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Packed beds are widely used in engineering applications due to their high specific
surface area and good heat transfer characteristics. A grille-sphere composite
packed bed is proposed previously and has been proved to have higher overall
heat transfer coefficient than the simple cubic packing structure. In the present
paper, the flow inhomogeneities in both the grille-sphere composite packed bed
and the simple cubic packing are studied and the relationship between the flow
inhomogeneity and the heat transfer characteristics is revealed by numerical
simulations. The simulations are performed on ANSYS FLUENT software. The
turbulence flow is modelled by the renormalization group k-e model. Both disper-
sion of the velocity distribution and the residence time distribution are employed to
assess the flow maldistribution. When the inlet velocity equals 2.17 m/s, the var-
iance of the residence time distribution of the composite packed bed is 5.91%
smaller than that of the simple cubic packing while the Nusselt number is 10.64%
higher. The results indicate that less flow maldistribution can lead to heat transfer
enhancement.
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Introduction

Packed beds are widely used in a variety of industries, such as high temperature gas
cooled reactors [1], energy storage systems [2] and catalytic packed bed reactors [3]. Due to
the complexity of pore structure, the flow inhomogeneity in packed beds is significant and the
flow will further influence the heat and mass transfer characteristics. The CFD has become a
powerful tool to study the fluid flow in packed beds and the particle-resolved simulation can
provide the most rigorous description of packed beds [4]. For example, Wu et al. [5] em-
ployed the discrete element method combined with CFD (DEM-CFD) simulation to investi-
gate the helium flow characteristics in randomly packed beds at rather low Reynolds numbers
and they studied the relationship between the local velocity and the pore structure. The similar
numerical method was used by Zhang et al. [6] and their results showed that the local pack-
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ing-structure parameters have significant effects not only on the local velocity and pressure
fields but also on macroscopic quantities, such as the average pressure gradient along the flow
direction of the packed bed. Dixon [7] studied the local transport and reaction rates in a fixed
bed reactor with methane steam reforming reaction by the particle-resolved simulation. Dong
et al. [8] carried out the particle-resolved CFD simulations to have insights of the temperature
profiles in fixed bed reactors.

Research has shown that the flow inhomogeneity in packed beds can have a signifi-
cant influence on macroscopic parameters, such as the pressure drop, heat transfer and mass
transfer performances. The study of the flow inhomogeneity is therefore important. The in-
vestigations of the flow inhomogeneity mainly contain two methods, one is the direct way and
the other is the indirect way.

In the direct way, the dispersion of velocity on the cross-sections along the flow di-
rection is evaluated. In this area, Petrova et al. [9] reviewed the estimation methods of
gas-flow maldistributions in packed beds and recommended the equations to calculate the
maldistribution factor. Marek [10] studied the flow maldistributions in packed beds with dif-
ferent particle shapes and inlet configurations by calculating the velocity deviation. In the
indirect way, residence time distribution (RTD) is a useful method to assess the flow maldis-
tribution. This method is based on the study of transient state. After obtaining the steady flow
field, a non-diffusive tracer was injected into the packed bed and the tracer concentration on
the outlet was monitored. The flow inhomogeneities were evaluated by the RTD curve. For
instance, Atmakidis and Kenig [11] studied the RTD in packed beds with small
tube-to-particle ratios to assess the influence of wall effect. Pawlowski et al. [12] studied
RTD in monolithic porous columns reconstructed from X-ray tomography data and compared
it with the experimental results. The RTD in multi-orifice baffled tubes was numerically
studied where the concentration-time profile of the tracer was analysed [13]. Guo et al. [14]
revealed that there is a relationship between the velocity distribution on a cross-section and
the RTD curve. Wang et al. [15] studied the RTD in three typical structured packed bed and
reported a relationship between the RTD and the heat transfer. Stepanov et al. [16] studied the
residence time by Lagrange particle tracking method in CFD to determine the influence of
baffles in a combustion chamber. Tomanovi¢ et al. [17] studied the gas desulfurization pro-
cess also by Lagrange particle tracking method and found that the distribution, dispersion and
residence time of sorbent particles in the furnace have a considerable influence on the desul-
furization process.

