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Abstract: Tubular moving bed heat exchangers (MBHEs) present inherent advantages for efficiently and stably
recovering sensible heat from high-temperature granular bulk. In this study, we introduce a viable and practical
approach based on the combined approach of Computational Fluid Dynamics with Discrete Element Method
(CFD-DEM) and employ it to conduct a comprehensive investigation into the effects of operation parameters on
tubular MBHESs. These parameters include inlet particle temperature (ranging from 500°C to 700°C), tube wall
temperature (ranging from 50°C to 250°C), and particle descent velocity (ranging from 0.5 mm/s to 12 mm/s).
Our analysis reveals that the heat radiation and gas film heat conduction predominantly govern the heat transfer
process in the particle-fluid-wall system, collectively contributing to approximately 90% of the total heat flux of
tube wall (O™ ). The results indicate that increasing the inlet particle temperature and reducing the tube wall
temperature intensify heat transfer by enlarging the temperature difference. More interestingly, Q™™ exhibits
three distinct stages as particle descent velocity increases, including an ascent stage, a descent stage, and a stable
stage. Furthermore, the simulation attempts suggest that the optimal descent velocity for maximizing Q™ falls
within the range of 1.3-2.0 mm/s. These findings not only uncover the precise influence mechanisms of operation
parameters on heat transfer outcomes but also offer valuable insights for heat transfer enhancement efficiency in
MBHE system.

Keywords: tubular moving bed heat exchangers; heat transfer; operation parameters; CFD-DEM; heat transfer
enhancement

1. Introduction potential of waste heat recovery in such industries [1-4]

through the utilization of heat exchangers. Among

Millimeter or even centimeter-sized particles, such as
iron sintered pellets and blast furnace slag, as well as
exhaust gases, are prevalent Dby-products in
energy-intensive industries. These materials carry
substantial heat content, emphasizing the immense
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various heat exchanger technologies, the MBHEs have
emerged as a focal point due to their high compactness,
acceptable heat loss, low costs, and preferable capacities
to operate continuously as well as to handle solid
particles [5].
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Nomenclature
A; Area/m? T Time/s
b Fluid bulk viscosity/Pa-s V Poisson’s ratio
Cp Drag coefficient Vp/ Ve Particle or fluid Velocity vector/m's |
G, Specific heat capacity/J-(kg-K) ™' Greek letters
d, Particle diameter/m a Normal overlap quantity/m
E Young’s modulus/Pa ag Volume fraction occupied by the fluid
E¢ Fluid energy/J B A constant equal to —(In e) / ViIn?e+n?
F Force vector/N 0 Gas film thickness/m
Fy View factor Jol Amount of overlap/m
FofFou Correcpon factor for artificial . Emissivity
softening
G Elastic modulus/Pa Np/ M Roughness of particle surface or wall surface/m
g Gravitational acceleration/m-s As Fluid thermal conductivity/W-(m-K) '
HF, Heat flux of tube wall/W s Fluid shear viscosity/Pa-s
he Fluid enthalpy/J-kg ' Uy Coefficient of rolling friction
7 Identity matrix Us Coefficient of static friction
I, Moment of particle inertia/m* p Density/kg-m >
Kyt Drag function/kg-s™' o Stefan-Boltzmann constant, 5.67x10°* W-(m*K*)™
K Thermal conductivity/W-(m-K)" = Tolling friction torque vector/N-m
L Characteristic length/m z; Fluid stress-strain tensor
Ly Contact distance/m 7, Total torque vector of the particle/N-m
my, Particle mass/kg 0] Angular velocity vector/rad-s '
Nu Nusselt number Abbreviations
pr FluidpressurclPa CFD-DEM 00 s and dserete lement method.
Pr Prandtl number DEM Discrete element method
(0] Heat flux/W F-P Fluid-to-particle
R,r Particle radius/m F-W Fluid-to-wall
Re, Particle Reynolds number MBHE Moving bed heat exchanger
So,St Normal or shear stiffness/N-m! P-P Particle-to-particle
T, Tt Particle or fluid temperature/K P-w Particle-to-wall
AT Temperature difference/K TFM Two-fluid method

