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ABSTRACT

In this work, a hybrid radial-axial (HRA) system is used to store thermal energy in a packed bed. The heat transfer fluid (HTF) is
delivered via a perforated radial pipe placed at the center of the packed bed along the axial length. Hot fluid flows from the center
toward the wall through the holes (like other radial systems), but then leaves via the traditional axial flow exit, creating the HRA
flow configuration. A computational fluid dynamics (CFD) model is used to analyze the thermal performance of the packed bed
during the charging process utilizing the new HRA system. Alumina beads of 6 mm were filler materials and air was HTF with
inlet temperature of 75°C for proof of concept. The present paper focuses on two aims: (1) utilizing CFD models to analyze flow
and temperature profiles in the packed bed; (2) comparing the model results to experimental results published in a previous HRA
flow study and to traditional axial flow. Two HRA configurations were considered based on previous experimental designs, one
with uniform holes in the central pipe (R;) and one with gradients in the hole sizes to promote even flow from the central pipe
into the bed (R,). The numerical results agree with the experimental results in both cases. The HRA system performance de-
pends on the flow profile created by the hole designs, and it can perform better than the axial flow depending on the design of the
radial pipe. Design R,, which promotes even flow from the central pipe into the bed, has higher charging efficiency than standard
axial flow methods. For HRA design R, at 0.0048 m?/s (7 SCFM, standard cubic feet per minute), numerical results for charging
efficiency were 75.5% versus 73.8% for traditional axial flow. For HRA design R, at 0.0061 m?/s (9 SCFM), numerical charging
efficiency was 80.5% versus 78.1% for traditional axial flow. These results are consistent with experimental data.

1 | Introduction focused on the performance and design of traditional axial
flow systems [3, 4].

Thermal energy storage (TES) technology can integrate with

renewable energy sources such as solar to provide continu-
ous power from concentrated solar power plants [1] or can be
utilized to capture and store industrial waste heat [2]. Packed
beds are a potential TES storage system, and traditional
designs use axial flow of the heat transfer fluid through the
bed. In the axial configuration, flow goes from one end to the
other (i.e., z-direction flow), and the flow direction reverses
between charging and discharging. Several reviews have

Radial flow TES is a new technique to store energy in the
packed bed by charging/discharging the bed domain radially,
along the r-direction of the cylinder [5]. Currently, few stud-
ies have used radial flow to store/recover thermal energy in
packed bed storage systems. Charging the bed radially reduces
the flow's length scale and thus reduces thermal dispersion
losses [6], leading to improved energetic efficiencies, and it can
also lower the pressure drop compared with a traditional axial
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flow system. McTigue and White [7] numerically studied radial
flow TES and compared the results to axial flow behavior. For
that design, radial flow improved performance in terms of pres-
sure drop but decreased thermal performance due to increased
losses to the environment. Trevisan et al. [8] investigated ra-
dial flow with high temperature TES with two perforated pipes
serving as boundaries in a cylindrical packed bed of natural
rocks. During the charging processes, hot gas entered the large-
diameter inner pipe from the vessel's top and flowed radially
through the packing material. After depositing the energy, the
air left the packed bed from the bottom through the outer pipe.
During the discharging processes, the flow direction reversed.
Results showed a 46% reduction in radiation thermal losses and
a 50% reduction in pressure losses compared with traditional
axial flow storage tanks. Recently, Trevisan et al. [9, 10] intro-
duced a novel radial storage packed bed using an inward radial
HTF flow during the charging process and reversed fluid flow
during the discharging process. The study showed a reduction
in thermal and pressure losses. Gerstle et al. [11] studied a
100kWh,, radial TES packed bed experimentally and numer-
ically, where air and pea gravel were used as HTF and storage
materials, respectively. The study showed an exergetic recov-
ery efficiency of about 90%. Another innovative radial system,
THERMS, was proposed by Ho and Gerstle [12]. Their analy-
sis showed levelized costs of storage of $0.04/kWh, and $0.13/
kWh, depending on duration (short term vs. long-term). Skuntz
et al. [13] analyzed the influence of aspect ratio on TES system
efficiency with radial and axial flow. The results showed that
pressure drop for radial flow was lower than that in axial flow
for certain aspect ratios. However, the highest net efficiency,
including pressure drop and thermal performance, from axial
flow was higher than in radial flow. Recently, Anderson et al.
[14] numerically investigated a radial flow system with segmen-
tation, where the bed domain was divided into several zones
and each zone was charged/discharged independently. Like
other studies, flow moved unidirectionally in the radial direc-
tion. In the segmented design, the thermal performance was
higher than axial flow, but the pressure drop was too high to be
used in practical application.

