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ABSTRACT

We perform two-dimensional direct numerical simulations to study the effect of porous media on global transport properties and flow struc-
tures in Rayleigh–B�enard (RB) convection at different Prandtl numbers. The simulations are carried out in a square RB cell with uniformly
placed circular obstacles, where the porosity spans between / ¼ 1 and / ¼ 0:75 with the Rayleigh number Ra fixed at 108, at two high
Prandtl numbers ð10; 4:3Þ and two low Prandtl numbers ð0:03; 0:1Þ. It is found that the Nusselt number Nu varies non-monotonically with
decreasing porosity, first increased and then suppressed at both high-Pr and low-Pr cases, while the transition points are greatly advanced at
low Pr. Though the trends are similar at low and high Pr, we point out that the physical mechanisms behind them are different. At high Pr,
the porous media enhance the heat transfer by increasing the flow coherence at high porosity and inhibit the heat transfer by impeding the
passage of the plume in the bulk region at low porosity. However, at low Pr, the viscous effect is weakened and the heat transfer is mainly
through the large-scale circulation (LSC). As the porosity decreases, the LSC is enhanced and the flow is laminarized, inhibiting the shedding
of the plume from the boundary layer. Moreover, we further explore the flow structure under the random distribution of obstacles and find
some similarities in the evolution of the flow structure. The discovery of the new mechanism for porous media at low Pr advances the under-
standing of the effect of porous media on natural convection and may provide implications for industrial designs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157666

I. INTRODUCTION

Thermal convection is a ubiquitous phenomenon in nature
and industrial technology.1–4 Rayleigh–B�enard (RB) convection,
the buoyancy-driven flow of a fluid layer heated from below and
cooled from above, has been studied extensively as a paradigmatic
system for decades.5–10 Due to temperature difference, an uneven
density profile occurs in the RB cell, and the resulting buoyancy
drives the convection. In traditional RB convection, a large-scale
circulation (LSC) is formed, and thermal plumes transfer heat
from the bottom boundary layer to the top.5,11–14 The controlling
parameters governing the turbulent flow are the Rayleigh number
(measuring the buoyancy-driving strength) Ra and the Prandtl
number (fluid property) Pr, while the response parameters are the
Nusselt number (measuring the heat transfer efficiency) Nu and
the Reynolds number (measuring the flow strength) Re. The scal-
ing law between the response parameters and the controlling

parameters has been one of the central research issues and has
obtained the attention of many researchers.1,2,15–17

Additionally, other physical effects are introduced to modulate
the transport efficiency of RB convection, such as applying wall
shear,18,19 rough surfaces,20,21 geometrical confinement,22,23 and
horizontal vibration.24 One related problem of RB convection in a
fluid-saturated porous media has drawn increasing attention due to
numerous industrial applications, including carbon dioxide sequestra-
tion and geothermal energy extraction.25–27 In recent years, consider-
able progress has been made in theoretical, numerical, and
experimental work to investigate how porous media affect flow struc-
tures and heat transfer properties.28–32

In the presence of porous media, the flow structure appears
much more complicated. The flow in a porous media is subjected to
driving buoyancy force and viscous drag from the porous matrix,
quantified by the porosity /. The porous media can form some flow
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channels due to boundary restrictions, which may enhance the global
heat transport by increasing the coherence of the flow. In the numeri-
cal study, Liu et al.32 added circular, solid obstacles on a square lattice
and reported the non-monotonic behavior of Nuð/Þ. Under specific
porosity, the LSC is significantly restrained, and thermal plumes
through convective channels serve as primary heat carriers in the sys-
tem. As / decreases from 1, heat transport is enhanced by the highly
coherent thermal plumes, but eventually suppressed due to the weak-
ening of flow motion. Relevant experiments have also confirmed these
results.29 Similar competing effects are also observed by Chong et al.6

in confined RB convection, rotating RB convection, and double diffu-
sive convection. In all of these cases, optimal heat transport was
observed at moderate strength of stabilizing forces with Pr � 0:5.