To our knowledge, MBHEs can be categorized into
typical ones, plate-shell ones, and tubular ones according
to their geometry configuration. In typical MBHEs,
particles are driven by gravity or mechanical forces,
move slowly or remain relatively stationary (the annular
cooler and the belt cooler [6-8]). Gas, typically air, acted
as the heat transfer medium, flows through a porous
medium composed of high temperature particles at a
specific velocity. In this process, gas undergoes sensible
heat exchange via gas-solid heat convection. Then, the
heated gas can be utilized as an energy source input for
the waste heat boiler [2], combustion air supply, and
other industrial processes. Besides, the latter two types
(plate-shell and tubular) are equipped with internal heat
exchangers: in plate-shell MBHESs, plates or shells are

used [9], while in tubular MBHESs, tube banks or tube
bundles are used [2]. The working medium, typically
water, flows through the heat exchanger and undergoes
heat exchange with the particles on the opposing side of
the wall. In the realm of waste heat recovery, particularly
concerning large particles, the tubular MBHE presents
inherent advantages because of its well-established and
dependable waste heat recovery capability, coupled with
higher energy efficiency compare conventional models.
Furthermore, it exhibits enhanced capacity for managing
relatively large particles, surpassing that of plate-shell
configurations.

As far as we know, researches on tubular MBHEs
predominantly focused on investigating various aspects.
These include studying particle flow patterns and heat
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transfer characteristics around individual tube [10],
corresponding influence factors [11], as well as
approaches to enhance heat and mass transfer [12]. Due
to the high coupling property of heat and mass transfer,
discussions often intertwined these aspects. Researchers
have found that there are two evident features of particle
flow pattern around a tube, which are the stagnation zone
above the tube and the void zone below it [13]. These
features exert a substantial influence on the heat transfer
characteristics, resulting in a higher intensity in the upper
part of the tube [14, 15]. Their influence factors mainly
include granular properties (such as particle density,
diameter, and geometric shape), particle velocities and
temperatures, contact parameters, tube arrangements,
vertical and horizontal tube spacings, operation
conditions, etc. When it comes to heat transfer
enhancement, a multitude of methodologies have been
explored to mitigate the formation of stagnation zones
and void zones, so that to reduce contact and penetration
thermal resistances. The research group of Qiuwang
Wang has made significant contributions to the geometry
and layout optimization of heat exchange tubes in this
field, for instance, changing the tube section shape [16],
implementing additional tube oscillation [17], and tilting
the tube to enhance heat transfer intensity [18]. In
addition, other methods such as adding internals [12]
have also been extensively explored. The literature
surveyed above primarily comprises laboratory-scale
experiments, theoretical calculations, and numerical
simulations. ~Among these methods, numerical
simulations provide a good perspective for further
investigation and lead to its increasing utilization. To our
knowledge, the numerical simulation approaches can be
divided into two-fluid method (TFM), discrete element
method (DEM), and the combined approach of
Computational Fluid Dynamics with Discrete Element
Method (CFD-DEM). Compared to the TFM and DEM,
CFD-DEM can achieve the most realistic simulation and
further provide a comprehensive understanding of
gas-solid flow and the corresponding heat transfer
characteristics [19-21]. Nevertheless, only a limited
number of studies can be found that have investigated the
tubular or typical MBHEs on the basis of CFD-DEM.
Furthermore, to our knowledge, several studies have
been conducted to assess the influence of operating
conditions on overall heat transfer. The research
conducted by Shen et al. [22] revealed that particle shape
has a significant impact on heat transfer performance in
MBHE by influencing the flow pattern of particles
around the tube. Meanwhile, the influence of the
temperature distribution within individual particles on the
heat transfer intensity, as well as the released sensible
and latent heat, was investigated by Feng et al. [23].
Moreover, Zhang et al. [24] have proved that the particle
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size distribution in a particle vertical moving bed can
significantly affect the distributions of particle
temperature and void fraction, further influencing the
exergy recovery. The findings from researches by Qiu et
al. [25], Yang et al. [26], and Morris et al. [27]
demonstrated that inlet air mass flux, bed height, particle
mass flow rate, particle inlet temperature, and tube
geometric configuration all can affect heat transfer to a
certain extent with different effects. However,
insufficient attention has been given to the effects of
operation conditions on heat transfer process in tubular
MBHE:s from a simulation perspective using CFD-DEM.
Specifically, the effects of three operation parameters,
widely acknowledged as fundamental and crucial with a
significant degree of adjustment: particle inlet
temperature, tube wall temperature, and particle descent
velocity, have not received adequate consideration.

