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Abstract:
Heat transfer in porous media is a core technical component for thermal management in
underground energy storage systems. In this study, the anisotropy effect of unconsolidated
porous media on thermal management within a cavity is numerically investigated. The
research considers gradient porosity (ranging from 0.05 to 0.95) in different directions,
under both pure conduction and natural convection conditions. The velocity and temperature
distributions throughout the entire cavity are analyzed for various anisotropy gradients in
different directions, with special attention paid to the temperature variation on the hot
surface subjected to a constant heat flux. To characterize the temperature variation on
the hot surface, two dimensionless parameters are defined: the variance of dimensionless
temperature and temperature intensity (Imax, Imin). The obtained results indicate that for two-
directional gradient porosity cases under natural convection, the largest difference ratio of
variance is 40.9%, while themaximum difference ratios of Imax and Imin are 92.3% and 83.3%,
respectively. For pure conduction cases, the largest difference ratios of variance, Imax, and Imin
are 52.4%, 41.2%, and 75%, respectively. These results demonstrate that natural convection
exerts a more significant influence on the heat transfer behavior. By arranging the anisotropy
gradient in different directions, the temperature distribution on the hot surface can be adjusted
as required. This finding is valuable for applications that demand a non-uniform temperature
distribution.

1 Introduction
Underground energy storage, as a key technology for bal-

ancing the temporal and spatial mismatch between energy sup-
ply and demand and enhancing the integration of renewable
energy, has attracted extensive attention in recent years (Liu
et al., 2025). Its core principle is to use subsurface geological
formations such as aquifers, rock layers, or salt caverns as
storage space, in which thermal energy or electricity-derived
converted energy (such as compressed air) is stored in specific
forms within underground spaces, enabling large-scale, long-
duration, and seasonal energy regulation.

In underground energy storage systems, thermal manage-
ment is a central technical component that directly affects
system efficiency, safety, and economic performance. Thermal
management not only concerns temperature control during the
energy storage process, but also involves the thermal interac-
tions between the reservoir and surrounding geological forma-
tions, fluid flow and heat exchange efficiency, and the long-
term operational behavior of the system. Recently the use of
high conductive porous media (such as metal foam or lattice
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metal frames) has taken the attentions of researchers (Wang
and Mobedi, 2020). High conductive porous media increases
the effective thermal conductivity of the flow field as well as
mix the flow causing the considerable enhanced heat transfer
between a base surface and fluid. There are many applications
of heat transfer enhancement in industry in which the use of
porous media can be suggested as the accelerating phase change
process of energy storage (Tayebi et al., 2025; Ghalambaz et al.,
2022), enhanced heat transfer in pipes (Zhang et al., 2024;
Liu et al., 2024) and battery (Li et al., 2024; Mohammadi and
Taghilou, 2024).
A porous medium includes voids and solid phase, and it

can be classified into consolidated and unconsolidated porous
media according the solid domain which is interconnected or
unconnected with each other. Although practically consolidated
heat transfer is widely used for heat transfer enhancement,
unconsolidated porous media is widely used to develop theories
and discover heat transfer and fluid flow behavior in a porous
media. For instance, Reji et al. performed a numerical study on
natural convection in a square cavity with adiabatic horizontal
walls, thermally active vertical walls and containing blocks
(Raji et al., 2012). The effects of Rayleigh number, thermal
conductivity ratio and number of blocks were investigated.
They found that the heat transfer and the flow intensity could
be significantly reduced by increasing the number of the blocks
and their relative thermal conductivity. Mansouri et al. con-
ducted a study on natural convection flows and heat transfer
characteristics in a square cavity confining conducting solid
(Mansouri et al., 2020). The solid blocks resulting from the
subdivision of the initial block are uniformly distributed within
the cavity to maintain unchanged the volume occupied by the
fluid. The obtained results showed that the block leads to heat
transfer reduction between the thermally active walls of the
cavity with negligible, moderate and important rates depending
on the number of the blocks and the value of Rayleigh number.
Ren et al. carried out research to simulate the transient process
of natural convection in an enclosure with solid obstacles using
Lattice BoltzmannMethod (LBM) (Ren and Chan, 2016). They
found that whenmore blocks are in the enclosure, the restriction
on the convection due to the solid obstacles are stronger so that
the Nusselt numbers become smaller. Hu et al. presented the
effect of two configurations as disconnected and conducting
solid obstacles on the natural laminar convection in a vertical
enclosure numerically and analytically (Hu et al., 2016). They
stated that the low thermal resistance of solid region reveals that
solid obstacles could enhance the heat transfer process of both
enclosures. Braga and Lemos studied heat transfer characteris-
tics across a square cavity partially filled with a fixed amount
of conducting solid materials, and the results showed that the
average Nusselt number for cylindrical rods are slightly lower
than those for square rods (Braga and de Lemos, 2005).Merrikh
and Lage perfumed a study on natural convection in an enclo-
sure with disconnected and conducting solid blocks, and they
found that the overall heat transfer process can be enhanced by
increasing solid-to-fluid conductivity ratio (Merrikh and Lage,
2005). Generally, although there are many literatures involving
with fluid flow and heat transfer in high thermal conductive