Most radial flow systems consider low aspect ratios, where the
vessel diameter is large. In these cases, the central and receiv-
ing pipes are also large diameter, which promotes even flow
distribution of HTF into/from the packing domain. While
that is a benefit, it leads to a larger system volume overall, and
not all the volume is storage volume since the large inner and
outer pipes cannot store energy. In contrast, Beck et al. [15]
investigated even flow distribution in the packed bed domain
using radial flow where the container has a high aspect ratio
(L>D). A high aspect ratio strongly influences the thermal
performance as uneven flow can occur from the central pipe
to the packed bed. Their results showed that varying the hole
size in the center pipe along the length of the central pipe can
promote more uniform flow into the bed. When the hole sizes
were the same, flow would typically go to the end of the cen-
ter pipe before entering the packing, effectively bypassing the
packing domain. Smaller holes at the outlet of the center pipe
led to more flow resistance in those zones, promoting more
uniform flow into the bed from the holes throughout the cen-
tral pipe. Flow uniformity into a packed bed via a radial pipe
was also analyzed by [16].

As noted, these emerging systems using radial flow all consid-
ered fluid moving from the center to the wall or the wall to
the center with no axial flow within the packed bed [5, 7-15].
However, in our previous work [17] a novel method was used to
charge the bed with flow that moved radially and axially in the
bed by inserting a perforated radial pipe along the length of the
bed domain. Flow exits the center pipe radially, and then flows
to the traditional axial outlet, which is termed hybrid radial-
axial (HRA) charging. In HRA, there is no radial receiving pipe
near the wall as is done in purely radial-based systems and the
central pipe is a relatively narrow diameter, keeping system vol-
ume smaller than other radial systems. In the previous HRA
experiments, the thermal behavior during the charging process
was analyzed for six different central pipe designs and com-
pared with that of traditional axial flow. The results showed
that the hole size and hole size distribution of the perforations
influenced flow uniformity into the bed. When the central pipe
was designed correctly, hybrid flow was more efficient than
axial flow in terms of charging efficiency. However, the study
was achieved experimentally, and no additional details were
available about transport within the porous domain.

To the best of the author's knowledge, no other TES systems
using radial pipe injection for HRA flow have been considered
in the literature. In this work, the unique HRA packed bed
TES system is analyzed numerically during the charging pro-
cess. Specific objectives are to analyze the velocity profiles and
movement of the thermal front in the bed over time to explain
why the charging efficiency is enhanced with certain designs.
These objectives are met with a computational fluid dynamics
(CFD) model in COMSOL Multiphysics to simulate the flow
and thermal behavior inside the storage packed bed, providing
insights not possible with experiments alone. The heat transfer
model results focus on temperature profiles, velocity profiles,
total energy in the bed, and charging efficiency. Designs R, and
R, in the present study are modeled, which represent Designs
A and E of our previous study [17], where the geometry, radial
pipe designs, layers, and dimensions of the radial holes/layers
were explained in detail. These designs were chosen because
they had two different perforation patterns in the central pipe
that strongly affected flow into the bed. In these cases, R; was
an initial design that did not perform well energetically, while
R,’'s design led to better thermal performance during charging.
Air was used as HTF at 75°C, and alumina with d =6mm
was used as storage materials. Both designs are studied at two
air flow rates, and the results of the HRA configurations are
compared with traditional axial flow at the same charging con-
ditions. Design R, shows better performance than axial flow
methods based on the stored energy and thermal efficiency
during the charging process.