Given these research limitations, we introduce a robust
and practical numerical approach based on CFD-DEM
for the simulation of tubular MBHEs. This method
incorporated four heat transfer sub-models are provided,
including contact heat conduction, gas film heat
conduction, heat radiation, and heat convection, besides,
while also accounting for artificial softening correction.
The method is further validated by experiments conducted
in the high-temperature region, approximately around
600°C. Then, based on the experimental conditions,
further investigations on the effects of operation
conditions, including particle inlet particle temperature,
tube wall temperature, and particle descent velocity, are
conducted on the basis of the developed method. This
study provides a simulation-based perspective using
CFD-DEM to further explore the main influence factors
of heat transfer in tubular MBHESs. The insights gleaned
from this research can contribute to further advancements
in the development of efficient tubular MBHEs.

2. Methodology

2.1 CFD-DEM approach

In this section, a brief introduction is provided on the
CFD-DEM  based approach, which primarily
encompasses the continuous phase model, discrete phase
model, and coupling method. The detailed descriptions
can be found in our previous work [28].

Governing equations of gas phase mainly include
continuity equation, momentum conservation equations,
and energy conservation equations (see Ref. [29] for
details), which are listed in Table 1 for convenience. The
Gidaspow drag model is employed while Soave RK
equations and default parameters are adopted to simulate
the change in fluid density.

The discrete phase is described on the basis of DEM in
this work. Each particle is tracked during the simulation,
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whose motion is calculated based on the Newton’s
second law. Besides, Hertz-Mindlin (no slip) with
Standard Rolling Friction model, one of the soft-sphere
collision models, is adopted to character the contact
forces and torques. In order to expedite the calculation,
particle rotation is disregarded in practice. The detailed
governing equations of discrete phase are listed in Table
2 (see Ref. [31] for details).

Table 1 Main governing equations of gas phase

Continuity equation [29]
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The unresolved coupling method of CFD and DEM is
adopted in this study, including the momentum coupling
method and energy coupling method. The equations
mentioned above are respectively solved separately in
Ansys Fluent and EDEM. A direct coupling is used while
the equations mentioned above are respectively solved
separately in Ansys Fluent and EDEM. Data sharing
occurs between the particle phase and the fluid phase.
During the energy coupling process, this primarily
involves temperature data and convective heat flux data.
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In the momentum coupling process, it includes particle
and fluid velocities, along with gas-solid drag forces. A
simulation step is deemed convergent when the continuity
residual, momentum residual, and energy residual
between consecutive iterations are each below 1.0x107° s
1.0x10*, and 1.0x10° respectively. Besides, the
additional heat transfer models in EDEM are incorporated
through the application programming interface (API),
while computational data interaction between Fluent and
EDEM is by user-defined function (UDF).

Table 2 Main governing equations of discrete phase

Motion model [31]

dv, _
mpE_mpg+Fc+F}p

— P =
%

" dr
Contact model [31]
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2.2 Heat transfer sub-models

For tubular MBHEs, heat transfer occurs through
various mechanisms including particle-to-particle (P-P)/
particle-to-wall (P-W) contact heat conduction, P-P/P-W
heat conduction through interstitial fluid, P-P/P-W heat
radiation, fluid-to-particle (F-P)/fluid-to-wall (F-W) heat
convection, as well as F-P/F-W heat radiation. Besides,
heat radiation involved with the fluid is neglected, as the
interstitial air can be considered a transparent medium.
Meanwhile, the conversion of kinetic energy into heat
energy caused by collisions and friction between particles,
as well as between particles and walls, is also ignored
due to the observation that particle velocities are
relatively small (~mm/s), especially in densely packed
conditions, indicating lower kinetic energy of the
particles. The details of the heat transfer sub-models are
listed in Table 3 (see Ref. [28] for details).
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2.3 Simulation settings

The model assumptions are quite similar with our
another research [28]. Herein, the model ignores
conduction heat resistances in tube walls, assumes laminar
flow for the air, considers air radiation as negligible, treats
all walls except the tube wall as adiabatic, and maintains
the tube wall temperature at a constant level. The detailed
discussions can be found in the original literature.