unconsolidated porousmedia, there are relatively few studies on
the gradient porosity of high thermal conductive unconsolidated
porous media in the context of temperature control applications,
and there is also a lack of in-depth research on the influence of
high thermal conductive unconsolidated porous media on the
heat conduction path and overall heat conduction.
In addition, some studies on the gradient porous media for

enhancing heat transfer are reported in literature. Most of the
studied porous media are consolidated porous media. For in-
stance, Liu et al. conducted a study on the influence of non-
uniformmetal foams on heat transfer during phase transition by
experiment and numerical simulation, and the results indicated
themelting of PCMcan be accelerated (Liu et al., 2023). Iasiello
et al. investigated the effects of variable porosity and cell size
on the thermal performance of functionally-graded foams, and
they found that account for both variable porosity and cell size
in metal foam can enhance Performance Evaluation Criteria
(Iasiello et al., 2021). Jadhav et al. explored the use of partially
filled high porosity graded aluminum and copper foams to
satisfy both heat transfer and pressure drop in a heat exchanger,
and the results revealed the graded metal foam can enhance
heat transfer rate (Jadhav et al., 2021). Cheng et al. investigated
transpiration cooling with phase change by functionally graded
porous media, and the experimental results showed that the
graded porous media exhibited much better cooling perfor-
mance than uniform pore topology (Cheng et al., 2023). Based
on the studies above, it can be seen the unconsolidated porous
media hasmany advantages in the heat transfer fields. However,
the research on heat transfer in gradient porosity structures
mainly focuses on consolidated porous structures, while there
is relatively less research on heat transfer in three-dimensional
unconsolidated porous media.
Herein, the heat and fluid flow in a cavity assisted with

unconsolidated porous media as square block can be accepted
as fundamental case for investigating the roles of different
parameters on heat and fluid flow. That is why this domain
is used in this study to investigate the anisotropy effect of
unconsolidated porousmedia on heat transfer through the cavity
and to reveal the mechanism of thermal management by using
gradient porous media. The aims of the current study are (a)
to find parameters to define the temperature distribution of hot
surface by using gradient porosity on the different direction, (b)
to investigate and compare the mechanism of heat transfer for
the gradient porosity on one and two directions.

2 Methodology
2.1 Physical model
The schematic view of the physical model is shown in Fig.1.

A square cavity consists of unconsolidated porous media and
working fluid, and the length of cubic cavity is equal to 16
mm. The porous media is a cubic cavity consisted of 512 solid
blocks. All surfaces of the cavity are insulated except the right
and left vertical surfaces are maintained at constant heat flux
(q = 10000W/m2) and constant temperature (Tw = 293.15K),
respectively. The working fluid is air and the solid blocks are
aluminum. The study was performed for 8 different cases of
anisotropic porous media for two cases as pure conduction and
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Fig. 1 The schematic view of physical model

