Taking copper slag as an example, its
heat content is about 1.13 GJ /t [10], while the world’s refined copper production in 2022
was about 25.08 Mt, and each ton of refined copper produces about 2.2 t of copper slag; so,
the heat content is equivalent to about 2.1 million tce, which has a considerable waste heat
recovery value [11]. Therefore, considerable studies in recovering waste heat from particles
have been carried out by scholars at home and abroad; furthermore, a variety of approaches
including fluidized bed, packed bed, and moving bed have been put forward [8].
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The fluidized bed has the advantages of highly efficient heat transmission rate, uniform
particle temperature and concentration distribution, and a wide adjustment range of
operating parameters, which has been widely used in the fields of energy, metallurgy, and
chemical industries [12,13]. Nonetheless, the fluidized bed has not been widely applied in
recovering waste heat due to its high energy consumption and limited particle diameter [8].
As for the packed bed, it is suitable for large size particles and has been applied to annular
coolers and grate coolers. However, because of the high gas velocity and limited bed height,
the gas and solid phase cannot reach heat equilibrium at the outlet, and it is easy to produce
secondary dust pollution, that is why the application range in industry is limited [8,14].

The particles in the moving bed heat exchanger (MBHE) rely on their own gravity to
accumulate and fall down and then collide with the heat exchanger pipe or plate and shell
to transfer heat with the fluid medium in them. Therefore, it has the merits of a low-energy
consumption, no secondary pollution, and a high waste heat recovery efficiency [15]. Com-
pared with the plate and shell heat exchanger, the tubular heat exchanger can withstand
higher pressure fluids [16], which make it possible to produce steam with high temperature
and high pressure, and then generate electricity through steam turbines [17]; therefore,
it has broad application prospects. At present, this technology has been applied in the
sintering pellet waste heat recovery process of a steel plant in Northeast China, and the net
power generation per ton of sintering pellet reaches 16 kW-h. However, there are still some
technical problems in the large-scale engineering application of this technology. Therefore,
scholars in this field have conducted many studies.

Aiming at the problem of heat transmission deterioration caused by the void region
and stagnation region around the heat exchanger pipe, Tian et al. [18] changed the circular
pipe to an elliptical pipe or hexagonal pipe, and then increased the average heat transmis-
sion coefficient by 17.2% and 20.5%, respectively. Guo et al. [19] investigated the influence
of the inclination angle of the heat exchanger pipe on heat transmission and noticed that
the heat transmission area increased as the inclination angle increased, resulting in a sig-
nificant heat transmission increase, but the heat transmission coefficient in local regions
was uncertain. It was recommended that the inclination angle was between 15° and 37.5°.
Shen et al. [20] studied the influence of particle diameter, the coefficient of static friction
and density on heat transmission. It was found that the particle diameter had the greatest
influence on heat transmission. When the diameter increased to 4 mm from 2 mm, the
mean coefficient of effective heat transmission of the heat exchanger pipe decreased by
17.2%. The rise of the particle static friction coefficient would lead to the increase in the void
area and the reduction in the contact number, while the particle density had little effect.
Qiu et al. [21] investigated the influence of the arrangement and quantity of heat exchanger
pipes on heat transmission. It was found that the heat transmission effectiveness of the
aligned arrangement was poorer than that of the staggered arrangement, and increasing
the quantity of heat exchanger pipes could effectively improve the efficiency of waste
heat recovery.

Above all, most of the current studies are concentrated on the waste heat recovery
of particles with the uniform size in MBHE; nevertheless, in the practical industrial pro-
duction, the particles produced by mechanical crushing, air quenching, and centrifugal
granulation [22] often have complex size distribution [10,23]. Although Zhang [24] and
Qiu [25] investigated the heat transmission of particles with continuous uniform distribu-
tion and normal distribution in the moving bed, respectively, their object was an air-solid
moving bed heat exchanger, which depended on direct convective heat transmission be-
tween air and particles. Zhang [26] studied multi-size particles in the moving bed tubular
heat exchanger, but only limited to binary particle sizes.

Therefore, in this study, the discrete element method (DEM) was used to simulate the
characteristics of flow and heat transmission of high-temperature particles with a normal
distribution characteristic generated in the industrial production process in a single-pipe
MBHE. The effects of two key process parameters such as outlet particle velocity and inlet
particle temperature on the contact number, the average tangential velocity of particles
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surrounding the heat exchanger pipe, the local and overall heat transmission coefficients of
the heat exchanger pipe, and the temperature distribution of particles surrounding the heat
exchanger pipe were analyzed. The findings provided technical guidance for waste heat
recovery from industrial particles with complex size distribution.

2. Physical and Mathematical Model Description
2.1. Physical Model

Simulation of the particle flow in an industrial-scale MBHE using the DEM requires
large quantities of computational resources; therefore, the model is reduced to the scale of
a single-pipe MBHE in order to shorten the computational time with the limited arithmetic
resources. The physical model consists of a rectangular particle flow channel (L x W x H)
and a cylindrical heat exchanger pipe (L x D), as shown in Figure 1. The boundary
condition of the model’s top is set as the mass inflow, the bottom is set as the velocity
boundary condition, and the boundary conditions of the remaining four walls and the
heat exchanger pipe wall are set as the no-slip. The four walls are adiabatic, and the pipe
wall temperature is a constant value of T}, = 298 K. The particle flow enters the flow
channel from the top of the model with a set mass flow rate, then falls under gravity and
exchanges heat with the cold pipe wall, and finally exits from the bottom of the model with
a set velocity. During this process, dynamic conservation of the total particles mass in the
heat exchanger is maintained by setting the mass flow rate of the inlet particles and the
velocity of the outlet particles. The particle size in this study has a normal distribution
with the probability density function shown in Equation (1) [27], which is based on a the
number rather than mass or volume and it represents the relative frequency of particles
of different sizes in terms of the number. It describes how many particles are present at
each size interval. The mean particle size is 4 = 2 mm, calculated as in Equation (2) [28],
with a standard deviation of ¢ = 0.5 mm, calculated as in Equation (3) [29], and the particle
diameter is limited to 1~3 mm [8]. The simulation parameters are listed in Table 1.