As shown in Fig. S1, this work continues to utilize the
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with its number of 656 (marked with a black box) and
DEM orthogonal grids with its number of 420. Due to the
nature of unresolved CFD-DEM, the mesh size to
particle diameter ratio has been set to approximately 3.1
for the CFD grids, a value within the recommended range
(between 3.0 and 10.0) [33]. Besides, several key
parameters used in CFD-DEM simulations remain
consistent with those in our previous work [28] and are
listed in Table S1, consisting of physical property

single-tube MBHE and its grids established in our  parameters, contact parameters, and calculation
previous study [28], including CFD body-fitted grids parameters.
Table 3 Heat transfer sub-models [28]
Contact heat conduction model Heat convection model
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2.4 Simulation cases and boundary conditions

The simulation cases are listed in Table 4. The
reliability of the model has been verified for temperatures
below 300°C [28]. However, its performance in
high-temperature ranges remains uncertain. Therefore, in
this study, an additional case (Case 1) has been
introduced to assess the model’s applicability at the
temperature around 600°C. The inlet particle temperature
(600°C) and tube wall temperature (40°C) are estimated
based on the experimental conditions, and rounded to the
nearest integer values. This study continues to utilize the
experimental setup and procedures introduced in our
previous research [28]. To maintain simplicity, it avoids
reintroducing complex experimental details herein.
Detailed verification of the simulation and experiment
are discussed in Section 3.1. Thus, a semi-quantitative
verification of the model can be obtained by comparing
the simulation results of Case 1 with the corresponding
experimental results. Case 2 is a base case while cases
3-17 are used to explore the effects of operation
conditions on heat transfer in the single-tube MBHE,
including inlet particle temperature, tube wall
temperature, and particle descent velocity. Moreover,
Case 18 is a supplementary for determining the optimize

Table 4  Simulation cases and corresponding boundary
conditions
Case Inlet particle temperature/°C
1 600.0
2 600.0
3-6 500.0/550.0/650.0/700.0
7-10 600.0
11-17 600.0
18 600.0
Case Tube wall temperature/°C
1 40.0
2 50.0
3-6 50.0
7-10 100.0/150.0/200.0/250.0
11-17 50.0
18 50.0
Case Particle descent velocity/mm-s™'
1 1.3
2 2.0
3-6 2.0
7-10 2.0
11-17 0.5/1.0/4.0/6.0/8.0/10.0/12.0
18 1.3
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selection range of particle descent velocity. It is worth
noting that the parameter varying ranges in our study
were determined based on those used in our experiments
and practical engineering applications.

3. Results and Discussion

Treated as the focus of investigation, the tube wall
simultaneously receives heat fluxes of contact heat
conduction (HF,), heat radiation (HF,, actually including
short-range and long-range components), gas film heat
conduction (HF3), and heat convection (HF,). In other
words, total heat flux of tube wall in simulation can be

4
calculated by the equation Q™ = ZHE . In order to
i=1
effectively enhance heat transfer in tubular MBHEs, it is
essential to understand the individual contributions of
various heat transfer mechanisms to both the heat fluxes
of the particles and the tube wall. Therefore, additional
attention should be given to addressing these
contributions and examining how they are influenced by
operation parameters.

3.1 Additional experimental validation

Before extracting results for validation and further
analysis, it is imperative for a simulation case to attain a
quasi-stable state, characterized by minor fluctuations in
heat and mass transfer results. Take Case 2 as an example,
it can be observed from Fig. 1 that the related parameters,

including Q5™

, particle descent velocity at the outlet,
particle average temperature around the tube, fluid
average temperature in the simulation domain, and
particle number around the tube, gradually approach a
state of near stability, after a coupling calculation time of
33 s. Meanwhile, the results depicted in Fig. 1 suggest
that the particle average temperature around the tube
primarily restricts the required simulation time to achieve
a quasi-steady state. In this study, only the simulation
results in quasi-stable state are adopted in order to ensure
the result reliability. Generally, the sample space
comprises the results obtained during the last 30 s under
quasi-stable conditions, which is also shown in Fig. 1.
Besides, in order to align the simulation conditions with
the corresponding experimental conditions, the particle
temperatures of Case 1 are fixed to the average values
obtained from experiments, while those of other cases
vary with simulation time.