In practical scenarios, fluids with different thermal properties are
applied, and varying Pr may lead to drastic changes in heat transport
processes. For instance, around room temperature of T ¼ 25 � C, the
Prandtl number is 6.90 for water, 0.72 for air, and 0.02 for mercury,33

with a change of more than two orders of magnitude. As a result, the
effect of Pr on the heat transport and flow structure in RB convection
has also been discussed over the last decade. Yang et al.7 found that
the heat transfer enhancement shows a maximum as a function of Pr
in rotating RB systems. Chong et al.23 analyzed how Pr influences
confinement-induced heat transport enhancement by modifying
global flow structures. It is reported that for small Pr, the large-scale
circulation is robust regardless of the width-to-height aspect of geo-
metrical confinement.

Regarding porous media RB convection, however, the Prandtl
number is usually fixed for simplification, and few investigations have
focused on the low-Pr heat transport process in porous media. As an
important controlling parameter, Pr represents the ratio between vis-
cous diffusivity and thermal diffusivity, affecting the resistance of the
porous media to the fluid. At low Pr, the flow structure of the porous
media RB convection may be quite different. Inspired by this, we per-
form a 2D pore-scaled direct numerical simulation with Pr ranging
from 0.03 to 10, and circular solid obstacles with no-slip boundary
conditions are included in an RB convection cell to model porous
structures. We focus on the heat transfer efficiency and the flow struc-
tures and aim to investigate the effect of Pr on the porous media RB
convection by comparing the high-Pr and low-Pr cases. Furthermore,
our study attempts to provide a deeper insight into the coupling mech-
anism of porous structures and heat transport properties and shed
light on applications in possible industrial scenarios.

The rest of the paper is organized as follows: In Sec. II, the gov-
erning equations, the numerical model, and the simulation parameters
are described in detail. In Sec. III, we present our main results, focusing
on the heat transfer properties, flow structures, and boundary layer
properties. In Sec. IV, we additionally discuss the influence of different
distributions of obstacles. The findings are summarized in Sec. V.

II. NUMERICAL MODEL

In this study, we set up a two-dimensional square RB cell of
length L, and the fluid inside is heated below and cooled above. To
explore the detailed flow through porous structures, we model the
porous media as shown in Fig. 1: Circular solid obstacles of diameter
D are placed uniformly on an N-by-N square lattice with spacing l.
The porosity / is defined as the volume fraction of the fluid phase,
and / ¼ 1 corresponds to the traditional RB convection with no

obstacle. In this system with an unity aspect ratio, we have
l ¼ ðL� NDÞ=ðN þ 1Þ and / ¼ 1� N2pD2=ð4L2Þ, where we
choose D ¼ 0:04L here.

The lower and upper plates satisfy isothermal conditions with the
temperature difference D, and the two side walls are set to adiabatic
conditions. The obstacles are set to be thermally conductive with the
same thermal properties as the fluid for simplification, which is based
on our previous findings that the heat transfer efficiency and the flow
structure of porous media RB system only weakly depend on the ther-
mal conductivity of the porous material.34 In addition, the no-slip and
no-penetration conditions are applied for all cell boundaries and
obstacle surfaces.

The dimensionless governing equations of the system with the
Oberbeck–Boussinesq approximation, for the non-dimensional quan-
tities including velocity u ¼ ðu; vÞ, temperature T, and pressure p,
read32

r � u ¼ 0;

@u
@t

þ u � ru ¼ �rpþ
ffiffiffiffiffiffi
Pr
Ra

r
r2uþ Tez þ f ;

@T
@t

þr � ðuTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Ra � Pr

r
r2T;

(1)

where ez is the unit vector in the vertical direction, and f is added as
the resistance force of the obstacle array. We use scaled quantities
including L for length, D for temperature, the free fall velocity U
¼ ffiffiffiffiffiffiffiffiffiffiffi

gbDL
p

for velocity, and L/U for time to non-dimensionalize the
equations, where g is the gravitational acceleration, and b is the coeffi-
cient of thermal expansion of the fluid.