(@) (b)
Figure 1. Diagrams of GSCPB (a) and SC (b) packing
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From aforementioned, it can be seen that the flow maldistribution is closely related
to the heat/mass transfer. Better flow homogeneity can lead to stronger heat transfer perfor-
mance. In our previous study [18], we designed a grille-sphere composite packed bed
(GSCPB) and studied the particle-to-fluid heat transfer characteristics by experiments. Be-
sides, the Nusselt number in GSCPB is compared to that of a simple cubic (SC) packed bed
with the same particle diameter since these two structures are almost the same expect for the
grille wall, as shown in fig. 1. The experimental results showed that the Nusselt number in
GSCPB is higher than the SC packing structure. As a continuation of the previous study, the
present paper will study the flow inhomogeneity in these two packing structures and try to
reveal the relationship between the flow inhomogeneity and the heat transfer. The flow inho-
mogeneity is investigated by both the direct way and the indirect way. The study is carried out
by ANSYS FLUENT 17.0.

Model description

From fig. 1(a), it can be seen that, in GSCPB, the whole flow channel is divided into
several parallel sub-channels and each sub-channel behaves the same theoretically. Therefore,
only one channel is chosen in the numerical study so as to reduce the computational time.
Here, the grille wall is considered to be adiabatic and the thickness of the grille wall is ne-
glected. Besides, only ten particles are stacked since ten particles can guarantee the fully de-
veloped flow [19]. The diameter of the particle is 12 mm, which is the same as the experiment
[18]. The simplified geometry of GSCPB is shown in fig. 2, where a clear inlet section and an
outlet section are added to make the velocity uniform and to avoid backflow. The lengths of
the inlet section and the outlet section are 30 mm and 80 mm, respectively.

As for SC packing shown in fig. 1(b), the geometry is periodic and thus one channel
can represent the whole structure [20]. Again, ten particles are used in the simulation. The
simplified computational model is the same with GSCPB except for the boundary conditions
of the walls around, which are symmetric boundaries in SC packing.
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Figure 2. Computational domains for GSCPB and SC packing

Numerical method

In the present work, the continuity equation, 3-D Navier-Stokes equations and ener-
gy equation are employed for the simulations. The finite volume analysis software ANSYS
FLUENT 17.0 is used to solve the equations. The studied Reynolds number, Re, =
pi(Uin/o)d,lu, in two structures are both larger than 300, where the flow would be turbulent
flow inside [21]. The renormalization group (RNG) k-¢ model and the scalable wall-function
treatment with y* > 11.225 (dimensionless distance of the wall grid elements) are adopted for
the simulation. The RNG k-¢ turbulence model is applicable to the small-scale eddies, which
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are independent of the larger-scale phenomena that create them, and it is more suitable for
modelling turbulent flow in packed beds [22].
The conservation equations for mass, momentum, and energy are:

V(pV)=0 1
V(prW) = ~Vp+V e | VO (V)" | 2)
V(psVT; )= V[acpﬂeﬁVTf ] 3

The transport equations for RNG k-¢ model are:

(4)
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The details of the equations can be found in the Theory Guide of ANSYS FLUENT [23].

In the simulations, the inlet velocity and temperature of air are fixed (Ui, = 2.17 m/s, Ti,=
300 K). The outlet flow and heat transfer of air are fully developed. All particle surfaces are set to
non-slip wall boundary conditions. The 7" particle is supposed to have a constant temperature of
333 K while others are adiabatic. By doing so, the heat transfer characteristics in the fully devel-
oped region can be obtained. In GSCPB, the surrounded walls are set to non-slip wall boundary
conditions while in SC packing, the surrounded walls are set as symmetric boundary conditions.

The SIMPLE algorithm is employed to couple the velocities and pressure. The se-
cond-order upwind scheme is selected for the convective terms in the momentum, energy and
turbulence equations. The residual of the calculation is less than 10°° to guarantee conver-
gence of the steady state.

After the fluid-flow of the steady-state is obtained, the species transport equation at
the transient state is activated to calculate the RTD. In order to imitate a Dirac pulse, the trac-
er concentration of the inlet is set to unity at the first-time step and then reduced to zero at the
following time step. The tracer concentration of the fluid domain is calculated and followed
until it completely exits the outlet. The duration time of the tracer injection should be lower
than 1% of the whole mean residence time [15]. The time step used in the present study is
5x10™ s. The convergence of each time step is reached when the residual of the tracer con-
centration is less than 10°® and the total time step of the calculation is 10000. From the tracer
concentration averaged over the cross section, Caye, the RTD function can be calculated [11]:

_ Cave (t)
- (t) J';O Cave (t)dt

The mean residence time (MRT), 7, and the variance of the residence time distribu-
tion (VRTD), oy, can be calculated by the egs. (6) and (7). Here, VRTD is used to quantify the
flow maldistribution in the packed bed where smaller value corresponds to better velocity
uniformity at the cross-sections [11]:

[ tCae (t)dt
T ==
[, Cae (t)t

(5)

(6)
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All computations are launched on a workstation with Intel® Xeon™ E5-2695 v4
CPU and 128 GB RAM. The computational time is around six hours for the steady-state and
about 72 hours for the transient state when 20 cores are used. In the grid generation process,
unstructured tetrahedral mesh is applied. All particles are shrunk to 99% of the original size to
avoid the low mesh quality at the contact points. The grid independence test and model vali-
dation test can be found in our previous study [18] and will not be repeated here.

v ()

Oy =

Results and discussion

In this section, the flow field in the steady-state and the RTD in the transient state
are analysed to evaluate the flow inhomogeneity in both structures. The heat transfer charac-
teristics are also introduced.