For validation, the effective heat transfer coefficient, a
key parameter for characterize the heat transfer intensity,
is employed as a quantitative measure. In Case 1, the
effective heat transfer coefficient in the simulation is
55.29 W/(m*:K) while that in the experiment is
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Fig. 1 The variation trends of several specific parameters with simulation time in the simulation of Case 2. The term “range” here

denotes the distance of 24, from a tube wall

60.43 W/(m*K), leading to a relative error of 8.5%. In
comparison to the relative errors observed in previous
low-temperature cases, which are 4.95%, 3.44%, and
4.58% respectively, the relative error of Case 1 is slightly
higher due to the omissions of the relationship between
some simulation parameters and temperature, such as
particle Young’s modulus. However, overall, the relative
error of the high-temperature case is also within an
acceptable range. Therefore, it can be concluded that the
CFD-DEM model utilized in this study is relatively
reliable.

3.2 Effect of inlet particle temperature

Herein, the inlet particle temperature, which is
regarded as a potential factor affecting heat transfer, is
assumed to be uniformly distributed and fixed at a given
value, without taking into account the possible
temperature  distribution of feeding particles in
spatial-temporal scale (to simplify the study). Given this,
it can be predicted that the heat exchange between hot
particles and cool tube wall will be greatly enhanced with
the increase of inlet particle temperature because the heat
transfer temperature difference expands at the same time.

As shown in Fig. 2, consistent with the prediction, the

value of Q‘S,Vimu (HFota) significantly increases from

3949 W to 713.0 W with the inlet particle temperature
rising from 500°C to 700°C. It can also be observed from
Fig. 2 that all the components of HF, exhibit different
increasing trends with respect to the inlet particle
temperature. The results suggest that HF, has the greatest
rise as the temperature increases, even exceeding HF; at
temperatures greater than 650°C. This phenomenon can
be attributed to the inherent high-order relationship
between heat radiation and particle temperature. This
relationship leads to a significant sensitivity of HF, to
particle temperature, particularly within a relatively
high-temperature range (>650°C).

750
—.— HF]
—e— HF,
6004 —*— HF;
HF,
HFlnml
% 450 4
=
=
=
o 300
jan)
150
oL/ . . .
500 550 600 650 700

Inlet particle temperature/°C

Fig. 2 The relationships between various heat fluxes and the
inlet particle temperature

Il HF, I HF, B HF;

HF,

Heat flux contribution/%

500 550 600 650 700

Inlet particle temperature/°C

Heat flux contributions of different heat transfer
mechanisms vary with inlet particle temperatures

Fig. 3

From Fig. 3, it can be seen that, among all the
components of HFy,, HF, (42.21% at 600°C) and HF;
(45.15% at 600°C) have contributed the most to the heat
flux of tube wall, while HF; and HF, take up 7.82% and
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4.82% at 600°C, respectively. It should be noticed that in
our previous investigation [28], the contribution of HF, is
higher than 60% as the temperature is lower than 300°C.
This observation indicates that, within the studied
conditions, heat radiation and gas film heat conduction
play dominant roles in the heat transfer process, which is
consistent with the results of Xiao et al. [34]. This can
serve as a stepping stone for further improvements in the
heat transfer efficiency of tubular MBHEs. Similarly,
these contributions are significantly affected by the inlet
particle temperature. It can also be noticed from Fig. 3
that with the increase of inlet particle temperature, the
proportion of heat radiation significantly increases and
gradually surpasses that of gas film heat conduction,
contact heat conduction, and heat convection as inlet
particle temperature increases. Given this, it can be
inferred that the heat transfer mode of the
particle-fluid-wall system within tubular MBHEs
gradually transitions from being dominated by gas film
heat conduction to being dominated by heat radiation.

Overall, the higher temperature can result in higher
heat transfer intensity. However, in practice, the inlet
particle temperature tends to be a given value, which
depends on what material is the particle made of or what
process is the particle obtained from. For example, the
inlet temperature of hot coke usually is greater than
700°C in coke dry quenching bed [35], while that of
common hot pellets in tubular MBHE ranges from 100°C
to 800°C [36]. This fact also gives us an enlightenment
that minimizing heat loss prior to the granular materials
entering the heat exchanger is crucial in order to maintain
a higher temperature level of the particles.

