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The ANSYS software is introduced to reproduce the in-line and staggered sphere
packed bed model. To investigate the influence of model on the heat transfer and
flow characteristics in the high temperature packed bed, numerical simulations
of pore-level was used to numerically appreciate the changes of pressure drop,
temperature and velocity. The simulation values qualitatively agree with the exper-
imental result. The results show that the pressure drop in high temperature packed
bed increases significantly. The pressure drop increases about 3200 Pa when the
inlet velocity is 0.33-0.73 m/s. The model has significant influence on the average
temperature of solid and gas phases. Compared with the in-line arrangement, the
heat wave transfer is slower and the temperature is slightly higher by 20 K in the
staggered model. The average velocity in the structured packed bed increases and
decreases periodically. In staggered model, the velocity disturbance is more signif-
icant. These findings are helpful for understanding transport phenomena in packed
beds as well as the design of high efficiency reactors.

Key words: spherical porous media, packed structure,
temperature distribution, flow

Introduction

Porous media packed bed is widely used in engineering applications such as pebble
bed combustion furnace, high temperature gas-cooled nuclear reactors and thermal energy stor-
age and so on. Many scholars have carried out a lot of experimental and numerical research on
it [1-6]. In numerical study, earlier research was based on macroscopic description [7, 8], that
is, the complex porous system was regarded as a uniformly distributed virtual continuous me-
dium, which simplifies the complex internal flow and heat transfer, but this method concealed
the essential characteristics of the flow in pores. With the continuous improvement of computer
performance, mesoscopic methods based on pore scale have come into being. In this method,
the detailed porous media structure is established to reveal the heat transport process in the pore
scale and study the effect of pore structure on flow heat transfer.

Calis et al. [9] and Romkes et al. [10] investigated numerical simulation and experi-
mental research on the mass and heat transfer characteristics of a composite structured packing
(CSP). The CSP consisted of a number of square tubes filled with spherical particles, in which
the particles formed five kinds of orderly arrangements. The convective heat transfer results ob-
tained by numerical simulation were in good agreement with the experimental results. The re-
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sults show that there are some differences in the convective heat transfer characteristics of fluid
in porous media with different particle packing modes. Gunjal ef al. [11] numerically studied
the convective heat transfer in cells of four kinds of porous media with orderly packed particles
such as simple cubical, 1-D rthombohedral, 3-D rhombohedral, and face-centered cubical ge-
ometries, and found that the velocity distribution and path lines were completely different when
the arrangement was different. Yang et al. [12] constructed 3-D packed bed models of porous
media pellets with spherical particles. The effects of Reynolds number and packing form on
the performances of forced convection heat transfer in porous media are investigated in detail.
The results show that, the overall heat transfer performance of uniform packing is much better
than that of the non-uniform packing. Zhu et al. [13] studied the flow and heat transfer of solar
receivers with three packed types, and the results showed that the packed type had a signifi-
cant impact on pressure drop and comprehensive heat transfer efficiency. Kim et al. [14] have
proved that the structured packing configurations, such as the simple cubic (SC) packing, the
body-centered cubic (BCC) packing and the face-centered cubic (FCC) packing have different
heat/mass transfer characteristics compared with the traditional randomly packed beds. Wang
et al. [15] numerically studied characteristics of fluid-flow, heat transfer and methane steam
reforming reaction in packed beds with three different packing structures (SC, BCC, and FCC)
to explore the influence of dispersion on heat transfer and reaction performance.

The studies show that the particle stacking structure has a great influence on the flow
and heat transfer performance in the packed bed. However, the current research mainly focuses
on the flow field at normal temperature and low temperature, and the research on the high tem-
perature packed bed is relatively lacking. Since the physical properties of the gas phase and the
solid phase are significantly different, there are obvious non-equilibrium characteristics of flow
and heat in the whole system when the temperature is high, so it is necessary to further study
the flow and heat transfer characteristics in the system. Therefore, the purpose of this work is
to explore the heat transfer and flow properties of the packed bed with different packing forms
in high temperature flow field, and try to get the mechanism of affecting the heat transfer and
flow in packed bed, and provide the detailed information for designing high performance of
structured packed beds.