Table 1. Physical parameters for DEM simulation.

Category Physical Parameters Value
MBHE geometry
Lx W xH, mm 63 x 27 x 90
Heat exchanger pipe
L x D, mm 27 x 40
Kpipe, W-m~1.K~1 18
Tpipe, K 298
Particle
d, mm 1~3
ks, W-m~1.K~1 1.0
cp, J-kg 1K1 780
Vout, mm/s 1,2,3,4,5
Tinter, K 473,573, 673,773,873
Density, kg/m3 2700
Gas
kg, W-m~1.K~! kg = 0.0252,/T, /300
Contact parameters
Young’s modulus (particle), Pa 1 x 108
Young’s modulus (heat exchanger pipe), Pa 1 x 101
Poisson ratio (particle) 0.3
Poisson ratio (heat exchanger pipe) 0.3
Coulomb friction coefficient
. . 0.3
(particle-particle)
Coulomb friction coefficient (particle-heat 025
exchanger pipe) ’
Rolling friction coefficient 018

(particle-particle)
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Table 1. Cont.
Category Physical Parameters Value
Rolling friction coefficient 01
(particle-heat exchanger pipe) ’
Normal spring constant 800
(particle-particle), N/m
Normal spring constant 800
(particle-heat exchanger pipe), N/m
Spring tan/norm ratio
. . 2/7
(particle-particle)
Spring tan/norm ratio 2/7
(particle-heat exchanger pipe)
Damping tan/norm ratio 05
(particle-particle) '
Damping tan/norm ratio 05
(particle-heat exchanger pipe) ’
Restitution coefficient (particle) 0.5
Restitution coefficient 03
(heat exchanger pipe) ’
Grid size, mm 3x3x3
Particle Inlet
Diameter (mm) ‘
3.0 e 3
A
2.5
20
H \
1
1.5
1.0 QB Al st et S G P
Particle Outlet
Figure 1. Physical model of the single-pipe MBHE.
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2.2. Mathematical Model
2.2.1. Dynamics Model

Cundall and Strack initially proposed the DEM [30] and applied it to the study of rock
mechanics, and then gradually extended to the field of powder engineering. Common
DEM models are hard-sphere and soft-sphere. In the hard-sphere model, the hardness of
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the particle is considered to be infinite, and the collision between the particles is assumed
to be instantaneous and the particles do not deform during the collision [31]. Whereas in
the soft-sphere model, the particles could deform slightly during the interaction and the
forces between them are determined based on the degree of deformation. Compared with
the hard-sphere model, the soft-sphere model is more suitable for the dense-phase granule
system with frequent contact [32], so the soft-sphere model is applied in this investigation.
In addition, the linear spring dashpot (LSD) collision model is chosen for quicker solving.

The particle undergoes translational and rotational movements under the action of
forces and moments, which include gravity, elasticity, friction, damping force, and air drag
force [33]. However, in this study, the particles are closely packed in the flow channel under
gravity and the relative velocity between particles and air is quite slow, which makes the
influence of air drag force very weak. Therefore, the air drag force is negligible compared
to the strong interaction force between particles [34]. The motion equations of the particle

can be written as [35]:
dv; s

M- = Y (Fuij + Frij) + mig 4)
=
dw; &
Iid_ifl =Y (Tyij+ Tpjj) ®)
=

where m;, I;, v; and w; denote the mass, inertial moment, translatory velocity and angular
velocity of particle i, respectively. Where ¢ is the time, . is the quantity of particles which
contact particle i, j is the particle index, and g is the gravitational acceleration. In addition,
Pn,ij, Pt,i]-, Tt,,-]-, and Tr,,-j represent the normal force, the tangential force, the tangential torque
and the rolling friction torque, respectively. The collision model of particle-particle is
shown in Figure 2a.

Tangential Forces

Artifical Wall Particle

(a) (b)

Figure 2. Schematic diagrams of collision models: (a) particle-particle; (b) particle-heat exchanger
pipe wall.

When a particle collides with a wall, a virtual particle named the artificial wall particle
is used to act as the wall, so that the interaction force can be calculated in the same way
as particle—particle collision. The size of the artificial wall particle is exactly the same
as the particle that collides with the wall, but its physical properties are specified by the
wall. When the particle ends its collision with the wall, the artificial wall particle will be
immediately removed. In addition, this process is presented in Figure 2b [36].

2.2.2. Thermodynamics Model

In general, the heat transmission mechanisms of particles within MBHE consist of
three types: conduction, convection, and radiation [37]. However, in this study, convection
heat transmission could be ignored since the particles flow is very dense and the relative
velocity is low, which results in very weak convection heat transmission between particles
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and the air and between the air and the pipe [38]. In addition, the heat transmission
by radiation is two orders lower than that by conduction when particle temperature is
below 800 °C, according to the study of heat exchanger pipes for waste heat recovery from
calcined oil coke by Zheng et al. [39]. Also, since this study focuses on the role of the main
heat transmission mechanism within MBHE and the particle temperature is not higher than
600 °C, the influence of heat radiation is ignored. Additionally, the frictions and collisions
of particle—particle and particle-pipe cause changes in internal energy, but they are not
considered due to the low speed of the particles, which produces little effect.