For a fixed porous matrix, the two non-dimensional parameters,
including the Rayleigh number Ra ¼ gbDL3=ð�jÞ and the Prandtl
number Pr ¼ �=j, control the convection system, where � is the kine-
matic viscosity, and j is the thermal diffusivity of the fluid. The response
parameters include the Nusselt number Nu ¼ ffiffiffiffiffiffiffiffiffiffi

RaPr
p hvTix;t

�h@zTix;t and the Reynolds number Re ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
Ra=Pr

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hjuj2iV;t

q
, mea-

suring the global heat transfer efficiency and flow strength, respectively.
Here, h�ix;t denotes taking the average over a horizontal plane and time,
and h�iV ;t denotes taking the average over the two-dimensional space
and time. Note that we use the temperature gradients at the top and

FIG. 1. Schematic diagram of the 2D RB convection in porous media.
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bottom plates, i.e., z¼ 0 and z¼ 1, to obtain the Nu results, and this
method has been verified in the previous work.35

To solve the momentum equations for fluid–solid interactions,
we apply a direct-forcing immersed boundary method (IBM) in the
Euler–Lagrange framework.36,37 In each Runge–Kutta step, advancing
the momentum equations in time without considering the IBM force f
gives a prediction velocity, which is interpolated to the Lagrangian
grid using the moving-least squares approach.38,39 The force f is calcu-
lated using no-slip and no-penetration conditions on the surface of the
particles, which is then spread back to the Eulerian grid to update the
velocity and correct pressure distribution.

A volume of fluid (VoF) model is adopted to solve the energy
equation of both phases, and a phase indicator, n, is defined to quan-
tify the volume fraction of the solid phase. To distinguish the solid and
the fluid phase, a level-set function f is defined such that f < 0 inside
the solid obstacle and f > 0 outside the obstacle. The phase indicator
n can be determined using the following formula:40,41

n ¼

X4
n¼1

�fnH �fnð Þ

X4
n¼1

jfnj
; (2)

where fn are for four corner nodes, andH is the Heaviside step func-
tion. By using n, the velocity of the combined phase ucp can be
expressed as

ucp ¼ nup þ ð1� nÞuf ; (3)

where uf is the velocity in fluid, and up is the velocity in solid
obstacles, which satisfies up ¼ 0 obviously for fixed obstacles.

We computed the dynamic and thermal effects of flow in porous
media with two phases by coupling the IBM method with the VoF
method. To discretize the governing equations, a uniform Cartesian
grid is constructed, and the second-order central finite-difference
method is applied. Time stepping is achieved by a fractional-step
third-order Runge–Kutta scheme for the explicit terms and a Crank–
Nicholson scheme for the implicit terms.42 The grid resolution in this
study is chosen to be 1080� 1080 in order to fully resolve both the
boundary layers and the obstacles in the bulk area. For more details

including considerations of selecting grid resolutions, we refer the
readers to our previous work by Liu et al.,32 and for the numerical
schemes of the governing equations in depth, we refer the reader to
the constructive work by van der Poel et al.42

To investigate the effect of Pr on the heat transport process, we
select the Pr number to be 0.03 and 0.1, as opposed to large Pr¼ 4.3
and 10. Ra is fixed at 108 with reference to the parameters of the previ-
ous work,32 where the porous media enhance the heat transfer at high
Pr for a wide range of porosity, with the maximum around / ¼ 0:82.
The diameter of the obstacles remains constant at D¼ 0.04, but the
distribution of the obstacles changes with N from 0 (traditional RB) to
14, covering porosity / from 1 to 0.75 accordingly. Through simula-
tions over at least 1000 non-dimensional time units, the Nusselt and
Reynolds numbers are obtained after the system reaches a statistically
stationary state. To be more specific, the fluctuation level gNu is the rel-
ative difference of Nu based on the first and second halves of the simu-
lations. Generally, gNu < 2% is guaranteed, thus ensuring good
statistical convergence.35