Flow field

The streamline in the SC packing is displayed in fig. 3. A higher velocity can be
found at the corners of the square channel whereas backflow appears between particles. The
streamline in GSCPB has a similar feature which is not shown here. The flow maldistribution
is obvious in packed beds.

Velocity [ms]

0.00 2.96

Figure 3. Streamline in the SC packing

In order to quantitatively analyse the flow maldistribution inside the packed bed, the
average velocity and the standard deviation of the velocity on the cross-sections are calculat-
ed. Here, the velocity refers to the streamwise component (X-velocity, u,). Marek [10] has
pointed out that using the streamwise component instead of flow velocity magnitude makes it
more sensitive to flow non-uniformity. A series of cross-sections along the flow direction is
used for the analysis. The 20 equally spaced sections in one particle cell are created and there
are totally 201 sections in the packed section. The standard deviation of the velocity in each
cross-section, std(uy), is calculated by:

n

Zn:Ai (ux _ux,ave)z zuxAi

Std(ux): Ll v Uy ave = - (8)

n

é/’ﬁ 2A

i=1

where n is the cell number of a certain cross section and A is the area of the cell.
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The obtained average X-velocity, Uyxae, and standard deviation of X-velocity,
std(uy), of the cross-sections along the flow direction are shown in fig. 4. It can be seen that
the X-velocities averaged over the cross-sections in GSCPB and SC packing are the same
because the average velocity in the cross-section is only dependent on the flow area, which
has the same value in both configurations. However, the variations of the standard deviation
of the X-velocity along the axial direction are not the same. From the variations of the standard
deviation, the entrance effect can be found in the first three layers and from that on, the standard
deviation of velocity shows a periodic trend, which indicates the fully developed flow. In the
fully developed region, the std(u,) in GSCPB is smaller than that of SC packing, especially in
the windward side.
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Figure 4. Average X-velocity (a) and standard deviation of X-velocity (b) of cross-sections along the
axial direction in GSCPB and SC packing

In the present paper, the flow inhomogeneity index, I, is introduced, which has the
following expression:

%std(ux)

|l=— M

Uin

©)

where m is the number of the cross-sections.

The flow inhomogeneity indexes in the fully developed region of GSCPB and SC
packing are 1.34 and 1.42, respectively. This indicates that the velocity field in GSCPB is
more uniform.

For a clear look of the flow
maldistribution, X-velocity con-
tours of several typical cross sec-
tions are shown. Figure 5 demon-

strates the position of the
%’ cross-sections and fig. 6 shows the
X-velocity contours in both struc-
tures where S denotes Slice for
Figure 5. Positions of five slices in GSCPB and SC packing short. The velocity distribution of
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Slice 5(S5) is not shown since it is the same as Slice 1(S1). A much more uniform velocity field
can be found in GSCPB, especially through S3.

X-velocity magnitude [ms™]

3-2-10123 4567289101112 32-1012345¢6 17289101112

m

X-velocity magnitude [ms ]

S1 S2

\ /

S3 S4

(@ (b)
Figure 6. X-velocity distributions in four slices in GSCPB (a) and SC (b) packing

Residence time distribution analysis

The RTD curves of Slices 1-5 in both structures are shown in fig. 7. In general, since
the RTD curve is a reflection of the cumulative flow inhomogeneity of whole flow passage,
the RTD curve of cross-sections should be wider and lower as the flow advances. This can be
found from S1 and S5. Although S1 and S5 in one structure has the same velocity distribu-
tions, the RTD curve of S5 is lower and wider than that of S1.
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Figure 7. The RTD curves in GSCPB (a) and SC (b) packing
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0,003 On the other hand, the RTD curve
o - g;gzgim is related to the flow inhomogeneity of
—— SC, outlet that slice, where higher and thinner curve

s GSCPB, S1 (X=72 mm) H :
o002} e GSGPB, 95 (et ) is supposed to have more uniform veloc-
= i GSCPB, outlet ity distribution, therefore, it can be
learned that S3 has the most uniform
0.001} velocity distribution in both structures.
This can be verified by the velocity con-
N\ . tours shown in fig. 6.
0-9% 00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.8 ~ To compare the flow maldistribu-
t[s] tion in the two structures, the RTD curves