Heat conduction in this investigation consists of two approaches, one is through
contact heat conduction including particle—particle (p-p) and particle-heat exchanger pipe
wall (p-w), and the other is through air-film heat conduction, including particle-fluid—
particle (p-f-p) and particle-fluid-heat exchanger pipe wall (p-f-w). For the purpose of
studying the heat conduction between particles with different sizes and physical properties,
Musser [36] improved the contact heat conduction model proposed by Batchelor and
O’Brien [40] as well as the model of air-film heat conduction put forward by Rong and
Horio [41]. The improved model contains the following assumptions: (1) Every particle is
enwrapped by an air film with a thickness of d¢ = 0.1d [42]; (2) The air-film heat conduction
occurs when the air film of one particle is in contact with the superficies of the other
particles, and when the particles are in contact, the air-film heat conduction and the contact
heat conduction occur simultaneously; (3) The heat transmission path is parallel to the
connection line in the center of the particles. In addition, the heat conduction model
schematic between particles is shown in Figure 3a. On this basis, Morris [43] developed a
heat conduction model for a heat exchanger pipe wall with particle, while the schematic of
this model is presented in Figure 3b.

Region of Particle-Fluid-Particle
Heat Transfer Heat Exchanger Pipe Wall

(@) (b)

Figure 3. Schematic of heat transmission models: (a) particle-particle; (b) particle-heat exchanger
pipe wall.

The equation for energy conservation of particle is written as [44]:

dTl' e w w
micpi— = 21 (Qij"? + Ql.].pfp) + QPY 4 QFf 6)
1=

where cp ; represents the specific heat capacity of particle i, T; denotes the temperature
of particle i, Q;#¥ and Qi]-pf” represent the heat transmission rates between particle i and
particle j through contact heat conduction and air-film heat conduction, respectively. While
Q' and QP denote the heat transmission rates between the particle and heat exchanger
pipe wall through contact heat conduction and air-film heat conduction, respectively. The
equation for particle contact heat conduction is defined as [40]:

4kik;

Q" = kiTk]_Rijc(Tj - T) @)



Processes 2024, 12, 408

7 of 20

where k; and k; represent the heat conductivity of particle i and particle j, respectively,
R,-jc represents the circular contact zone radius between particles, while Tj represents the
temperature of particle j. The formula for air-film heat conduction of particles is determined
as [41]:

Q" = ky(Tj = T)) dr (8)

/‘Riff 27y
.C 1/2 1/2
: R'/ Zz] — ((Rl'z — 1’2) + (R]‘z — 1’2) )

where k; represents the air heat conductivity, Rl-/ represents the upper limit distance of the
air-film heat conduction, R;;* and Ri/ can be calculated according to Equations (9) and (10),
respectively. R; and R; represent the radius of the particle i and particle j, respectively. Ryuax
and R,;;;, denote the maximum and minimum radius of particle i and particle j described as
Equations (11) and (12), respectively. /;; denotes the central distance between particle i and
particle j,  represents the radial distance, and ¢, denotes the maximum air-film thickness
of particle i and particle j. The equations are as follows:

0 lz/ > (Ri + R])
R.-C = RmuxszmiVl2+lf‘2 ? (9)
. \/Rmaxz B (ﬂuf) li < (Ri +Rj)
(Ruax + Omas)® — Ryin® + 12\
Rijf _ (Rmax + 5mux)2 N ( max mule” min 1] ) (10)
1
Rmi?l = min{Ri/ R]} (12)

The equation for contact heat conduction between the heat exchanger pipe and particle

is expressed as:
Qe — Akikpipe
ki + kpipg
where k. represents the heat conductivity of the heat exchanger pipe, T);,, represents the
temperature of the heat exchanger pipe, and R° is the contact area radius between particle
and heat exchanger pipe wall. The equation for air-film heat conduction between particle

and heat exchanger pipe is defined as follows [44]:

tout 2k 7T1
_T e
T) /r e (14)

pipe C(T

pipe — T;) (13)

prw = (Tpipe '
where 7;, is the radial distance associated with the contact area between particle and
heat exchanger pipe, .+ denotes the distance where particle air film intersects the heat
exchanger pipe wall, s denotes the minimum conduction distance, and / is the normal

distance from the pipe wall to particle surface, which can be calculated according to

Equation (15) as follows:
| =R;— 0 —/R? —r2 (15)

where 4. is the overlap between the particle and heat exchanger pipe wall.

2.3. Model Validation

For the purpose of verifying the precision of the model prediction results, Zhang [45]
and Okazaki’s [46] experiments were simulated separately in this study. Zhang investigated
the effects of the size as well as the residence time of high temperature quartz sand on a
heat transmission coefficient in the MBHE, and the experimental result can be used to prove
the precision of the granular heat transmission model for the same particle size. While the
precision of this model under different particle size conditions can be verified by Okazaki’s
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experimental result. Figure 4a,b show the simulation and experimental results, and it can
be seen that for the same particle size from Figure 4a, the maximum deviation between the
simulation prediction and the experimental result is 9.5% and the average deviation is 4.3%.
From Figure 4b, it can be seen that for particles of different sizes the maximal deviation
between model predictions and experimental results is 12.8% with an average deviation of
7.6%. As a conclusion, in both cases, the predictions of the heat transmission model agree
with the results of experiments well, so this model could be effectively applied to predict
the heat transmission of multi-size particles in the MBHE.