2 | System Design, Modeling Approach, Energy,
and Efficiency Analysis

2.1 | Design of the Radial Pipe

The dimensions of the central radial pipe are shown in Table 1,
where two designs are modeled and analyzed. R, has a con-
stant hole size and R, segments the pipe into four zones of equal
length but with different hole sizes. As discussed, smaller holes
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toward the outlet promote even flow from the central pipe into
the packed bed. The diameters of these holes ranged from 1.58
to 3.18 mm. The piping system is 100 cm long with perforations
created by drilling four holes at 1 cm intervals. Each subsequent
set of four holes is rotated 45° around the pipe.

2.2 | CFD Modeling: Temperature and Velocity
Profiles

The geometry of the problem approximates a lab-scale apparatus
whose experimental results are utilized in this work is shown
in Figure 1. As can be seen, the flow inlet is into the central
pipe. Fluid moves along the center pipe and through the radial
holes, shown in the inset, into the packed bed. The fluid exits
the packing material at the outlet of the bed and is collected by
additional piping downstream (piping not shown). This combi-
nation of flow entering a central pipe but exiting via the pack-
ing domain at the other end is the HRA concept. In Figure 1a,
the inset also shows how there are four holes at each axial drill

TABLE 1 | Dimensions of the central radial pipe holes, number of
holes in each layer, and length of layers for designs R, and R, (A and E
in the previous study [17]).

Length of Hole diameter
Design/pattern layers (cm) (in) mm
R, L 100 (3/32)2.38
R, L1 25 (3/32)2.38
L2 25 (1/8) 3.18
L3 25 (3/32) 2.38
L4 25 (1/16) 1.58

Note: More details about the design of the radial pipes and schematic of the
storage packed bed can be found in [17].
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location as explained above. However, modeling this 3D domain
is computationally demanding and thus the model was solved in
a two-dimensional axisymmetric approach, shown in Figure 1b.
To ensure this simplification is appropriate, flow from a full 3D
model was compared with flow results in the 2D axisymmetric
model (results not shown). Flow profiles were assessed at the
inlet, middle, and outlet of the packing domain, and agreement
was noted between the magnitude of the velocity and the over-
all flow direction (e.g., more pronounced radial toward the inlet
while fully axial toward the outlet). Figure 1c shows the HRA
system in the 2D axisymmetric model. Air flows axially in the
central pipe and exits the holes in the radial direction. Once in
the packed bed, the velocity vectors indicate spatially variable
radial and axial flow.

The packed bed measures 1 m in length and 16.8 cm in diameter,
with 1.27cm of insulation inside a 0.3556 cm thick steel vessel.
The central pipe is 0.953cm inner diameter with a wall thick-
ness of 0.158 cm. The central pipe was built using array, differ-
ence, and union functions to define the dimensions of each hole,
the number of holes, and the space between the holes.

In solving the model, flow through the central pipe, holes, and
packed bed is modeled first independent of the heat transfer. The
resulting velocity profile from the radial holes is then used in the
heat transfer model as a boundary condition for the flow. The flow
exiting these holes enters the packed bed, where both flow and
heat transfer are considered. Considering the modest inlet tem-
perature in this system and thus limited variation in the HTF's
thermophysical properties, this is an acceptable simplification.

COMSOL Multiphysics 6.1 was used to solve the governing
equations. In the flow only model, Equations (1-3) were solved
for mass conservation, momentum conservation in the cen-
tral pipe, and momentum conservation in the packed bed. The
Ergun equation solves for pressure in the packed bed [18].

c)
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Wall of the
Radial Tube

Radial holes

& Symmetry plane r=0

Inlet
Packing Domain

= outlet
4>

[ j
Insulation Vessel

FIGURE1 | (a) The experimental geometry of the cylindrical storage packed bed with central pipe in 3-D for design R,. Perforations in the central
pipe allow for air flow from the central pipe to the packing domain. (b) Schematic of the 2-D axisymmetric modeling approach used in this work.