Physical model

The porous packed bed under study was used by Zhdanok et al. [16] to study propa-
gation of thermal wave. The thermally insulated burner was 76 mm in diameter with a length
of 500 mm and composed randomly of 5.6 mm alumina spheres. The thermal characteristics of
the bed by initially preheating a narrow zone and air-flow the bed at 0.43 m/s was characterized.
In this paper, in order to simplify the calculation, it is assumed that porous media pellets with
a diameter of 5.6 mm were established in in-line and staggered packed model. The number of
pellets and the geometric size of the calculation zone are shown in tab.1. The total length of the
computational domain is L, which is composed of the inlet zone, L;, the porous zone, L,, and the
outlet zone, L;. The lengths of L, and L; are 16.8 mm (three times the distance of the diameter
of the pellet), respectively, to avoid the influence of inlet and outlet effects on the flow heat
transfer in the porous medium area. The L, length is reduced to about 260 mm, as it is able to
reach the fully-developed state and meet the study purpose. In in-line packed model, the cen-
ter distance between the contacting spheres is equal. There are 46 spheres along the gas-flow
direction, and the length of L, is 257.6 mm. The total calculated length, L, is 291.2 mm, and
the porosity is 0.476. In staggered packed model, the center distance between the contacting
spheres is an isosceles triangle, and there are 53 spheres arranged. The length of L, is 257.8 mm,



Li, N., et al.: Numerical Study on Flow and Heat Transfer Characteristics ...

THERMAL SCIENCE: Year 2024, Vol. 28, No. 2C, pp. 1665-1675 1667

the total length of L is 291.4 mm, and the porosity is 0.4. Due to the limitation of calculation
conditions, it is difficult to simulate the flow heat transfer in 3-D packed beds by using the pore
scale method, and the spheres arrangement channels are symmetrical along the x- and y- axes.
Therefore, along the air-flow direction, 1/4 sphere channel is selected as the calculation zone,
namely —1.4mm<x<14mm,-1.4mm<y<14mm,0<z<L,as shown in figs.1 and 2. In
this study, alumina was used as porous medium pellet, and their physical parameters are: den-
sity 2500 kg/m?, specific heat capacity at constant pressure 1300 J/kgK, absorption coefficient
104.9 1/m, and thermal conductivity 2.02 W/mK [17].

Table 1. Physical model geometry

Structure L, [mm] L, [mm] L; [mm] L [mm] Number of 1/4 pellets
In-line 16.8 257.6 16.8 291.2 46
Staggered 16.8 257.8 16.8 291.4 53
P ——— e
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Figure 1. The 3-D diagram of packed bed; (a) in-line and (b) staggered
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Figure 2. Pellets channel; (a) in-line and (b) staggered

Numerical simulation method

The following assumptions are made to simplify the problem:

— The inlet velocity of air is low and the Reynolds number is rather small. The gas-flow is
assumed to be laminar.

— The gas is an incompressible ideal fluid and the gas radiation is ignored.

— The alumina pellets are non-transparent materials, and the scattering of the sphere surface
is ignored. The radiative heat transfer between the spheres surfaces uses the discrete co-or-
dinate radiation model.

— The wall of the packed bed is a symmetrical surface.

Governing equations

Continuity equation:

0
%+V(pg\7)=0 (1)
Momentum equation:

o\lp,v

%JrV(ng) =—VP+V(uVv) )
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Solid energy equation:
0 T
(pSCS S)

AVT )=0 3
) iv(avr) G
Gas energy equation:

0 T

M+V(pgcgugv1;):v(ﬂgvz"g)+qk “4)

ot
where p, u, c, 4, and T, are gas density, velocity specific heat capacity, thermal
conductivity, temperature, respectively, v — the Velocfty vector, ¢ — the time, P — the
pressure, u — the dynamic viscosity, ps, ¢, 4s and T, are porous media density, specific heat
capacity, thermal conductivity, temperature, respectively, and g — the radiant heat flux.

Boundary conditions
The walls are symmetrical, and the boundary conditions are:
z=0 T=T,u, =u,u =u,=0
pop OT_Ow O Ou
0z 0z 0z Oz
votig L0 O o g 5)
ox Ox Ox
pogia L 0w _Ou o, _g
oy oy Oy ’
pellet wall surface u, =u, =u, =0

where T, and u, are gas inlet temperature and gas inlet velocity, respectively, L — the total length
of the calculated zone, and d — the diameter of sphere.
Radiant heat loss from the inlet and outlet of the packed bed is computed:

oT.
1 E =0T, -T) ©)
25 0T, 1) ™

where ¢, is the emissivity of pellet surface and set to be 0.4 [18], o — the Steffan-Boltzmann
constant, and 7;,, ;.. are the temperature at inlet and outlet of pellet, respectively.