320 . 20% T 0.30 20%
M 1 Experiment (Zhang et al 2013) M [ Experiment (Okazaki et al 1981)
TE Simulation ~ —fe~ Deviation TE 8 Simulation —¢— Deviation
: 110% - 024 110%
g 240} ’ 3 ’
E )
2 = =
2 10% &  Zoasf {0%  §
5 = o =
S 160 F g = s
Q % g .E
‘§ 1-10% a (3 0.12 | 4-10% 2
£ gof B
g {-20% = 0.06 - {-20%
& L
& 2
g 0 30% é 0.00 30%
et - = L -
= 2.47 5.17 5.69 8.24 17.38 ° R 0 0.216 0.423 0.623 0.815 1 ’
Residence Time (s) Volume Fraction of G.B.-A
(a) (b)

Figure 4. Result comparison between simulations and experiments: (a) heat transmission coefficient
of uniform-size particles [45]; (b) effective heat conductivity of multi-size particles [46].

3. Results and Discussion

The flow characteristics of particles in the MBHE are quite complex. The outcomes of
the experiments and simulations of Dai [47] and Bartsch et al. [16] showed that there were
significant differences in particle flow in different regions around heat exchanger pipe. For
example, at the upper part of the heat exchanger pipe, the flow velocity of particles was
slow and there was a typical stagnation zone, while at the side region, the particles flow
velocity was fast, and there was an apparent void area at its bottom. Therefore, the heat
transmission characteristics in various regions of the heat exchanger pipe would be more
complicated. Thus, Zhang et al. [26] radially divided the pipe into three regions, top, side,
and bottom, to analyze.

While in this study, the heat exchanger pipe was divided into six regions in the radial
direction according to the angle, as shown in Figure 5, and the angle of each region was
30°. However, the void region resulted in almost no particles in the 150~180° region, thus
only the 0~150° region was focused on. When the particle flow reached a relatively steady
state, the time—mean values of all particles in the region were extracted for analysis. For the
particle flow characteristics, the particle tangential velocity along the pipe wall in the XY
plane as well as the contact number between the pipe and particles were investigated. As
for the heat transmission characteristics, the overall and local heat transmission coefficients
for contact and air-film heat conduction between particles and the heat exchanger pipe
were investigated, respectively. In addition, the temperature distribution of the particles
surrounding the heat exchanger pipe was also studied. The heat transmission coefficient
between particles and heat exchanger pipe could be calculated as follows [48]:

Q

Apipe ( Tintet — Tpipe)

h= (16)
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where h represents heat transmission coefficient, Q denotes the heat transmission rate, A;,
is the surface area of heat exchanger pipe, and Tj,; and Ty, are inlet particle temperature
and temperature of heat exchanger pipe, respectively.

0°_ ycal Region

Heat
Exchanger

Pipe (0)

Figure 5. Local region division of heat exchanger pipe.

3.1. Analysis of Particles Flow Characteristics

The velocity field of the particles in MBHE is significantly affected by the heat ex-
changer pipe, and the flow characteristics of particles around the pipe are directly associated
with the heat transmission effectiveness, so it is crucial to analyze the particle flow charac-
teristics in detail. vy, refers to the magnitude of the particle’s average tangential velocity
in the region presented in Figure 5 in the XY plane along the heat exchanger pipe, which
reflects the speed of particle renewal on the heat exchanger pipe surface. Initially, the
variation in the particle’s average tangential velocity vy, with the outlet particle flow
velocity vy is investigated for five local regions of the heat exchanger pipe as well as for
the overall pipe. From Figure 6, it can be seen that at the same vy, the vy, of local regions
gradually increases with the rise of angle. The vy, in the region of 0~30° is the smallest,
while the vy, in the region of 120~150° is the largest. This is attributed to the fact that
when the particles flow downward under the action of gravity, the component forces of
the support force and friction force on the particles from the upper part of the pipe wall in
the Y-axis direction are just opposite to the gravity, and therefore obstructs the particles
from flowing downward. Whereas, as the angle of the region increases, the component
forces decrease, so the obstruction of the pipe wall to the particles is becoming smaller and
smaller, resulting in the larger vy,,. With the increase of v, the local and overall vy, of
heat exchanger pipe also increases steadily. When v,,; rises from 1 mm/s to 5 mm/s [8],
the overall vy, of heat exchanger pipe rises from 2.7 mm/s to 19.9 mm/s.

N, represents the number of particles which contact the pipe per unit area in each time
step [49]. In general, the larger N, implies a higher quantity of particles exchanging heat
with the heat exchanger pipe and a better contact situation. The variation in the particle’s
contact number N, of the five local regions and the overall of the heat exchanger pipe with
the outlet particle velocity voyt is shown in Figure 7. It could be observed that under the
same vy, the change tendency of N, in local regions is opposite to that of v,,. As the angle
increases, the N, of local regions decreases gradually, but decreases sharply in the region
of 120~150°. Among these five regions, N, is the largest in the region of 0~30° and the
smallest in the region of 120~150°, which is also due to the hindering effect on the particles
from the upper part of the pipe wall, leading to the formation of a dense accumulation
of particles at the top of the pipe wall and thus N, reaches its maximum value. Whereas
when the particles arrive at the lower part of the pipe wall, the hindering effect on the
particles becomes smaller, which makes the particle flow looser, leading to the smaller N..
In addition, with the increase of vy, the N of the five local regions and the overall of
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heat exchanger pipe fluctuates slightly and remains basically steady. This is because the
particles flow is not continuous, so there is a certain fluctuation in the data [34]. At the
same time, it also indicates that vy, has almost no effect on N, in the range of 1~5 mm/s.