Fluid enters the central pipe at the inlet and exits the system via the packed bed outlet as occurs in 3-D. (c) Flow profile for HRA. Fluid in the center

internal pipe is in the axial (z) direction. Air flows through the holes in the central pipe in the radial (r) direction. Once in the packed bed, the flow

profile has radial and axial directions of flow.
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In the packed bed domain, the equation of momentum is:

pou
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where, u is the velocity vector, p is the gas density, u is the gas
viscosity, and p is the pressure, K is the permeability associated
with viscous losses, and f is a coefficient for the inertial losses
in the packed bed. The permeability, K (m?) and Forchheimer
coefficient, 8 (kg/m*), represent the porous viscous and inertial
losses, respectively and are calculated from the Ergun equation
assuming a porosity of € =0.375 and a particle size d, =6 mm.

In a separate model, the heat transfer in porous media physics
is used to determine the temperature distribution in all domains
with the 2-D axisymmetric model. The temperature is deter-
mined in all four regions defined in the model: fluid, porous do-
main, insulation, and steel. The general governing equations are
adopted from [15]. A single-phase energy equation modeled the
heat transfer in porous media, where the fluid and solid are as-
sumed in local thermal equilibrium (T, = T, = T) [18]. This ap-
proach has been used successfully in our previous work [19-21]
with an air-alumina packed bed storage system. The single-
phase equation assumes a homogenous medium [22] and uses
effective properties for the volumetric heat capacity and thermal
conductivity based on a weighted average of the amount of solid
and fluid in the bed as determined by the porosity.

aT
(pCP)effE + (pcp)fu -Vr=Vv. (keffV T) + Qlass (4)

The equation for the solid domains (insulation and steel do-
mains) is:

) 9T _

(pc igr

., V- (kVT) ©)
where the subscript i denotes either the insulation or steel ves-
sel. Q,,, represents heat loss to the environment via natural con-
vection from the vessel walls. The wall heat transfer coefficient
used in the model is 3.67W/m?2K based on typical wall tem-
peratures and heat transfer correlations [23]. Thermophysical
properties of the various components are given in Table 2.

TABLE 2 | Thermophysical properties of all solid materials and HTF.

The boundary and initial conditions used in the model efforts
during the charging process are: T,_,=20"C, Ty, =75 C,
m,—y = 0, F1,,,; = 0.0040 and 0.0050 kg /s. In the previous study
[17], one flow rate of 0.0048 m3/s (7 SCFM) was used to ana-
lyze the thermal performance due to the radial flow during the
charging period. In the present study, two flow rates were chosen:
A flow rate of 0.0048 m3/s (7 SCFM) was chosen for consistency
with previous experimental results and a flow of 0.0061 m3/s (9
SCFM) was analyzed numerically and experimentally as well.
The mesh size used in the model was fine (free Triangular)
with maximum and minimum element sizes equal to 0.053 and
0.0003m. The results as a function of mesh were checked, and
the change in results was small and could be neglected.

2.3 | Energy and Efficiency Analysis

Based on the first law of thermodynamics (steady-flow thermal
energy equation) [24], Equation (6) determines the energy stored
in the bed domain.

Thea
Qbed = J mcpalumina(T)dT (6)
T,

where, T, and T}, are the initial and averaged bed temperature,
m is the mass of alumina, and Cp i, 1S the heat capacity of
the alumina beads, which is determined as a function of tem-
perature from Reference [20]. The total energy delivered to the
system is defined in Equation (7):

t

s

qupplied = mcpairJ (Thot - To)dt (7)

0

where, ri1is the mass flow rate, Cp,;, is the specific heat capacity of
the air (constant here), T),,, is the inlet temperature (T),,, = 75 C),
T, is the ambient temperature, and ¢, is the storage time.

Equation (8) calculates the charging efficiency, which is the ratio
of energy stored in the bed to energy supplied to the storage bed.

Qbed

qupplied

®

gcharging =

The charge time is a function of alumina properties and the
flow rate of the HTF as shown in [20]. The resulting charge
times are approximately 6540 and 5100s for 0.0048 and
0.0061 m?/s, respectively, for HRA charging. These durations,
along with the volume-average temperature in the bed at the
end of charging, are used in Equations (6) and (7) to determine
the efficiency.

Alumina Steel Insulation Pipe Air
k (W/mK) 26.8 20 0.025 0.18 0.033
o (kg/m?3) 3982 7850 300 1190 1.009
<, J/kgK) 920.9 485 1050 1470 1009
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FIGURE2 | Flow velocity at r=0.0072m, located near the radial pipe perforations for design R, and R,,. Design R, lessens bypass flow toward the

exit and promotes even flow into the bed along the length of the radial pipe, which enhances performance during charging.