Initial conditions and solution method

As the working medium, air with an initial temperature of 300 K flows into the
packed bed at 0.43 m/s, and the physical property parameters are constant, p = 1.205 kg/m?,
#=1.8189 - 10° Nsm™. In the hot state, the physical properties of air such as thermal conductiv-
ity and viscosity are functions of temperature and are calculated using kinetic theory. The initial
temperature of pellets is set by UDF and is consistent with the initial preheating temperature of
the packed bed at # = 0 second in Zhdanok et al. [16] experiment. The convergence criterion of
gas and solid energy conservation equations is 10°%, and other equations are 10-3. The governing
equation is a second-order upwind difference scheme, the fluid pressure-velocity coupling is
solved based on SIMPLE method, and FLUENT16.0 is used for numerical calculation.
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Grid and time step independerice test

Meshing software was used to divide the
mesh. In order to avoid the low quality grids at
the contact point of the adjacent pellets, cylin-
drical bridge was used to connect, assuming
that the physical property of the bridge was
the same as that of the pellet. According to Bu
et al. [19], when the diameter of the cylinder is
16%-20% of the diameter of the sphere, the re-
sults will not be affected. Therefore, the model
is established according to 20% d in this pa-
per. The contact between pellets is small, the

(b)

Figure 3. Computational grid;
(a) in-line and (b) staggered

grid is finer. Coarse mesh is used inside the
pellet, as shown in fig. 3.

To ensure that the calculation results are reliable, a grid and time step independence
test is taken. Firstly, the grid independence is tested, four sets of grids with the minimum size
of the mesh elements sizes of d/20, d/24, d/28 and d/32 are tested. Figure 4 presents the in-
fluence of mesh on the pressure drop in the in-line packed bed. When the minimum size of the
mesh elements is d/28, the influence of mesh on the pressure drop is insignificant. The relative
differences for pressure drop are less than 2%. Therefore, the d/28 is selected in the following
study. It is finally obtained that the number of grids in the in-line and the staggered model is
about 790000 and 860000, respectively.

Secondly, the independence of time step is tested. Figure 5 shows the variation of
pressure drop in the in-line model when the time step is 0.01 second, 0.05 second, 0.1 second,
and 0.5 second, respectively. On the basis of ensuring stability and saving computing resourc-
es, the time step is selected to be 0.1 second. Therefore, the computational models used in this
study are reliable and can be used in the following study.
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Figure 5. Variations of pressure
drop with different time step

Figure 4. Variations of pressure
drop with different meshes

Results and discussion

Figure 6 illustrates the experimental values of Zhdanok et al. [16] and the thermal
wave predicted by the in-line and staggered models for an air inlet velocity of 0.43 m/s at
333 seconds. In the experiment, the specific position of thermocouple in packed bed was not
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1400 indicated, so the temperature at the alternating
£ w0 A gas-solid phase (x=0mm, y=0mm, 0<z<L)
-~

was selected as the simulated temperature for
analysis. As can be seen from the fig. 4, both
the simulated and experimental measurements
have the same propagation trend, and they all
change in the form of parabola. However, the
simulated temperature is continuous but not
smooth due to the thermal non-equilibrium.
Compared with staggered arrangement, the

600 |

400 F

1 1 1 . . .
o 005 o1 015 02 o025 03 temperature transfer of in-line arrangement is

2001

Z(ml slightly faster. The simulated temperature is in

good agreement with the experimental value in
the low temperature area near the inlet and out-
let. In the high temperature zone, the experimental value is slightly lower than the simulated
temperature, and the relative error between them is about 6%. This is mainly caused by the
following reasons: firstly, the pellets are randomly arranged in the experiment, but they are
simplified to orderly arrangement in the study, so there must be errors, secondly, the wall
surface of the stacking bed model is symmetric and heat loss is not considered. But the error
is within the allowable range, which verifies the effectiveness of the model and numerical
method.