40

N 0~30° []30~60° [_]60~90°
[190~120° [ 120~150° —o— Overall

30F
particle M

Yian

V e (MM/S)

Figure 6. Variation in the overall and local particles average tangential velocity along heat exchanger
pipe in the XY plane with the outlet particle velocity.

30
I 0~30° [130~60° [_]60~90°
[190~120°[_]120~150° —— Overall
24 F
q
B
: B L B B -
2
i = o
< 12 H 11 =
2
Zu
6 L|
LT B D W B

1 2 3 4 5
Ve (MM/S)

Figure 7. Variation in the local and overall particles contact number of heat exchanger pipe with the
outlet particle velocity.

3.2. Analysis of Particles Heat Transmission Characteristics
3.2.1. The Influence of Outlet Particle Velocity

The heat transmission characteristics of particles in the MBHE are significantly affected
by the particle flow characteristics. The research in Section 3.1 indicates that the outlet
particle velocity directly affects the particles average tangential velocity along the surface
of the heat exchanger pipe in the XY plane. Therefore, the effect of the outlet velocity of
particles on heat transmission between particles and the heat exchanger pipe is minutely
studied (T;,;+ = 873 K).

Firstly, the change in the overall heat transmission coefficient /1, of the heat ex-
changer pipe with the outlet particle velocity v is investigated, including the heat trans-
mission coefficient for the air-film heat conduction and the contact heat conduction. As
presented in Figure 8, the hyye.q of both heat transmission approaches gradually increases
with the rise of vyy;. When vy,; grows from 1 mm/s to 5 mm/s, the hy,,, for the air-film
heat conduction increases by 37.4%, while the /1,4 for the contact heat conduction in-
creases by 24.2%. The sum of the Fyye.,; of these two heat transmission approaches increases
by 36.4%. It can be concluded that the rise of v,,+ has a considerable promoting impact on
the hyyerq of the two heat transmission approaches.
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125

[ particle-pipe wall
[ 0 | particle-fluid-pipe wall

100

2
wn

haverall (W m 2 ‘K _1)
2

N
N

Ve (MM/S)

Figure 8. Variation in the overall heat transmission coefficient of heat exchanger pipe for the contact
heat conduction and the air-film heat conduction with the outlet particle velocity.

The reason is that as the v, increase, the update frequency of particles on the surface
of the heat exchanger pipe is accelerated, which induces higher particle temperatures in
the heat transmission process, thus it leads to the larger temperature contrast between
particles and heat exchanger pipe, contributing to more heat transmission [50]. At the same
time, the more rapid flow velocity implies that the particles have greater momentum, as
a consequence, when they collide with the pipe wall, the deformation is larger, resulting
in an increase in the contact area, which is conducive to heat transmission. In addition,
it is also discovered that the air-film heat conduction contributes the most to #,,,.,; and
plays a dominant role compared with the contact heat conduction. This is due to the
fact that the hardness of the particles in this study is high, and the deformation during
the collision is slight, resulting in a small heat transmission area, while the air-film heat
conduction is almost unaffected by this. In contrast, the heat transmission area of air-film
heat conduction is much larger than that of contact heat conduction, thus contributing to
more heat transmission.

According to the results of Section 3.1, there are notable differences in the flow charac-
teristics of particles in different local regions of the pipe wall. Whether the local vy, or N,
could influence the heat transmission coefficient. Therefore, the effects of the outlet particles
velocity vyt on the local heat transmission coefficient yoca (Miocar = Piocal-pw + Miocal-pfw), the lo-
cal heat transmission coefficient for the air-film heat conduction /g1y, and the local heat
transmission coefficient for contact heat conduction /i, are also analyzed, respectively.

Figure 9a shows the variation in the local heat transmission coefficient /,,; of the heat
exchanger pipe with the outlet particle velocity voy;. It can be observed that with the rise of
Vout, €xcept for the 120~150° region, the hj,.,; in other regions increases significantly, while
increasing slightly in the 120~150° region. As the vy rises from 1 mm/s to 5 mm/s, the
hiocar of the five local regions increases by 38.3%, 46.6%, 39.2%, 36.6%, and 16.1% from 0° to
150°, respectively. Among them, the rise of /iy, in the 30~60° region is the largest, the rises
of hjyeq in the three regions of 0~30°, 60~90°, and 90~120° are slightly smaller and closer,
and the rise of hj,,; in the 120~150° region is the smallest.

This is since the increase of v,,; remarkably improves the vy, in each region and
accelerates the update frequency of the particles, which causes the particle flow to impact
the upstream pipe wall with greater momentum, leading to a greater collision deformation,
enlarging the heat transmission area, and effectively improving the heat transmission
coefficient. However, for the downstream of the pipe wall, the particles flow moves away
from the pipe wall as a whole, so the increase of vy, only improves the particles update
frequency but does not effectively increase the impact deformation of the particles and pipe
wall, as a consequence, the rise of heat transmission coefficient in these areas is small.
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Figure 9. Variation in the local heat transmission coefficient of heat exchanger pipe with the outlet
particle velocity: (a) for both of the air-film heat conduction and the contact heat conduction; (b) for
the air-film heat conduction; (c) for the contact heat conduction.