3 | Results and Discussion

The results focus on flow distribution from the radial pipe into
the packed bed and the resulting temperature distributions over
time. Charging efficiency and energy stored are also analyzed
for these two HRA designs along with a traditional axial flow
configuration.

3.1 | Thermal Performance: Velocity and
Temperature Profiles

For velocity profiles, flow at 0.0048 m3/s was chosen to ana-
lyze the velocity impacts for designs R, and R, based on the re-
sults from the numerical model. At a flow rate of 0.0061 m3/s,
the same trend is noticed. Figure 2 shows the strong influence
that the radial pipe design has on the flow into the packed bed
(flow only model). These results show the velocity magnitude
just outside the radial pipe at ¥=0.0072m. The jaggedness of
the profiles is from the flow exiting discrete openings along the
radial pipe length from 0 to 1 m. Compared with design R,, de-
sign R, results in a lower velocity along much of the bed from 0
to ~0.95m and then displays a much higher velocity toward the
end of the radial pipe. This means the constant hole diameter in
design R, promotes flow bypass where heated flow would not
enter as much of the bed. As will be shown, this effect lowers
the charging efficiency. Based on these results, average veloci-
ties were used as boundary conditions at the holes into the bed
in the heat transfer model.

Versus a unique velocity in each of the 100 holes, these results
informed different velocities that could be used as approxima-
tions for several holes. In design R, 10 average velocities were
used, and in design R,, 14 average velocities were used to cap-
ture the oscillations in velocity seen in both profiles. Including
more or fewer averages did not strongly affect the heat transfer
results.

Figure 3 shows the resulting flow in the heat transfer model
based on averaging the velocity exiting the perforations at
three axial locations (inlet, middle, and outlet) for design R,,.

As can be seen at the inlet, the flow is radial from the central
pipe toward the wall of the bed. As expected, the magnitude of
the radial flow velocity decreases from the center to the wall
in the packed bed domain. Further from the inlet and closer
to the wall, the hot gas flows axially. At the center of the bed,
the flow is both radial and axial. Again, flow near the wall is
more axial than radial at the wall versus the center of the bed.
Finally, the flow is predominantly in the axial direction at the
outlet of the bed. Flow from the inlet region to outlet region
also shows the magnitude of the velocity increases from inlet
to outlet. This behavior is expected for HRA flow since flow
exiting any of the holes along the central pipe must exit at the
common outlet.

The temperature distribution from the model is compared with
the temperature distribution from the experimental results for
two flow rates 0.0048 and 0.0061 m3/s. Figures 4 and 5 show
the temperature profiles inside the bed domain along the axial
length for designs R, and R, respectively at r=3.8cm (the ra-
dial location of two thermocouples in the experimental study)
[17]. As can be seen, the model results match the experimental
results well. High and low temperature zones can be seen de-
pending on the design of the central pipe. Figure 4 shows the
temperature profiles for design R,, which was considered a poor
design in previous work due to the high flow at the last 15% of
axial length due to the high flow resistance at the first 85% of the
axial length [17]. High flow resistance in the bed relative to the
central piping leads the hot gas to pass through the radial holes
toward the outlet without depositing the energy in the storage
materials, lowering energy storage in the bed. As can be seen,
there is a decreasing temperature profile from L=0-85cm fol-
lowed by higher temperature from L =85-100cm. The tempera-
ture from L =0-85cm is not flat due to uneven flow distribution
from the central pipe into the bed. The experimental tempera-
ture results in Figure 4b are averaged from three trials. As can
be seen, small error bars confirm the repeatability of the exper-
imental data.

Figure 5 shows the results for R, at two flow rates, where the
hole size is varied in four segments along the length of the cen-
tral pipe. Smaller holes toward the end of the bed and larger
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holes near the inlet promote even flow and mitigate flow by-
passing the packed bed. The increased resistance at the central
pipe exit due to the smaller holes promotes uniform flow into
the bed. More even flow into the bed leads to the flatter tem-
perature profiles seen in the figure. The resulting flatter tem-
perature profiles lead to more energy stored inside the packed
bed domain and thus higher thermal efficiency [17] since all of
the bed material is providing energy for storage. These results
are explained in more detail in Section 3.2.