3.3 Effect of tube wall temperature

The tube wall temperature defined in this study refers
to the average temperature of tube outer wall (in direct
contact with particles). According to engineering
experience, the temperature field on the surface of a
certain heat exchange tube is not uniform in the most
cases, with lower temperature near the inlet and higher
temperature near the outlet. This nonuniform distribution
of tube wall temperature is mainly caused by the uneven
temperature distributions of particle and working
medium along the tube. Given this, in actual engineering,
with the flow rate of the working medium, its thermal
state, and particle temperature distribution varying, the
tube wall temperature potentially becomes a variable
operation parameter. Actually, when further taking the
working medium side simulation into account, the tube
wall temperature is a solvable variable. However,
simulating systems that involve particles, air, water, and
walls is challenging due to the complexity of
fluid-structure coupling. Therefore, in this work, the tube
wall temperature is considered as a variable operational
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parameter to directly investigate its effect on heat transfer,
assuming a simplified uniform temperature distribution
pattern.

The results presented in Fig. 4 suggest that HF
exhibits a downward trend with the rise of tube wall
temperature while its components other than HF, show a
decrease trend. Among the components of HF,y,, HF;
has the biggest reduction with tube wall temperature
increasing from 50°C to 250°C, while HF, presents no
obvious pattern. This result suggests that the P-W gas
film heat conduction is much more sensitive to the
variation of tube wall temperature and P-W heat radiation
exhibits less sensitive. This may be attributed to that,
within the studied range of tube wall temperature, more
influence has been exerted on HF;, despite its first-order
relation with temperature. In other words, the
discrepancy of the sensitive ranges for P-W heat
radiation and P-W gas film heat conduction to tube wall
temperature leads to this controversial behavior. Similar
to other cases, HF, and HF; are still dominant at different
tube wall temperatures, and together they account for
about 90% of HF,y,, which is shown in Fig. 5.
Furthermore, as the tube wall temperature increases,
there is a tendency for the heat transfer mode to shift
towards a radiation-dominated mode. This can be
attributed to the fact that the contribution of P-W heat
radiation increases from 42.21% to 51.36% when the
tube wall temperature rises from 50°C to 250°C.
Moreover, the affecting mechanism of tube wall
temperature on heat transfer is quite similar to that of
inlet particle temperature, which is mainly embodied at
influencing the heat transfer temperature difference.

In conclusion, the increase of tube wall temperature is
not conducive to heat transfer enhancement. The tube
wall temperature can be regarded as the result of heat
transfer in particle-fluid-wall system, which depends on
the temperature and descent velocity of surrounding
particles, working medium parameters, fluid mass flow
rate, as well as other factors influencing the heat transfer
process. Assuming that the heat transfer process reaches
a quasi-steady state with a thin tube wall and a material
of high thermal conductivity is used, the local tube wall
temperature can be considered as the working medium
temperature at the corresponding location. From this
point of view, to mitigate the impact of high tube wall
temperature on heat transfer efficiency, several measures
can be taken. These include, but are not limited to,
increasing the flow rate of the working fluid, improving
the specific heat capacity of the working medium, and
optimizing the arrangement of the heat transfer path to
obtain high temperature difference. However, these
methods aimed at reducing the tube wall temperature
may have multiple associated effects. For example,
increasing the flow rate of the working medium can lead
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to a lower temperature rise of the fluid flowing through
the tube, which can further result in degraded product
quality or increased demand for heat exchange area. To
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Fig. 4 The relationships between various heat fluxes and the
tube wall temperature
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increase the heat exchange area, enlarging tube diameter
or adding more tubes is feasible. However, it’s not yet
clear whether these measures inhibit or promote heat
transfer in our cases, which requires further study.
Therefore, to evaluate the comprehensive effects of these
methods on overall heat transfer, it is necessary to figure
out all the potential effects through targeted experiments
and simulations.