Figure 8. Comparison of RTD curves in GSCPB and of the same position are used. Here, S.l’
SC packing S5 and the outlet are chosen, as shown in

fig. 8. It can be seen that at the same
position, the RTD curve of GSCPB is a

Table 1. The VRTD in GSCPB and SC packing [s’] little higher and thinner than that of SC

S1 (x =72 mm) S5 (x =84 mm) Outlet packing, indicating that the flow inho-
GSCPB|  6.55-10°° 750-10° 19110 mogeneity is more significant in SC
SC 9.53-10°° 1.10-10°* 2.03-10* packing. The VRTD of the selected slices

in both structures are listed in tab. 1.
From here, one can know that the VRTD is becoming larger when the flow advances, indicating
that the flow maldistribution is getting more obvious. Besides, for S1, S5 and the outlet, the
VRTD decreased by 31.27%, 31.82%, and 5.91%, respectively, in GSCPB compared with SC
packing. The results prove that the flow maldistribution is less bad in GSCPB. The results
obtained here coincide with the flow inhomogeneity index.

Heat transfer

The wall heat flux distributions on the active sphere (7) surface in both structures
are displayed in fig. 9. From the figure, similar wall heat flux distributions can be found in
both structures where high heat flux appears at the windward side and low heat flux occurs at
the leeward side. The maximum wall heat flux in GSCPB is 6009 W/m? while the maximum
value in SC packing is 5343 W/m?. Besides, the region with high values covers a larger per-

centage of the surface area in GSCPB

Wall heat flux [Wm™] than that in SC packing. From the re-
- , [ sults, one can know that the heat transfer
S SPHS ﬂ??g 's“t:\\ 'sbb\\ KA %’9\\ QQQ

between the particle and the fluid is
S S stronger in GSCPB. The particle-to-fluid
# Nusselt number, Nug = qdp/[(Tw — T¢)A],
‘ , | ‘ | in GSCPB and SC are 49.93 and 45.13,
respectively, where the Nusselt number
N in GSCPB is 10.64% higher.
= = From the velocity and heat transfer
(2) GSCPB (b) SC res_ults, one can find that better flow
uniformity leads to stronger heat transfer
@ ®) when the pore structures are the same.
Figure 9. Comparison of wall heat flux in GSCPB (a)  This can be helpful for structural design
and SC (b) packing of packed bed.
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Conclusions

In the present paper, the flow maldistribution and heat transfer in the GSCPB and

SC packing were numerically studied. The velocity distributions of the steady-state and the

RTD of the transient state were analysed to evaluate the flow maldistribution. The main con-

clusions are as follows.

e The flow inhomogeneity index, which is introduced in the present paper, is 1.34 for
GSCPB and 1.42 for SC packing. The results reveal that the velocity distribution is more
uniform in GSCPB.

e The VRTD of the outlet in GSCPB is 5.91% smaller than that of SC packing under the
same inlet velocity, which proves that the flow inhomogeneity in SC packing is more se-
rious.

e The particle-to-fluid Nusselt number of GSCPB is 10.64% higher than that of the SC
packing under the same inlet velocity, which indicates that the reduction of flow inho-
mogeneity can lead to heat transfer enhancement when the pore structures are the same.
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Nomenclature
A —area [m?]
Co _ specific heat capacity at constant pressure ~ Greek symbols
[Ikg*K™] a — inverse effective Prandtl number []
C.1,Ce» — turbulence model constants in ¢ equation [-] ¢ — turbulent dissipation rate [m?s~]
C — mass fraction of tracer [—] p) — heat conductivity [Wm K]
d — diameter [m] I — dynamic viscosity [kgm 7]
E — RTD function [-] p) — density [kgm™]
| — flow inhomogeneity index [—] oy — variance of residence time distribution [s?]
k — turbulent kinetic energy [m?s] T — mean residence time [s]
m — number of cross-sections [—] Q — porosity [~]
n — cell number [—] .
Nu — Nusselt number [—] Subscripts
p — pressure [Pa] ave  —average
Py — shear production of turbulence [kgm™s®]  eff — effective
q — heat flux [Wm?] f — fluid
Re — Reynolds number [—] h - he/draulic
T — temperature [K] i i" cell
t —time [s] in —inlet
u — velocity [ms™] p — particle
v — velocity vector [ms™] sf — particle-to-fluid
X — x-coordinate [m] w —wall
y — dimensionless distance of the wall grid X — X direction
elements [—]
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