Note, an effect of using an average velocity in the heat trans-
fer model is that local variations in the velocity are smoothed
out in the averaging process. For example, consider the exper-
imental results for design R, beyond the axial position of 0.6 m
(Figure 5a). In the experiment in general, there is a rise in
temperature from 0.6 to 0.8 m, and then a drop again toward
the outlet. While the spread in temperature is not large, this

Inlet Center Outlet -

0.16 0.98 1 1.8
0.14 0.96 i 1.6
0.12 0.94/- 1.4
0.1 0.92' 1'2
0.08 0.9 { 0.8
0.06 0.88 t 0.6
0.04 0.86¢ 0.4
0.02 0.84 t 0.2

0 A 0

FIGURE 3 | Flow profiles for design R, at the inlet (~0-0.17m), center
(~0.5-0.67m), and outlet regions (~0.83-1m). Flow near the axial inlet
shows predominantly radial flow. The flow rate decreases from inlet
toward wall as expected in radial flow. At the axial center and outlet
positions, flow is predominantly axial, with radial flow noted closer to the
central pipe. At the outlet, the velocity vectors are largest as all flow exits
via the packed bed outlet.
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effect is not clearly captured by the model. A similar effect of
averaging the velocity is seen in design R,. The model does
capture the decrease in temperature from 0 to 0.8 m and then a
rise in temperature from 0.8 to 1 m; however, the magnitude of
this effect is not captured by the model. Additionally, the dis-
crete holes and random packing that occur in the experiment
(captured schematically in Figure 1) lead to different experi-
mental temperature values in the packed bed even at the same
axial position along the bed. For instance, consider design R,
at an axial position of ~0.7m at 20 min of charging. There is
a clear difference in temperature at this axial position despite
the thermocouples being the same distance from the central
pipe. While the model does not capture these experimental ef-
fects (caused by pore-scale heterogeneity in the system), the
model result shows a temperature in between these values.
Close agreement between profiles indicates that the model ac-
curately captures the thermal energy transport in this system.
As will be shown, the model and experiments lead to similar
energetic efficiencies indicating similar amounts of energy
stored in the bed. For 0.0061 m3/s, the same trends are ob-
served, and the agreement between the model and experiment
is good.

The strong agreement with experimental data also indicates
that the flow profile in the heat transfer model successfully
captures the effects one would see if considering the full pipe
and all perforations (the flow-only model) at 0.0048 m3/s.
These results are shown in Figure 6 at the packed bed exit.
Compared with Figure 3, the maximum velocity from the cen-
ter pipe into the bed is higher in the flow-only model (making
the velocity vectors look relatively smaller). While this exact
behavior is not captured in the heat transfer model due to the
averaging process (explained above), this effect is only noted
in the last ~5% of the axial length of the bed and the overall
impact on thermal performance is small. One also sees the
total velocity increase along the length of the bed as flow ac-
cumulates in the packing after exiting the central pipe. Thus,
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w
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FIGURE 4 | Design R, with one fixed set of hole sizes in the central pipe spaced every 1cm. The temperature distributions during the charging

process are shown at two flow rates for (a) 0.0048 m3/s (from Reference [17]) and (b) 0061 m?3/s. For the experimental results, 16 sensing points (solid

lines for TC1 and dash lines for TC2) are plotted. Dotted lines indicate model results.
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FIGURE 6 | Flow profile in the flow only model at steady state.
Similar to the averaged velocity in the heat transfer model (Figure 3),
flow near the axial outlet shows predominantly axial flow. The heat
transfer model's velocity results show smaller spikes in magnitude due
to the averaging process.

the combination of radial and axial flow is captured in the
heat transfer model.

The results thus far have been at the same position as ther-
mocouples from previous efforts. However, the shape of the
temperature front in the radial direction is influenced by the
hole design as well. As mentioned in the design section, the
axial distance between each set of holes is 1 cm, providing zero
flow through these solid sections. When the charging pro-
cess starts, hot gas passes radially through the holes toward
the bed wall. The temperature profiles just outside the central
pipe look like a wave as a reflection of the flow through the
radial pipe.