Tab. 1 The values of the dimensionless coefficients for ai and bi

Gradients ai bi

Gradient 1 (Porosity: 0.05 0.95) 6.43 -0.0143
Gradient 2 (Porosity: 0.05 0.82) 5.51 -0.00511
Gradient 3 (Porosity: 0.05 0.69) 4.59 0.00407
Gradient 4 (Porosity: 0.05 0.56) 3.67 0.0133
Gradient 5 (Porosity: 0.05 0.44) 2.76 0.0224
Gradient 6 (Porosity: 0.05 0.31) 1.84 0.0316
Gradient 7 (Porosity: 0.05 0.18) 0.92 0.0408
Gradient 8 (Porosity: 0.05 0.05) 0 0

Tab. 2 The thermophysical properties of the considered materials (Wang et al., 2019)

Parameters Air Aluminum

Density (Kg/m3) 1.177 2707
Thermal Conductivity (W/m K) 0.02623 204
Specific Heat Capacity (J/kg K) 1007 896

natural convection. Moreover, for natural convection problem
the gravity affects in -z direction and Boussinesq approximation
is employed to include the buoyancy effect. The gradient poros-
ity are applied in x, y and z direction, and this change is a linear
change in the present study and it can be formulized by a line
equation as Eq.1. In this equation, x, y and z show horizontal
axis and vertical axis, and the dimensionless coefficient of ai

and bi are tabulated in Tab.1. The porosity changes based on the
values of aη and bη. The highest slope is for Gradient 1 while
Gradient 8 has zero gradient (uniform block size). Additionally,
the thermophysical properties of the considered materials are
shown in Tab.2.

ε = aiη + bi (1)

where η shows the center position of each cell in the direc-
tions which can be x, y and z. ε represents porosity, and can be
calculated by Vblock

Vcontrol
for each block. Vblock is the volume of the

solid block, and Vcontrol is the control volume. The number of
the control volume is 512, and the sizes of the control volume

also are same. By changing the values of ai and bi, it is possible
to adjust the gradient of the porosity in requested direction.

2.2 Governing equations

For the governing equations of natural convection case, the
dimensional governing equations are presented, and the ob-
tained results under steady state are given. In the present study,
it is assumed that the thermophysical properties of porousmedia
and working fluid are constant. The radiation effect is omitted.
Based on the above assumption, the continuity, momentum and
energy equations are presented in this section. The dimensional
form of the governing equations can be written (Wang et al.,
2019, 2022),

∇ · V = 0 (2)

(V · ∇)V = − 1
ρf
∇P + v f∇2V + gβ(T − Tre f )j (3)
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(ρCp) f

(
V · ∇T f

)
= k f∇2T f (4)

0 = ks∇2Ts (5)

where β and Tref are the volumetric thermal expansion coeffi-
cient of working fluid and reference temperature, respectively.
The reference temperature is equal to the initial temperature and
cold wall temperature in this study. Cp and k are heat capacity
and thermal conductivity.
In the case of pure conduction, there is no natural convection,

which means the velocity of fluid is zero. Therefore, only heat
conduction equations exist.

0 = k f∇2T f (6)

0 = ks∇2Ts (7)

2.3 Boundary conditions
A no-slip boundary condition is applied onto the top, bottom,

front and back sides of the cavity, which are also thermally insu-
lated, while the left wall is maintained at a constant temperature.
A constant heat flux is imposed on the right wall of the cavity.
The dimensional initial and boundary conditions are specified
as follows:

x = 0, 0 ≤ y ≤ L, 0 ≤ z ≤ L, T = Tw, u = v = w = 0
x = L, 0 ≤ y ≤ L, 0 ≤ z ≤ L, q = qw, u = v = w = 0

0 ≤ x ≤ L, y = 0, y = L, 0 ≤ z ≤ L,
∂T
∂y
= 0

0 ≤ x ≤ L, y = 0, y = L, 0 ≤ z ≤ L,
∂T
∂z
= 0

(8)

For the interfacial boundary conditions between the solid
blocks and fluid, the following continuity relations hold:

∂Ts

∂n
=

k f

ks

∂T f

∂n
,T f = Ts,V = 0 (9)

where x, y, z are Cartesian coordinate axes, and n is the unit
vector normal to the interface surface.