III. RESULTS AND DISCUSSION
A. Heat transfer

As the most important response parameter in RB convection, the
heat transfer efficiency Nu is examined in detail at first. In Fig. 2(a),
the / dependence of Nu for different Pr values is shown. We can
observe an enhancement of Nu and a similar trend of first increasing
and then decreasing for different Pr. Note that the results of Pr¼ 4.3
case are in agreement with the previous literature.32

If we normalize the Nu curves with respect to the traditional RB
case, we can see more clearly the effect of Pr on the trend of heat trans-
port. As shown in Fig. 2(b), within the parameter range studied, the
normalized Nuð/Þ=Nuð1Þ curves exhibit two different trends: For
large Pr ¼ 4:3; 10, Nu first increases and then decreases with decreas-
ing /, and it is expected to be smaller than Nuð/ ¼ 1Þ when / is
below 0.7 according to the previous work.32 The optimal heat trans-
port enhancement of 6.7% is observed when / ¼ 0:82 at Pr¼ 4.3.
Meanwhile, for small Pr ¼ 0:03; 0:1, Nu also shows notable enhance-
ment of around 6% with an advanced transition point and an earlier
suppression. During the growth phase, the curves of the low Pr remain
consistent with the curves of the high Pr; however, the heat transfer at
low Pr is suppressed earlier and more drastically.

FIG. 2. (a) Variations of Nu with / for Pr ¼ 0:03; 0:1; 4:3, and 10. (b) Normalized Nuð/Þ=Nuð/ ¼ 1Þ with respect to traditional RB case for different Pr. (c) Semi-log plot of
normalized NuðPrÞ=Nu0 for different porosities, where Nu0 is obtained at Pr¼ 4.3. The error bars represent statistical errors gNu.
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We then plot normalized Nu vs Pr given a certain porosity, using
Nu0 ¼ NuðPr ¼ 4:3Þ as a baseline. As shown in Fig. 2(c), Nu shows
an overall trend of increase with Pr. The Pr dependence of heat trans-
port can be classified as two regimes as follows: For large Pr¼ 10 cases,
Nu curves under different porosity are closed to the traditional RB
case and exhibit weak dependence on /; however, for small Pr, Nu
curves of low porosity begin to deviate from others. For example, com-
paring the porosity of 0.87 and 0.75, the relative difference of
Nuð/Þ=Nu0 is only 1.4% at Pr¼ 10, while the difference reaches 30%
at Pr¼ 0.1. Since Nu varies widely under different porosity, indicating
that in low-Pr cases, the effect of porosity on the global heat transport
is more significant. This is similar to the numerical research on
confinement-induced RB convection, where the Pr dependence of Nu
under different aspect ratios varies considerably. Here, the different
trends can be classified as two regimes: Pr � 0:5, for which Nu
increases with decreasing C, and Pr ¼ 0:1; 0:2, for which no signifi-
cant Nu enhancement is seen.23 Such a classification according to
high- and low-Pr is in line with the trends we obtained, so it is of great
importance to explore in detail the transition of our system subject to
Pr variation.

In general, we find both similarities and differences in the heat
transport trends for the low- and high-Pr cases. In Liu’s work at
Pr¼ 4.3, the mechanism of this non-monotonic trend is explained as
a combination of flow coherence enhancement and flow obstruction
by viscosity.32 As Pr decreases, the viscous effect decreases as well.
According to this explanation, heat transfer should be less inhibited,

which is contrary to our findings. Therefore, at low Pr, it is probable
that the new mechanism inhibits heat transfer. In order to figure it
out, we will further analyze the flow structures, coherent structures,
and boundary layers in Secs. III B–IIID, attempting to investigate in
detail the effect of Pr variation on RB convection in porous media.

B. Flow structure

To explain why the porous media significantly impact heat trans-
fer in the low-Pr case, we further investigate the flow structures under
different Pr values. Figure 3 shows the instantaneous snapshots of
non-dimensional temperature, velocity magnitude, and local vertical
heat flux fields at Pr¼ 0.1 and Pr¼ 4.3, while / ¼ 0:92. Note that the
range scales of temperature and velocity magnitude fields are set to be
different for Pr¼ 0.1 and Pr¼ 4.3. The local vertical heat flux is
defined as v � dT at each point, where dT ¼ T � Tm is the tempera-
ture fluctuation, with respect to the mean temperature Tm ¼ 1=2;
given the Pr difference, we compensate the heat flux as

ffiffiffiffiffiffiffiffiffiffi
RaPr

p
v � dT

to characterize heat transfer intensity better so that the integral of ver-
tical heat flux along any horizontal plane gives the Nusselt number at
that moment.