There are two reasons for the wavy behavior next to the cen-
tral pipe, especially at early charging times: (1) flow through
the radial holes is not 100% uniform and (2) hot gas will pass
through the holes radially causing small 1cm regions close to
the radial pipe wall between the holes to not get enough hot gas
at early times (e.g., 20 and 40min). These results can be seen
in Figure 7, where a 2-D surface plot shows the temperature
distribution (20min) in all domains at 0.0048 m3/s. As can be

Low flow and temperaturg
I lcm

High flow and temperature

.«
Uniform
temperature zone

FIGURE7 | 2-D axisymmetric temperature profile at 1200s (20 min)
during the charging process. Temperature fluctuations are visible close
to the perforations due to flow exiting holes spaced at 1cm intervals. A
more uniform temperature profile is observed deeper in the packed bed
away from the central pipe.

observed, at the outlet of the holes the temperature is high, while
between the holes the temperature is lower. The wavy tempera-
ture profiles disappear by moving into the packed bed toward
the wall bed.

3.2 | Thermal Performance: Charging Efficiency

Figure 8 shows the temperature profile of the full bed at dif-
ferent time steps during the charging process for design R,
design R,, and a traditional axial bed operating at the same
temperature and flow conditions at 0.0048 m3/s. As can be no-
ticed, the entire bed for design R, is at higher temperatures
at the end of charging compared with the design R, and the
axial flow configuration, leading to higher energy storage
and thus higher charging efficiency. Important differences
emerge between designs R, and R,, which are reflective of
the flow results discussed above. For R, at the early and me-
dium charging times, one sees higher temperature near the
central pipe at the outlet, consistent with bypass flow. The by-
pass means energy enters the system but is not deposited in
the bed. Design R, shows much more uniform temperature
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FIGURE 8 | Temperature distribution during charging at three
different timesteps(600,3600,and 65405s) forthe HR A configurationsand
traditional axial flow configuration. HRA R, =Left. HRA R,=Center.
Axial=Right. The results clearly show the flow configuration affects

the temperature distribution in the bed. HRA R, shows higher and more
uniform temperature compared with HRAR .

distributions along the axial length, consistent with more
uniform flow entering the bed from the central pipe. In each
hybrid case, the temperature gradient in the radial direction
is minimal due to the axial flow that emerges after radial in-
troduction. Thus, the HRA thermocline is distinct when com-
pared with axial or purely radial TES. The axial configuration
performs as expected with a clear thermocline dividing the
hot and cold zones of the bed along the axial length.

The total energy was calculated by volume averaging the bed do-
main temperature at each time point during the charging process.

The energy over time for the radial and classical axial configura-
tions at two flow rates are shown in Figure 9a,b. For a flow rate of
0.0048 m3/s, the final total energy is 1035.9, 1099.7, and 1071.5kJ
for HRA design R;, HRA design R,, and axial flow, respectively.
For flow of 0.0061 m3/s, the total energy calculated from the model
is 1007.2, 1128.9, and 1096.7kJ for HRA design R;, HRA design
R,, and axial flow, respectively. Dividing the total energy deliv-
ered by the HTF over that time yields thermal energy efficiency.

Table 3 shows the resulting charging efficiency for the HRA
designs and axial flow based on the first law of thermodynam-
ics, which is adopted from [17]. The charging efficiency from
the model agrees with the experimental charging efficiency for
the hybrid flow designs, R, and R,, and for traditional axial
flow at the same temperature and flow rate. As can be seen, the
numerical charging efficiency for HRA design R, is better than
the charging efficiency for traditional axial flow, which is con-
sistent with experimental results. HRA design R, shows the
lowest performance due to heated flow bypassing the packed
bed, as shown by the model results here. The bypass leads to
heating near the outlet, which can also be seen in the early and
medium time results of Figure 8 for design R,.