From the perspective of the value of hy,,, the iy, in the 30~60° and 60~90° regions
are similar, so as in the 0~30° and 90~120° regions, while the /., in the 120~150° region
is relatively lower than that in the other four regions. Among the five regions, the 60~90°
region has the largest h,,,, while the 120~150° region has the smallest /,,;, which are the
outcomes of the comprehensive effects of vy, N¢, and other factors. For instance, the vy,
in the 0~30° region is the smallest, and the particles update frequency is the slowest, but
the iy, in this region is at the medium level. This is because the N, in this region is the
largest, leading to the dense particle accumulation. This region is located in the upstream
of the pipe wall; therefore, particles have a greater impact on it and generate a larger heat
transmission area. Accordingly, under the comprehensive effects of these factors, the fjy.y
in the 0~30° region is maintained at the medium level. On the contrary, the v, in the
120~150° region is the largest and the particle update frequency is the fastest, whereas
the hjo, in this region is the smallest, the reason is that the N, in this region is very low,
and the particles accumulation is quite loose. Furthermore, the region is located in the
downstream of the pipe wall, so the impact of particles on the pipe wall is weak and the
heat transmission area is quite small.

Figure 9b presents the change in the local heat transmission coefficient of the heat
exchanger pipe for air-film heat conduction .z, with the outlet particle velocity vout, and
Figure 9c shows the variation in the local heat transmission coefficient of the heat exchanger
pipe for contact heat conduction /o, with outlet particle velocity vur. It can be seen that
the change trends of hjoc pfu, Hige-pw, and hieqr in €ach region are almost the same; however,
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the relative size of Jj,c »r, in each region is significantly different from that of hy.;, in each
region. In Figure 9b, the hloc—pfw of 0~30°, 30~60°, and 60~90° regions are ranked third,
second, and first, respectively. Compared with Figure 9b, the jyc, 0f 60~90° region in
Figure 9c decreases from the first to the third place, while the jyc ,, 0f 30~60° and 0~30°
regions exceed that of the 60~90° region and rank first and second, respectively.

The reason is that as the angle increases, the interaction forces between the pipe wall
and particles become weaker and weaker, causing the particles flow to become looser and
looser. It is clear that this phenomenon will affect the contact heat conduction greater
than the air-film heat conduction, because the air film expands the range of heat transmis-
sion, whereas the heat transmission range of the contact heat conduction is much smaller
than that of the air-film heat conduction by contrast, resulting in the above differences.
In Figure 9b, the hyc pp, of 0~30° and 90~120° are highly close, while in Figure 9¢, the
divergence between /j,c py, 0f 90~120° and 0~30° increases sharply, which further proves
that the influence of particle void fraction on contact heat conduction is much greater than
that of air-film heat conduction.

The temperature distribution of particles surrounding the heat exchanger pipe reflects
the particle heat transmission effect more intuitively. Figure 10 shows the change in the
average particle temperature T} 40 Of the five local regions and the overall region of the
heat exchanger pipe with the outlet particle velocity v,,;. It can be observed that with the
increase of vyyt, the Ty g0e of both the five local regions and the overall region of the heat
exchanger pipe increases, but the growth trend gradually slows down. When v,,; rises to
5 mm/s from 1 mm/s, the T} a0 of the overall heat exchanger pipe rises from 609.7 K to
734.1 K, with a growth rate of 20.4%. This is due to the fact that as the v, rises, particles
flow faster through the surface of the heat exchanger pipe, resulting in shorter contact time,
insufficient cooling, and less decrease in the particles temperature.

1000
I 0~30° [030~60° [_]60~90°
[190~120° 7] 120~150° —0— Overall

750 | — — ]
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Figure 10. Variation in the local and overall particles average temperature of heat exchanger pipe
with the outlet particle velocity.

When v, stays constant, the Tp,m,g in the five local regions are compared, and it is
found that the T} 4y in the 0~30° region is the lowest, and the T} 45 in the 30~60° region is
a little higher than that in the 0~30° region, while the T} 40 in the other three regions are
much larger and there is little difference between them. It can be interpreted that the v,
in the 0~30° region is the smallest, the residence time is long, and the cooling is sufficient,
therefore the temperature drops the most. As the angle increases, the vy, rises, so the
residence time shortens, and the particle temperature drops less. The reason why the T} ze
in the other three regions are similar is that although the particles which have been cooled
in the upstream region will flow into these regions, the quantity of them is limited, and
there are plenty of almost uncooled particles directly above, flowing into these regions. As
a consequence, the particles that are from the upstream and have been cooled are heated in
these regions by uncooled particles mentioned above, resulting in the particles temperature
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increase in these regions. A variety of the factors above induce the complex distribution of
particle temperature, which can be observed more intuitively through Figure 11.

2 mm/s 3 mm/s 4 mm/s 5 mm/s

Figure 11. Particle temperature distribution in the XY plane of the single-pipe MBHE at different
outlet particle velocity.

3.2.2. The Influence of the Inlet Particle Temperature

Zhang’s [45] experimental and theoretical study showed that the heat transmission
coefficient is closely related to the inlet particle temperature. In addition, the investigation of
Qiu et al. [21] suggested that the inlet particle temperature also has significant influence on
the heat recovery efficiency. Thus, the heat transmission characteristics between particle and
the heat exchanger pipe at various inlet particle temperature are studied (voy+ =2 mm/s) in
this section.