3 Solution method and validation
In this study, the simulation of heat transfer process in an

unconsolidated porous medium and the governing equations are
solved by a software which uses the Finite Element Method.
To validate the number of mesh, the mesh independency is
done and shown in Fig. 2(a). Fig. 2(a) indicates the average
temperature of the right vertical surface of the cavity for pure
conduction case when the uniform porosity as 0.5 exist in
each direction. The computational results for the five different
number of elements are presented in Tab. 3. As it can be seen,
the results of total 560864 and 918717 elements are same each

other which means the total 560864 elements are sufficient to
obtain the accurate results, and can be used for saving compu-
tational period. For the convergence and tolerance criteria, it is
automatically adjusted according to the software for calculating
the accurate results.
Furthermore, a comparison between our numerical result and

result of Merrikh and Lage reported in literature was done
to validate the employed method and physical model in this
study (Merrikh and Lage, 2005). The problem is an enclosure
including a working fluid and several disconnect solid blocks
distributed uniformly. The top and bottom walls are insulated
while the right and left walls are given at a constant hot and
cold temperature, respectively. Fig. 3(b) shows the comparison
of the averageNusselt number between our numerical result and
result of reference for various values of Raleigh number and
two different values of solid block’s number as 16 and 32 when
the solid to fluid thermal conductivity ratio is equal to 1. It is
observed that a good agreement between our numerical results
and reported results of Merrikh and Lage exist, which reveals
the employed method and physical model of the present study
are correct (Merrikh and Lage, 2005). As it was mentioned
before, a constant heat flux is applied onto the hot surface
and the aim is to investigate the effect of anisotropy directions
on temperature of the hot surface. To evaluate the tempera-
ture distribution of hot surface by using gradient porosity on
two parameters are defined in the presented study, which are
the variance of dimensionless temperature and the intensity of
maximum temperature and minimum temperature changes. The
variance of temperature change is to evaluate the dispersion de-
gree of temperature change of hot surface, while the intensities
of maximum and minimum temperature change are suggested
to determine the intensity of temperature change. The definition
of the first parameter is given,
The variance of the dimensionless temperature on the hot

surface is defined as:

Var(θ) =
1
n

n∑
i=1

(θi − θ̄)2 (10)

where θ and θ̄ are the dimensionless temperature and its
average on the hot surface, respectively. The dimensionless
temperature is given by:

θ =
T − Tmin

Tmax − Tmin
(11)

The second parameters (intensity of minimum and maximum
temperatures) are defined as:

Imax =
|Tmax − T̄|

T̄
(12)

Imin =
|Tmin − T̄|

T̄
(13)
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Fig. 2 The mesh independence and validation in this study, a: the comparison of the average temperature for the
right vertical surface of cavity by using five different number of elements, b: the comparison results of the
average Nusselt number between our numerical result and result of Merrikh and Lage (Merrikh and Lage,
2005) for two different values of the number of solid blocks

Tab. 3 The computational results for the five different number of elements

Parameter Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
The number of elements 47294 80834 185575 560864 918717
Tave (K) 1497.7 1525.3 1549.1 1558.8 1558.8

where the average dimensional temperature of the hot surface
is:

T̄ =
1
n

n∑
i=1

Ti (14)

Here, Tmax and Tmin are the maximum and minimum dimen-
sional temperatures of the hot surface, while T̄ is the average of
the dimensional temperature of the hot surface.

4 Results and discussion

The study is done for two kinds of anisotropy as one di-
rectional anisotropy which is the gradient porosity only in
one direction (such as porosity changes in x, y or z) and t-
wo directional anisotropies referring to change of porosity in
two directions (such as porosity changes in (x, y) or (y, z)
directions). The results of them are presented separately in this
section. Furthermore, two cases as natural convection and pure
conduction are investigated in this study. It must be mentioned
that there is no contact between the cubic blocks and the walls,
and a flow may exist not only between the blocks but also
between the blocks and wall. This issue can be seen from Fig.
3. The non-uniform temperature distribution of cavity can be
observed in the vertical direction, which indicates that air can
flow between the blocks as well as block and the walls when
the porosity is sufficiently large. The velocity vectors show the
direction of fluid flow. This allows us to observe both the effect
of buoyance and anisotropy on the hot surface.