3.4 Effect of particle descent velocity

Particle descent velocity, a flexible and adjustable
operation parameter, is another essential factor for

affecting heat transfer. The evolutions of Q5™ with the

increase of descent velocity are illustrated in Fig. 6.

SIMU presents an unexpected trend as the descent

velocity rises from 0.5 mm/s to 12 mm/s. The tendency
can be divided into three stages: (1) the ascent stage
when the velocity is relatively small; (2) the descent
stage when the velocity is moderate; and (3) the stable
stage when the velocity is relatively high. As for the

components of O™ | the heat transfer contributions of

HF, (s=1-4) follow the order from strong to weak: HF;
(45.02%-46.37%), HF, (40.63%-43.38%), HF,
(6.07-9.41%), and HF, (4.58%—4.84%), as illustrated in
Fig. 7 and Fig. 8.

In Fig. 7, the proportions of HF; and HF; remain
relatively unchanged to some extent while the proportion
of HF, increases as that of HF, proportion decreases.
This reveals that the descent velocity exerts a positive
effect on HF,. This effect can be attributed to the
enhanced fluid flow in the system resulting from a
stronger gas-solid drag force at greater particle velocities,
which in turn leads to an enhanced F-W heat convection.

Fig. 5 Heat flux contributions of different heat transfer However, even in this scenario, it can still be considered
mechanisms vary with tube wall temperatures that the particle descent velocity exerts little effect on the
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Fig. 6 The evolutions of O°™ as well as average temperature and total number of particles around the tube ([dy/2,2d,,]), with the

increase of descent velocity
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Fig. 7 Heat flux contributions of different heat transfer mechanisms vary with tube wall temperatures

change of heat transfer mode dominated by heat radiation
and gas film conduction. This finding is consistent with
that of our previous work [28]. The results in Fig. 8

reveal the trends of HF, (s=1-3) and O™ with the

descent velocity show a certain of similarity. However,
the upward trend of HF, is also present. This suggests the

simu

tendency of O, is mainly caused by HF, (s=1-3). To

shed light on this matter, Fig. 6 further depicts the
corresponding evolutions of the average temperature and
total number of particles surrounding the tube with the
rise of particle descent velocity. The results show that, as
the particle descent velocity increases, the particle
average temperature steadily increases while the total
particle number exhibits a totally opposite tendency. The
level of particle average temperature reflects the
temperature difference of heat transfer, in other words,
the thickness of temperature boundary layer [34, 37]. In
general, the greater the particle descent velocity, the
shorter the thermal contact time or heat transfer time of
particles [37], leading to the increase of particle
temperature. Similar to fluid flow, this phenomenon leads
to the thinning of the temperature boundary layer in the
granular bulk, which in turn contributes to an enhanced
heat transfer. Nevertheless, unlike fluids, the
discontinuity of granular materials, especially for
particles with large diameter, will lead to a unique flow
pattern, that is, a slowdown zone above the tube along
with a cavity region below the tube [13, 38], as presented
in the illustration in Fig. 6 and Fig. 9. The slowdown
zone refers to a region where the velocities of particles
are relatively small compared to those of the main stream
particles. In other words, particles within this zone
experience a deceleration in their movement, which is
caused by the strong P-P and P-W interaction. The results
show that an increase in particle descent velocity can lead

300
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Fig. 8 The relationships between various heat fluxes and the
particle descent velocity
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Slowdown
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Fig. 9 The typical particle velocity vector diagram with the
conditions of Case 2

to an expansion of the so-called cavity region, which
further causing the granular bulk to become more and
more loose. This is directly reflected in the sharp
decrease of the total particle number within the studied
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range, from 308 to 216, which is an adverse factor for

heat transfer enhancement. Therefore, the unique
evolution trend of Q5™ can be attributed to the

competition of two main factors, temperature boundary
layer thinning and cavity region volume increasing, as
increasing particle descent velocity.

Moreover, from the evolution of Q5™ | on the one

w
hand, there should exist an optimal value for the particle
descent velocity, at which the heat transfer intensity can
be maximized (here refers to preferred descent velocity
x). On the other hand, the results suggest that: (1) when
the descent velocity is relatively small (<x mm/s), the
enhancement of P-W heat transfer is mainly influenced
by the temperature boundary layer around the tube; (2)
with descent velocity rising from x mm/s to 4 mm/s, the
restriction of the cavity region volume increasing is
gradually intensified and exceed the favor effect of
temperature boundary layer thinning, leading to a sharp
drop in heat transfer capacity; and (3) as the velocity
continues to increase from 4 mm/s, both of the opposing
impacts gradually diminish, further leading to the
formation of a stable stage. Furthermore, it is crucial to

figure out the exact value of x for engineering application.