Similar to Section 3.2.1, firstly, the variation in the overall heat transmission coefficient
of heat exchanger pipe hyyerg With the inlet particle temperature T}, is studied, including
the above two heat transmission approaches. As presented in Figure 12, with the increase
of Tinjer, the hoperan of the air-film heat conduction gradually increases; nevertheless, the
Boveran Of the contact heat conduction is in a fluctuation within a narrow range, with no
obvious growth or decrease trend. When T, rises from 473 K to 873 K, the hyyerqy for
the air-film heat conduction increases by 16.1% from 71.9 W-m—2-K~! to 83.5 W-m2.K~1.
Consequently, it can be concluded that the rise of Tj,; has a significant promoting effect
on the lyyeryy for the air-film heat conduction, yet it has no effect on the /iy, for the
contact heat conduction. It could be explained that the heat conductivity of the air k¢ is an
increasing function of temperature in this study, which leads to the enhancement of the
heat transmission capacity of the air-film heat conduction when T}, increases. Whereas
the heat conductivity of particle ks is constant and does not change with temperature, thus
the heat transmission capacity for the contact heat conduction does not increase with the
rise of Tjyjt-

[ particle-pipe wall
I particle-fluid-pipe wall

huveml[ (W.m_z ‘K _l)

473 573 673 773 873
Tinlet (K)

Figure 12. Variation in the overall heat transmission coefficient for the contact heat conduction and
the air-film heat conduction with the inlet particle temperature.
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In addition, the effect of the inlet particle temperature Tj,;.; on local heat transmission
coefficient hy,y;, the local heat transmission coefficient for the air-film heat conduction
Niocal-pfw, and the local heat transmission coefficient for the contact heat conduction hjoer e
are also investigated. Figure 13a is the variation in the local heat transmission coefficient
hjocar With the inlet particle temperature T,,;. It can be observed that with the increase of
Tintet, the hyyeq; of each local region increases. When the Tj,;.¢ increases from 473 K to 873 K
and from 0° to 150°, the k., of the five local regions increases by 11.6%, 15.2%, 20.5%,
16.3%, and 9.9% respectively. It can be explained that the increase of Tj,,; results in the rise
of particle temperature in each region, which improves the heat conductivity of the air film
and enhances the heat transmission capacity. The increase of I, in the 60~90° region is
the largest, and the increase of l,,; in the 30~60° and 90~120° regions are slightly smaller

than that in the 60~90° region, while the increase of /., in the 0~30° and 120~150° regions
are the smallest.
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Figure 13. Variation in the local heat transmission coefficient with the inlet particle temperature:
(a) for both of the air-film heat conduction and the contact heat conduction; (b) for the air-film heat
conduction; (c) for the contact heat conduction.

The differences in the increase in the hjy,; for each local region results from the
discrepancy in particle flow characteristics around the heat exchanger pipe. The rise of the
hjocar in the 60~90° region is the largest, because apart from some uncooled high-temperature
particles from the top region flowing into it, the high-temperature particles on the side
also heat the cooled particles from the upstream. Thus, the higher the Tj,,;, the higher
the particles temperature is in this region and the greater the heat conductivity of the air
film. As for the 0~30° region, particles flow tardily here, thus form a stagnation zone where
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particles stay and be cooled for a long time, resulting in low particle temperature with
small air film heat conductivity and inferior heat transmission capacity. As a consequence,
the influence of Tj,j,; on this region is smaller than on other regions.

Figure 13D is the variation in the local heat transmission coefficient for air-film heat
conduction Aoy With Tiper. Because of the leading role of this heat transmission approach,
the variation tendency of the fj,c s, is essentially the same as that of the ¢, in Figure 13a.
Figure 13c presents the variation in the local heat transmission coefficient for contact
heat conduction hjyc pw with Tjye. For the same reason why the hyyerqy for the contact
heat conduction is almost unaffected by Tj,; as mentioned before, /joc, in each local
region only fluctuates in a small range. Compared with Figure 9a—c in Section 3.2.1, the
relative sizes of hyocal, Mioe-pfw, and hijocpy in €ach local region of Figure 13a—c do not change,
indicating that Tj,;; does not affect the ranking of the heat transmission coefficient of
local regions.

Figure 14 presents the change in the average particle’s temperature T} 45 of the five
local regions and the overall region of the heat exchanger pipe with the inlet particle
temperature Tj,;;. With the increase of Tjy, the T) g0 of the five local regions and the
overall region of the heat exchanger pipe increases. Compared with the growth trend of
Tp,ave With v,y gradually slowing down, the growth trend of T} 4e With Tj,,; approaches
linear. The reason is that v,,; has an effect on various parameters including particles
residence time, collision contact area, and air film heat conductivity caused by particle
update frequency; therefore, the growth trend of T 50 gradually slows down. In the heat
transmission algorithm applied in this study, the change of Ty only affects the heat
conductivity of the air film, so the growth trend of T} 4. is close to linear. When the T,
rises from 473 K to 873 K, the T} 40 of the overall region of the heat exchanger pipe increases
from 410.6 K to 664.3 K, with a growth rate of 61.8%.

900
B 0~30° [130~60° [ 60~90°
[ 90~120° [ 120~150° —— Overall
720 T
——°
P ;”
2 540 1
= i
=~ 360 |
180 |

473 573 673 773 873
T, inlet (K)

Figure 14. Variation in the local and overall particles average temperature of heat exchanger pipe
with the inlet particle temperature.