4.1 The results of the gradient porosity in one
direction

Fig.4 shows the temperature distributions for the gradient
porosity of cavity under pure conduction when the applied heat
flux is 10000 W/m² on the hot surface (x = 16 mm). Positive
directionmeans the gradient porosity in the cavity changes from
the low porosity to the high porosity, while negative direction
indicates the gradient porosity in cavity varies from the high
porosity to the low porosity. Fig.4(a) illustrates the temperature
distribution of solid blocks for positive and negative gradients
in x, y and z directions. Temperature distribution on the hot
surface is shown in Fig.4(b).
As shown in Fig.4(a), a uniform temperature change exists

when the gradient porosity is only in x direction, due to the
absence of porosity variation in the y and z directions and
dominant conductive heat transfer with negligible fluid flow
against gravity. The uniformity of temperature in y and z di-
rections can also be seen from the blocks which are near the
hot surface (x = 16 mm). However, the situation is different
when the porosity changes in y or z directions. Based on the
direction of porosity change, there is an edge with maximum
temperature and the temperature decreases towards the opposite
corner almost linearly. Since the thermal conductivity of air is
low which causes heat does not flow into other directions, the
temperature rises near the edge occurs. In the other words, heat
transfer in the region with high porosity near the edge is weak.
Temperature distribution on the hot surface presented in

Fig.4(b) shows the thermal behavior clearly. With a gradient
porosity in the x-direction, an approximately uniform (or peri-
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Fig. 3 Observation of flow between the solid blocks as well as solid blocks and hot surface

odic) temperature distribution is observed. In contrast, gradient
porosity in the y or z directions result in edge-rise temperature
distributions. Despite a uniform heat flux applied to the surface,
a steep linear temperature gradient develops from one edge of
the hot surface to the opposite edge. The reasons for the linear
temperature change from one edge to opposite edge are the pure
heat conduction in the cavity as well as anisotropy gradients in
y or z directions.

Fig.5 shows the temperature distribution of solid blocks in the
cavity and on the hot surface under natural convection. Since the
effect of natural convection, the pattern of temperature on the
hot surface changes considerably. For positive gradient porosity
in x direction, the effect of natural convection near the hot
surface can be seen easily. There is a sufficient void near the hot
surface to have motion of fluid from bottom to top region due to
natural convection. Conversely, for negative gradient porosity
in x direction, there is no space near the hot surface and fluid
cannot move. On the other word, region near the hot surface
is not influenced by natural convection due to narrow interval
volume and that’s why a uniform temperature distribution is
seen on the hot surface. For the case of gradient porosity in y
direction, there are large free spaces on the region close to edges
(x = 16 mm and y = 16 mm edge for positive gradient porosity
change, and x = 16 mm and y = 0 edge for negative gradient
porosity change) and hot fluid can be accumulated in the top
corner due to natural convection. This fact can also be seen
from the temperature distribution on the hot surface on which
a heat flux is applied. The interesting result is the temperature
distribution for the cavity with gradient porosity in z direction.
The highest temperature is seen on the top and bottom edge
regions in which a large space for the motion of fluid exists.
The temperature for this case is similar to what obtained for the
cavity with pure conduction heat transfer.

Fig.6 shows the comparison of variance on the hot surface for
gradient porosity in each direction. Fig.6a presents the results of
pure conduction case, while Fig.6b gives the results of natural
convection case. As can be expected, the variances for the ±y
and ±z directions are the same and the values are equal to
0.105, reflecting identical temperature changes despite different
direction. For ±x directions, a different scenario presents itself.
For the gradient porosity in -x direction, a uniform temperature
is observed on the hot surface while a periodical temperature
distribution is observed for porous media with the gradient
porosity in +x direction due to the large free area around the hot
surface. This causes the variance of temperature at +x direction
becomes larger than -x direction as shown in Fig.6a, and the
values of the variance of temperature are 0.008 and 0.0005,
respectively. To observe the effect of natural convection on the
temperature distribution on the hot surface, Fig.6b is prepared.
Since the change is almost symmetry, the variances for ±y are
same. For ±z directions, the variances are not same, the heated
air can flow upward and increase the temperature of the blocks.
For +x direction, the hot air is accumulated on the top edge near
the hot surface. The temperature change on the hot surface is
small for –x direction, however a high value of variance is seen
since dimensionless temperature is considered to determine the
variance. Compared to the values of the variance for the cases
of the gradient porosity in y and z directions, the maximum
difference for the case of the gradient porosity in x direction
is 99.5%, which means the an almost uniform temperature
distribution exists on the hot surface.