Figure 6. Temperature profiles of
experiment and simulation (# = 333 seconds)

8 Pressure drop
€7 Figure 7 displays the pressure drop of in-
% 6 line and staggered models under no heating and
g heating conditions when u, is 0.33-0.73 m/s. As

In-line
Staggered

illustrated in fig. 7, the pressure drop increases
obviously in the high temperature packed bed.
In the steady cold flow field, the maximum
pressure drop is 1520 Pa, while in the hot flow
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In-line (no heating) : : - .
(E staggered (no heatingl—ac - ™ field, the dynamic viscosity, flow resistance
- and pressure loss of air increase due to the tem-
2 AT

0 1 P I Yl e Wi 1 1 : : .
e e s s 5 perature rise, and the maximum pressure loss is
ulms’] 4750 Pa. Compared with in-line model, the stag-
Figure 7. Pressure drop in the in-line gered model has greater pressure loss due to its

and the staggered model lower porosity. With the increase of the velocity,

the flow disturbance in the pore is intensified, the pressure loss increases significantly, and the
pressure drop increases faster in the staggered arrangement. Therefore, the choice of porosity
shouldn’t be too small to avoid the flow instability.

Temperature characteristic

The temperature characteristics in the structured packed bed are analyzed from three
aspects: average temperature of packed bed, T, solid phase average temperature, T, and gas
phase average temperature, T,. All of the simulation results used in this section for analysis are
obtained with u,= 0.43 m/s at ¢t = 250 seconds.

Figure 8 shows T in in-line and staggered arrangement. As shown in the fig. 8, the
temperature along the flow direction is parabolic. The temperature of in-line arrangement is
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Figure 8. Average temperature of solid Figure 9. Average temperature of gas

not smooth, showing a step type, while the temperature of staggered arrangement is relatively
smooth. The temperature of gas-solid phase in the packed bed is different, and the fluctuation of
porosity along the flow direction leads to different degrees of temperature interference between
gas and solid phase. As can be seen from fig. 2, the sparse in-line arrangement leads to large
porosity fluctuation. When the air is close to the joint between spheres, the porosity increases
gradually, and the influence of the gas phase on the T is enhanced. At the joint, the porosity
reaches the maximum and the influence is the strongest. When the air far away from the joint,
the influence is weakened, so the T, fluctuates significantly, showing a step type. While the tight
staggered distribution makes the porosity fluctuation relatively small, and T is less affected by
the gas phase, so the temperature curve is relatively smooth.

Figure 9 shows the 7, in in-line and staggered arrangement. It is can be seen from that,
the temperature of both are in a zig-zag parabolic pattern. This shows that 7, fluctuates under
the influence of the solid phase temperature along the flow direction. In the upstream and down-
stream regions of the highest temperature, the temperature oscillation is obvious, while in the
high temperature region, the oscillation is gentle. This is due to the large temperature difference
between the gas and the solid phase in the upstream and downstream regions. From the inlet of
the packed bed, with the transfer of heat waves, heat conduction is carried out between the same
phase through thermal conductivity and radiation, and heat exchange is carried out between
the different phases through convective heat transfer. Therefore, the temperature difference
between the gas and solid phases gradually decreases, and finally the thermal equilibrium is

reached. In the downstream region, the tempera- 14001
ture transfer between in-phase and two-phasesis £ i
also carried out by heat conduction and convec- [ —
tive heat transfer. Affected by the arrangement 1000 F
model, the temperature oscillation amplitude is
slightly higher in the in-line model. 800
Meanwhile, compared with T in fig. 8, the i
temperature fluctuation range of the gas phase is 600 i
relatively stronger, which is because the thermal 400 [
diffusion rate of the solid phase is smaller than
that of the gas phase, resulting in the tempera- 200 e T T o 0a o2 o3
ture gradient change of the solid phase is smaller z[m]
than that of the gas phase. Figure 10. Average temperature of

packed bed
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Figure 10 shows 7 with two models. The variation of form is between T, and 7. Due
to the existence of porous media, T fluctuates. When staggered, the heat wave transmission is
slow, and the peak temperature is about 20 K higher than the in-line arrangement. At the up-
stream of the highest temperature, T of staggered is higher. At the downstream of the maximum
temperature, T of ordered arrangement is slightly higher due to the heat wave transmission.

Flow characteristic

The average velocity is obtained by integrating and averaging the velocities in dif-
ferent sections of the fluid region illustrate the flow characteristics of the flow field. Figurell
illustrates the distribution of the average velocity, u, in the packed bed of in-line and staggered
arranged pellets at o= 0.43 m/s for =250 second. It can be observed that, & changes dramat-
ically along the direction of the flow, indicating that the structure of the porous medium in the
packed bed plays a key role in the velocity. In both in-line and staggered models, iz decreases
when the air-flow approaches the pellet between adjacent pellets. After the minimum value is
reached, i increases as the air-flow moves away from the sphere, so that the velocity increases
and decreases periodically inside the packed bed. Moreover, in the flow zone, the value of the
maximum average velocity and the minimum average velocity are similar to parabola due to
the influence of the temperature field except for the inlet and outlet regions. The u reaches the
maximum when the temperature is the highest.