4. Conclusions

DEM is applied to numerically investigate the flow and heat transmission characteris-
tics of multi-size particles with normal distribution characteristics in a single pipe moving
bed heat exchanger. The influence of outlet particle velocity and inlet particle temperature
on contact number, particle velocity distribution, heat transmission coefficient and particle
temperature distribution are analyzed. The key findings are summarized below:

1. As the outlet particle velocity (vou) rises, the local and the overall particles average
tangential velocity (vi,) of heat exchanger pipe increases steadily. When v, increases
to 5 mm/s from 1 mm/s, the overall vy, of the heat exchanger pipe increases from
2.7 mm/s to 19.9 mm/s, while the contact number (N.) of the five local regions and
the overall of heat exchanger pipe fluctuates slightly and remains basically steady.
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2. vyt significantly affects the heat transmission coefficient of the heat exchanger pipe
for contact heat conduction and air-film heat conduction. When v, grows to 5 mm/s
from 1 mm/s, the hyyerq Of the air-film heat conduction increases by 37.4%, while the
hoeran Of the contact heat conduction increases by 24.2%. In addition, the air-film heat
conduction contributes the most to heat transmission and plays a leading role.

3. Theinlet particle temperature (T,;) only affects the heat transmission coefficient for
the air-film heat conduction but does not affect that for the contact heat conduction.
When Tj,,; rises from 473 K to 873 K, the hyyeray Of the air-film heat conduction
increases by 16.1% from 71.9 W-m~2.K™! to 83.5 W-m2.K~L. In addition, k. and
hioc-pfw in 60~90° region are the largest, hj,c py, in 30~60° region is the largest, and iy,
hiocpfw, a0d hjgepyy in 120~150° region are the smallest.

Through this study, it is discovered that the flow and heat transmission characteristics
are complicated; furthermore, increasing the outlet particle velocity and inlet particle tem-
perature significantly rises the heat transmission coefficient, which provides an approach
and basis for strengthening the heat transmission effect of multi-size particles in the MBHE.
The following study needs to pay more attention to the particles with other size distribution
characteristics in the MBHE, because the high temperature particles produced in different
industrial processes may be quite different and complex.
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Nomenclature

Apipe surface area of heat exchanger pipe, m?

Cpi specific heat capacity of particle i, J-kg~1-K~1

D diameter of heat exchanger pipe, m

d diameter of particle, m

Ayax maximum diameter of particle, m

F; tangential force, N

F, normal force, N

g acceleration of gravity, m-s 2

H height, m

h heat transmission coefficient of heat exchanger pipe, W-m—2.K~!
Noverall overall heat transmission coefficient of heat exchanger pipe, W-m~2.K~!
Niocal local heat transmission coefficient of heat exchanger pipe, W-m~2-K~1

local heat transmission coefficient of heat exchanger pipe wall for contact heat

conduction, W-m~2.K~!

I local heat transmission coefficient of heat exchanger pipe wall for air-film heat
local-pfw - onduction, W-m—2-K~1

hlocal—pw

I; inertial moment of particle i, kg-m?

ij index of particle

kg heat conductivity of air, W-m 1K !

kg,mf reference value of air heat conductivity, W-m~1.K!
k; heat conductivity of particle i, W-m~1.K~1

k; heat conductivity of particle j, W-m~1.K~1

ks heat conductivity of particle, W-m 1K1
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Kpipe heat conductivity of heat exchanger pipe, W-m~1.K~!

L length, m

) normal distance from heat exchanger pipe to particle surface, m

i central distance between particle i and particle j, m

m; mass of particle i, kg

N number of particles which contact heat exchanger pipe per unit area in each time step
n number of particles

e number of particles which contact particle i.

Q heat transmission rate between particle and heat exchanger pipe, W

Qi PP heat transmission rate between particle i and particle j for contact heat conduction, W

Qjj P’ heat transmission rate between particle i and particle j for air-film heat conduction, W
heat transmission rate between particle and heat exchanger pipe wall for contact heat

Qre .
conduction, W

Qv heat trar‘lsmission rate between particle and heat exchanger pipe wall for air-film heat
conduction, W

R® radius of contact area between particle and heat exchanger pipe, m

R; radius of particle i, m

R; radius of particle j, m

R;* radius of circular contact area between particle i and particle j, m

R;; upper limit distance of air-film heat conduction, m

Ryin minimum radius of particle i and particle j, m

Rinax maximum radius of particle i and particle j, m

r radial distance, m

Tin radial distance associated with contact area between heat exchanger pipe and particle, m

Tout distance where the particle air film intersects heat exchanger pipe, m

s minimum conduction distance, m

T; temperature of particle i, K

Tinlet inlet particle temperature, K

T; temperature of particle j, K

Tp,ave average particle temperature, K

T, rolling friction torque, N-m

Ty tangential torque, N-m

Tipe temperature of heat exchanger pipe, K

t time, s

v; velocity of particle i, m/s

Oout outlet particle velocity, m/s

Vtan average tangential velocity of particles, m/s

w width, m

Greek symbols

wj angular velocity of particle i, rad /s

U mean particle size, m

o standard deviation, m

¢ thickness of air film, m

b overlap between particle and heat exchanger pipe, m

Omax maximum air film thickness of particle i and particle j, m

0 angle, deg

Abbreviations

DEM  discrete element method

PSD particle size distribution
MBHE moving bed heat exchanger
tce ton of standard coal equivalent
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