To observe the effect of natural convection on the tempera-
ture distribution on the hot surface, Fig.6b is prepared. Since
the change is almost symmetry, the variances for ±y are same
and equal to 0.055, which indicates the natural convection has
the same effect on the hot surface. For the cases of the gradient
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Fig. 4 Temperature distribution for the case of pure heat conduction for gradient porosity in different direction, a:
temperature distribution of solid blocks, b: temperature distribution of hot surface

Fig. 5 Temperature distribution for cavity with natural convection for gradient porosity in different direction, a:
temperature distribution of solid blocks, b: temperature distribution on the hot surface

porosity in ±z directions, the heated air can flow upward and
increase the temperature of the solid blocks, while conduction
is dominated in the region of low porosity near the hot surface.
Hence, the temperature of low porosity region is lower than that
of high porosity region. For the cases of the gradient porosity in
+x direction, there is big difference between natural convection
and pure conduction cases. In the natural convection case, the
hot air is accumulated on the top edge near the hot surface. And
the temperature change on the hot surface is small for the case
in –x direction due to the low porosity near the hot surface.
Since dimensionless temperature is considered to determine the
variance, a high value of variance is seen and the value is close

to 0.08, which is 10 times greater than that of conduction case.
Similarly, the effect of natural convection decreases the region
of high temperature, which leads the values of variance reduce
by 50% compared to pure conduction cases of gradient porosity
in y direction.

As it was mentioned before, the variance is useful to deter-
mine the temperature change. To generalize the results in this
study, it is possible to use the variance based on the dimen-
sionless temperature. However, only variance does not provide
details about the magnitude of dimensional change, Therefore,
two parameters more are defined to describe the temperature
change on the hot surface mathematically. Those parameters are
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Fig. 6 The variance of dimensionless temperature on the hot surface for different one-dimensional gradient
porosity, a: conduction heat transfer, b: convection heat transfer

maximum and minimum temperature intensity defined by Eqs.
(12-13). Fig.7 shows the change of maximum and minimum
temperature intensity on the hot surface for different directions
of the gradient porosity and for the conduction and convection
cases. In Fig.7a and Fig.7b which are plotted for conduction
case, it is observed that the values of Imax and Imin are almost
zero for the cases of gradient porosity in ±x directions. The
variance is also small indicating that almost negligible temper-
ature change for the cavities with the gradient porosity in ±x
directions for conduction case.
And the values of Imax are near 33% greater than that of Imin

for the cases of gradient porosity in ±y and ±z directions, which
means the area of hot temperature region is also larger than that
of low temperature region.
Fig.7c and 7d illustrate the variations of Imax (maximum tem-

perature intensity) and Imin (minimum temperature intensity)
for different gradient porosity configurations, considering the
presence of natural convection in the cavity. Natural convection
exerts a notable influence on the heat transfer behavior in the
low-porosity region adjacent to the hot surface. Consequently,
for the gradient porosity in the +x direction, the values of
Imax and Imin increase to 0.34 and 0.22, respectively, compared
to the pure conduction cases. For gradient porosity in the ±y
directions, the relatively high Imax values indicate a significant
temperature rise, which is correlated with the average tem-
perature on the hot surface. As previously explained, due to
the symmetry of temperature distribution, Imax is identical for
both +y and −y gradient porosity configurations. The natural
convection effect contributes to the elevation of the hot region
temperature. Additionally, Imin for ±y directions is smaller than
Imax, implying that a steep high-temperature gradient exists in a
limited area of the hot surface, while low temperatures dominate
most of the hot surface.
Regarding gradient porosity in the ±z directions, Imax is

smaller than that in the±y directions, indicating an expansion of
the high-temperature area. This expansion is more pronounced
for the −z direction gradient porosity, where a wider region of

the hot surface exhibits high temperatures. For ±z configura-
tions, Imax and Imin are relatively close, suggesting that the areas
of high and low temperatures are spatially adjacent.
For the −x direction gradient porosity, both Imax and Imin

are extremely small, and the hot surface temperature is nearly
uniform.
It should be noted that variance is calculated using dimen-

sionless temperatures to facilitate comparisons between differ-
ent cases. However, variance alone cannot provide accurate
information about surface temperature characteristics. Only by
considering both temperature intensity (Imax, Imin) and variance
can a comprehensive and correct understanding of the surface
temperature distribution be obtained.