Published studies that used radial flow as charging or discharg-
ing configuration [5, 7-15] all considered fluid moving from
the center to the wall or from the wall to the center with no
axial flow within the packed bed. As stated in the introduction,
the present pipe injection scheme used in the present work is a
novel scheme, where flow in the bed domain is radial and axial.
In addition, the present study focuses on the flat temperature
profiles inside the bed domain, which is a function of the design
of the central pipe, to determine the thermal performance and
thus the thermal charging efficiency. Even flow distribution
enhances the flat temperature profiles inside the bed domain,
which leads to more stored energy. Therefore, the pipe injection
method is different than the classical TES systems (the axial
flow systems) and the previous radial flow studies.

4 | Conclusion

The thermal performance in a packed bed TES system is ana-
lyzed numerically via charging the bed domain in a new HRA
configuration. In the hybrid system, the HTF exits a central
perforated pipe during charge, and then flows through the
packed bed toward the packed bed's axial exit. Radial and axial
velocity is noted in the bed depending on the spatial location,
hence referring to the system as HRA. Two CFD models were
utilized. A flow only model considered flow in the central pipe,
through the perforations, and through the packed bed. The av-
erage velocity of the fluid exiting the central holes was applied
in a heat transfer model to calculate the temperature profile in
the packed bed. Alumina spheres at 6mm and air at 75°C were
used as storage materials and HTF for comparison to previ-
ously published experimental data. Two central pipe designs
were considered in the HRA configuration, and the numerical
results match the experimental results reasonably well. Design
R, was based on a constant hole design through the central
pipe, while design R, used diminishing holes sizes along the
length of the central pipe to promote even flow into the pack-
ing. In summary:
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FIGURE9 | Thermal energy stored in the bed over time for HRA: HRA R,, HRA R,, and traditional axial flow. More energy is stored with HRA
R,, indicated the HRA approach to TES can be more efficient in charging if the central pipe is correctly designed.

TABLE 3 | Percentage charging efficiency from the model and experimental results for HRA and traditional axial flow.

Charging efficiency (%)

0.0048 m3/s 0.0061m3/s
Flow configuration Experimental Model Experimental Model
HRA design R, 71.5 71.7 72.9+0.7 71.2
HRA design R, 77.8 75.5 81.9 80.5
Traditional axial 75.3 73.8 77.7 78.1
Note: Experimental results for 0.0048 m?3/s are from Reference [17].

1. In the HRA approach, the hot air passes through the central

pipe's holes radially and then leaves the bed axially. Radial

Lo . Nomenclature

flow behavior is very clear toward the inlet of the packed bed.

Then, the mass flow accumulates toward the exit of the bed, o _

leading to approximately 100% axial flow at the outlet of the 7 inertial term in packed bed pressure drop

storage packed bed. K viscous term in packed bed pressure drop

. . . " gas viscosity (Pas)

2. The energy stored and thus charging efficiency in the HRA

flow for design R, is better than that of classical axial flow. ¢ efficiency (-)

DesignR,isbetter than R, due to the division of the radial pipe € packed bed porosity (-)

length into four layers, where each layer has different holes 4 Jocit tor (@/s)

sizes to promote even flow into the bed. For 0.0048 m3/s, the velocity vector (m/s

charging efficiencies are 71.7% for R, and 75.5% for R, from  » density (kg/m’)

the model, respectively, which match the experimental data. D pressure (Pa)

The charging efficiency for a traditional axial flow model at - )

the same conditions is 73.8%. For 0.0061m?/s, the charging ~ C» specific heat capacity (J/kgK)

efficiencies are 71.2% for R, and 80.5% for R, based on the L length (height) of packed bed (m)

model results. Th.e chargmg efficiency for a tradltlor%a.l ax1a.11 K thermal conductivity (W/mK)

flow model at this higher flow rate and same conditions is )

78.1%. These results indicates that the thermal efficiency can ™ mass flow rate (kg/s)

be higher with HRA flow compared with axial flow when Qloss energy losses to surrounding (W/m3)

the central pipe is correctly designed. Future research will )

assess charge/discharge cycles and thermal exergy efficiency ! time (5)

at high temperatures. T temperature (K)
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Subscripts

N solid

f fluid

0 initial

eff effective

i solid domains (steel and insulation)
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