At this velocity, the two opposite effects can reach a
balance with each other. However, due to the limitation
of computing resources, it takes a long time to calculate
the conditions with relatively low descent velocity. The
results reveal that preferred descent velocity should be in
the range from 1.3 mm/s to 2 mm/s, as illustrated in Fig.
6. However, the specific value of the preferred descent
velocity is conditional, and it may depend on the
operation conditions, the device configurations, and other
parameters. Moreover, numerous studies have
demonstrated that the impact of solid particles on other
particles or walls can cause erosion or abrasion between
them to varying degrees, posing challenges to the stable
and safe operation of the system [5, 14, 39]. From
engineering experience, it can be anticipated that the
increase of particle descent velocity can lead to increased
P-P and P-W wears to some extent. Therefore, for
practice application, the descent velocity should be
decided carefully from the two perspectives, which are
the heat transfer aspect as well as equipment wear aspect.
From this perspective, the local optimum heat transfer
condition of the particle-fluid-wall system can be
obtained within a suitable range of descent velocity,
provided that the criterion for abrasion loss is met.
Furthermore, while numerical simulations can offer
valuable insights, it is also recommended to complement
them with relevant experiments in order to determine the
operational conditions that meet practical requirements.
By combining both approaches, a more comprehensive
understanding can be gained, ensuring that the desired
effects are achieved efficiently.

J. Therm. Sci., Vol.34, No.2, 2025
4. Conclusions

This work introduces a viable and practical
CFD-DEM approach with a certain level of simulation
accuracy in both low and high-temperature ranges. Based
on this, the effects of operation parameters, including
inlet particle temperature, tube wall temperature, and
particle descent velocity, on heat transfer in tubular
MBHE are investigated in detail. The main conclusions
are listed as follows:

(1) The overall heat transfer intensity as well as all
forms of heat exchange can be enhanced by increasing
inlet particle temperature from 500°C to 700°C, due to
the positive effect of increasing inlet particle temperature
on the increase of heat transfer temperature difference.
Moreover, the tube wall temperature follows a similar
mechanism. Consequently, an elevated tube wall
temperature results in a reduction of heat transfer
intensity. As the particle inlet temperature or tube wall
temperature increases, there is a gradual shift in the heat
transfer mode of the particle-fluid-wall system in tubular
MBHEs. Specifically, the mode has an underlying trend
to transition from being dominated by gas film heat
conduction to a radiation-dominated mode.

(2) For particle descent velocity, there are significant
differences in its influence on heat transfer in different
ranges, which can be divided into ascent stage (0—x
mm/s), descent stage (x—4.0 mm/s), and stable stage
(>4.0 mm/s). Herein, x refers to the preferred descent
velocity within the range from 1.3 mm/s to 2.0 mm/s.
However, the particle descent velocity has little effect on
the transition of heat transfer mode.

(3) From an optimization perspective, with the aim of
improving heat transfer, it is recommended to implement
proper thermal insulation on the inlet particles for
maintaining a high temperature level throughout the
granular bulk. Besides, to ensure an appropriate tube wall
temperature, some importance should be attached to
several factors such as the flow rate of the working fluid,
modification of the working medium, and arrangement of
the heat exchange tubes. Additionally, the simulation
attempts suggest that a locally optimal descent velocity x
is between 1.3 mm/s and 2.0 mm/s, with the highest heat
transfer intensity. However, further analysis show that it
is recommended to consider both heat transfer intensity
and abrasion loss in the particle-fluid-wall system
simultaneously when determining the actual descent
velocity through experiments and simulations.

In conclusion, this study has elucidated the effects of
three crucial operational parameters on overall heat
transfer in a single-tube MBHE from a simulation-based
perspective employing CFD-DEM. These findings have
the potential to offer valuable insights for engineering
applications and further advance the development of
efficient tubular MBHEs.
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