4.2 The results of the gradient porosity in two
directions

The temperatures of solid blocks in the cavity with two di-
rectional gradient porosity for pure conduction heat transfer are
shown in Fig.8a. As can be seen, the gradient porosity changes
in both directions of (−x,−y), (−x,−z), (−x, z), (x,−y), (x,−z),
(x, z) as well as (+z,−y) and (−z,−y). The temperature on the
hot surface for all these cavities are also shown in Fig.8b. It is
obvious that the temperature changes on the hot surface com-
pletely by changing gradient porosity in the different direction.
The temperature distribution on the hot surface with gradient
porosity in −x direction is similar to each other, although the
direction of temperature change is different. Similarly, the tem-
perature change of solid blocks for the gradient porosity in +x
direction is similar, and the highest temperature occurs on an
edge. Based on the direction of gradient porosity, the location of
edge varies. For the no gradient porosity in x direction ((+z,−y)
and (−z,−y)), the higher temperature occurs on the corner based
on the direction of gradient porosity. Generally, the temperature
of the hot surface that is near the high porosity region is also
higher, when the gradient porosity exists near the hot surface.
For the uniform porosity close to the hot surface, when there
is a steep gradient porosity in the heat transfer direction, the
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Fig. 7 The change of temperature intensity on the hot surface with porosity change direction, a-b: conduction
heat transfer, c-d: convection heat transfer

region temperature is higher near the hot surface. Based on
the temperature distributions, the heat transfer direction and
behavior can be adjusted by changing the directions of the
gradient porosity.
Fig.9 depicts the variations of variance, maximum tempera-

ture intensity (Imax), and minimum temperature intensity (Imin)
across different two-directional gradient porosity cases.
Regardless of the temperature magnitude, the minimum vari-

ance is observed for the gradient porosity configurations in the
(+z,−y) and (−z,−y) directions. It should be noted that the
variance of dimensionless temperatures alone cannot provide
a realistic reflection of the hot surface temperature changes;
therefore, Imax and Imin must also be considered for comprehen-
sive analysis.
The minimum Imax values are found in the configurations

with gradient porosity in the (−x,−z), (−x,+z), and (+z,−y)
directions. Voids are present on the back side of the cavity
(x = 0), and conduction heat transfer dominates the region
near the hot surface. Consequently, the temperature of the solid
blocks increases over almost the entire hot surface. Both Imin

and Imax are low and of nearly the same order of magnitude,
indicating that the hot surface temperature distribution is close
to uniform.
For the gradient porosity configurations in the (+x,−y),

(+x,−z), and (+x,+z) directions, Imax and Imin increase by
approximately the same amount, which implies a steeper tem-
perature gradient on the hot surface. In contrast, for the two con-
figurations (+z,−y) and (−z,−y), Imax increases significantly
while Imin remains nearly unchanged compared to the (+x,−y),
(+x,−z), and (+x,+z) cases. These Imax and Imin characteristics
correspond to a high temperature concentrated in a small region
of the hot surface, while the remaining areas maintain a low
temperature (as reflected by the small Imin value).
Regarding the variance, the largest difference ratio between

any two configurations is 52.4%, observed between the (−z,−y)
and (−x,−z) gradient porosity cases. For Imax and Imin, the
maximum difference ratios across different gradient porosity
configurations are 41.2% and 75%, respectively.
Fig.10 illustrates the temperature distributions of solid blocks

in the cavity and the hot surface for various gradient porosity
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Fig. 8 Temperature distribution for the case of pure heat conduction for gradient porosity in two directions, a:
temperature distribution of solid blocks, b: temperature distribution of hot surface

Fig. 9 The suggested parameters for specifying the change of temperature on the hot surface with gradient
porosity in two directions for conduction heat transfer case, a: variance of dimensionless temperature, b:
maximum temperature intensity, c: minimum temperature intensity