10 10
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6 6
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(a) z[m] (b) z[m]

Figure 11. Average velocity of gas; (a) in-line and (b) staggered

Due to the influence of model on the porosity, the peak value of i is 8.2 m/s in stag-
gered model. In in-line model, the peak value of u is 7.8 m/s, and the speed difference between
them is small. But the minimum average velocity changes slightly differently. In in-line, the
velocity fluctuates gently, and the minimum velocity varies between 0.4-2.2 m/s. While the
minimum velocity varies between 0.4-4 m/s in the staggered model, and the disturbance is
intensified.

Figure 12 and 13 display the velocity streamlines in the maximum instantaneous
velocity region of the packed bed with in-line and staggered at u,= 0.33 m/s and 0.63 m/s for
t=250 seconds. It can be seen that the streamline in the packed bed varies greatly with different
distribution models. In the in-line model, a symmetrical vortex is generated at the joint of the
sphere-sphere, and the flow stagnation occurs here. Since the pores between pellets are narrow
and asymmetric, the vortex is relatively small and has different forms in the staggered model.
When u, increases, the eddy current disturbance at the pores of the two models intensifies. In
the packed bed, the air is heated by pellets, which reduces the air density and produces a large
local instantaneous velocity. When u,= 0.33 m/s, the maximum instantaneous velocity is 10 m/s
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for in-line arrangement and 11 m/s for staggered arrangement. When u, = 0.63 m/s, the maxi-
mum instantaneous velocity of in-line arrangement is 16 m/s, and that of staggered arrangement
is 19 m/s, and the speed gap between them increases.

u [nr;s]"(]) ulms’]
. . . 19.0
—
83 143 F=
[ 55 [ os

IO.O I 0.0

Figure 12. Local streamline in packed Figure 13. Local streamline in packed
bed structures at u, = 0.33 m/s bed structures at u, = 0.63 m/s;
(a) in-line and (b) staggered

Conclusions

In the present paper, detailed pore scale models of structured packed beds have been
established, and the influence of pore-scale properties on the pressure drop, macroscopic flow
and heat transfer behavior in the packed-bed has been investigated. The main conclusions are
as follows.
® The pressure drop increases significantly in the in-line and staggered packed models with
high temperature. Compared with staggered model, the pressure drop of in-line distri-
bution is higher. With the increase of inlet velocity, the gap between the two gradually
decreases.

® The model of porous media has significant influence on the temperature in the packed bed.
The average temperature in the packed bed and the average temperature in the solid and
gas phases are different. Compared with the in-line arrangement, the heat wave transfer is
slower and the temperature is slightly higher in the staggered model.

® The average velocity in the structured packed bed increases and decreases periodically.
Compared with the in-line model, the velocity disturbance in the staggered model is more
significant. In in-line model, a large symmetrical vortex occurs in the pore. The vortex is
narrow in the staggered model. As the inlet velocity increases, the instantaneous velocity
difference in the two models increases.

Although the in-line and staggered sphere packed bed have be examined, the study
is inconclusive on the most optimal parameter ratio of packed beds. Therefore, there is much
scope for further work on both experiments and theory to achieve generalized principles. More-
over, if more computational power could be available, the simulation of the whole flow field
and other forms of packed beds could be attempted. This would be helpful to industrial appli-
cations as well as new design of packed beds.
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Nomenclature

¢ —specific heat capacity, [kJkg K] v —velocity vector, [ms™]

d —pellet diameter, [mm]

L —total length of packed bed, [mm] Greek symbols

P —pressure, [Pa] g, —solid surface emissivity, [-]

qr — radiant heat flux, [Wm™] /. —thermal conductivity, [Wm'K™']

T —temperature, [K] u — dynamic viscosity, [Pa-s]

T, — gas inlet temperature, [K] p —density, [kgm]

T - average temperature, [K] o — Stephan-Boltzmann constant, [Wm=2K™]

t —time, [second] .

u —velocity, [ms ] Subscripts

uy — gas inlet velocity, [ms™] g —gas

u —average velocity in z-direction, [ms™] in —inlet of packed bed

x —x-co-ordinate, [—] out — outlet of packed bed

y —y-co-ordinate, [—] s —solid

z —z-co-ordinate, [—]
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