168 Wang CY, et al. GeoStorage, 2025, 1(2): 158-170

Fig. 10 Temperature distribution for the case of gradient porosity in two directions when natural convection
exists, a: temperature distribution of solid blocks, b: temperature distribution of hot surface

Fig. 11 The suggested parameters for specifying the change of temperature on the hot surface with gradient
porosity in two directions for cavity with convection heat transfer case, a: variance of dimensionless
temperature, b: maximum temperature intensity, c: minimum temperature intensity
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configurations under natural convection conditions. Specifical-
ly, Fig.10a presents the temperature distribution of solid blocks
for different gradient porosity cases, while Fig.10b shows the
corresponding hot surface temperature distribution.
In general, the temperature distribution characteristics shown

in Fig.10 (natural convection case) are similar to those in Fig.8
(pure conduction case). The primary difference lies in the tem-
perature variation along the z-direction, indicating that natural
convection exerts a significant influence on heat transfer in the
z-direction.
For example, in the configuration with gradient porosity in

the (+x,−y) direction, a higher temperature is observed at the
top corner of the solid blocks. This phenomenon is attributed to
the upward movement of hot air flow driven by natural con-
vection. However, for configurations where the low-porosity
region is adjacent to the hot surface (e.g., gradient porosity
in the (−x,−y) and (−x,−z) directions), the impact of natural
convection becomes negligible.
Fig.11 presents the variations of the variance of dimension-

less temperature, maximum temperature intensity (Imax), and
minimum temperature intensity (Imin) for the cavity under nat-
ural convection conditions.
For the same gradient porosity configurations (with different

directions), the variations of these parameters are very close to
those in the pure conduction case. Although slight numerical
changes can be observed, the overall variation trends remain
consistent. However, the most significant changes in variance
and Imax are found for the gradient porosity configuration in the
(−z,−y) direction. In this case, large voids are located at the
bottom corner of the cavity: as the air temperature rises, the hot
air ascends and distributes heat more extensively throughout the
cavity compared to pure conductive heat transfer. This explains
why the variance and Imax values are lower than those in the
pure conduction case.
Regarding the variance, the largest difference ratio between

any two gradient porosity configurations is 40.9%, observed
between the (z,−y) and (x,−z) directions. For Imax and Imin,
the maximum difference ratios across different configurations
are 92.3% and 83.3%, respectively. These results indicate that
natural convection plays a crucial role in regulating the heat
transfer behavior of the cavity.

5 Conclusions
In this study, the impact of anisotropy on the thermalmanage-

ment of a cavity containing an unconsolidated porous structure
is numerically investigated. The research is conducted for both
natural convection and pure conduction scenarios, with the
following objectives:

• Develop a solution method for evaluating the hot surface
temperature distribution by adjusting gradient porosity in
different directions;

• Investigate and compare the heat transfer mechanisms of
one-directional and two-directional gradient porosity;

• Compare and discuss three key parameters: variance of
dimensionless temperature, temperature intensity (Imax,
Imin), and the area ratio of temperature regions on the hot
surface.

For future work, the same investigation should be extended
to three-directional gradient porosity configurations. Addition-
ally, more critical parameters and their correlations for control-
ling temperature distribution need to be identified and analyzed.
Based on the obtained results and detailed discussions, the

following conclusions are drawn:
a) Generally, gradient porosity and its direction exert a sig-

nificant influence on the temperature distribution. Specif-
ically, the temperature in high-porosity regions is rel-
atively high, while low-porosity regions exhibit lower
temperatures. Furthermore, natural convection can en-
hance the non-uniformity of temperature distributions
for solid blocks and the hot surface in the case of one-
directional gradient porosity.

b) For one-directional gradient porosity configurations: al-
though the variance and temperature intensity values on
the hot surface are smaller for gradient porosity in the
x and −x directions, the area difference between low-
temperature and high-temperature regions is more pro-
nounced.

c) Compared with one-directional gradient porosity results,
natural convection plays a negligible role in the temper-
ature distributions of solid blocks and the hot surface,
except for the gradient porosity configurations involving
the x and −y directions.

d) For the same gradient porosity directions, the variation
trends of variance and temperature intensity on the hot
surface are consistent between natural convection and
pure conduction scenarios.
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