As we know, in the traditional 2D RB convection with / ¼ 1, the
typical flow structure consists of a well-organized large-scale circula-
tion and two counter-rotating corner rolls. The LSC structure has also
been found inside a cubic RB cell with a tendency to align along the
diagonal planes.13 In our case with porous structures at Pr¼ 0.1, as

FIG. 3. Typical snapshots of the instantaneous temperature T in (a) and (d), the velocity magnitude juj in (b) and (e) and the compensated vertical convective heat fluxffiffiffiffiffiffiffiffiffiffi
RaPr

p
v � dT in (c) and (f) at Ra ¼ 108;/ ¼ 0:87, Pr¼ 0.1 for (a)–(c) and Pr¼ 4.3 for (d)–(f). Dotted circles in (a) and (d) indicate that the temperature in the obstacles is

well defined, while white circles in other subplots indicate that the velocity inside the obstacles is zero.
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shown in Figs. 3(a) and 3(b), the temperature field snapshot exhibits a
similar LSC structure with plumes near the sidewalls and a bulk of
nearly no plume. Due to the geometric confinement of the obstacle
array, the flow circulates through the convective channels in a regular
way, and the velocity is close to zero in the center area. It can also be
seen from Fig. 3(c) that the strong vertical heat flux mainly occurs in
the channels near the two sidewalls.

At Pr¼ 4.3, from Fig. 3(d), we can see that the hot plumes are
detached from the bottom boundary layer, rise through the flow chan-
nel in the bulk area, and mix with the downward cold plumes to trans-
fer heat. Moreover, in Fig. 3(e), the flow strength is reduced
significantly, with upward convective channels formed in the bulk area
instead of the circulation structure. As opposed to local heat flux near
sidewalls, the coherent structures are formed between the obstacles
and distributed throughout the system, as illustrated in Fig. 3(f).

In the traditional RB convection, the effect of Prandtl number on
the flow structures has been discussed.43,44 At low Pr, it is reported
that plume emission from the plate regions is likely to be inhibited due
to large wind shear.44 Therefore, the plumes move to the right, merge
together subject to LSC, and move upward along the sidewall to finally
reach the top plate. In high-Pr cases, however, as the viscous effect
increases, the large-scale flow strength reduces significantly; instead,
the rising plumes play a more critical role.43 Similarly, in our system,
in the presence of the porous matrix, the difference between the flow
structures at high and low Pr is more obvious; the increase in Pr also
leads to the dominance of thermal plumes rather than large-scale cir-
culation in terms of global heat transport.

We further examined the Reynolds number to characterize the
convection strength of the flow field. The log–log plot in Fig. 4(a)
shows a decreasing trend of Re for different Pr values with a scaling
law close to Re � Pr�5=6 from the Grossman–Lohse (GL) theory for
boundary layer dominated systems.1 From the normalized
Reð/Þ=Reð/ ¼ 1Þ for different Pr in Fig. 4(b), we can see that the flow
strength reduces monotonically with decreasing porosity, which is
caused by the increasing resistance exerted by obstacles. To be more
specific, the inclusion of porous media (with respect to the traditional

RB) leads to more significant flow weakening compared to a further
decrease in porosity. For instance, in the Pr¼ 0.1 case, from / ¼ 1 to
/ ¼ 0:95, Re decreases by 67.4%; when the porosity further decreases
from 0.95 to 0.75, Re only continues to decrease by 17.6% of Re of
/ ¼ 1. Though the volume averaged flow strength decreases signifi-
cantly, the heat transfer efficiency can even increase, which is consis-
tent with previous findings that the slower flow might transfer more
heat under certain stabilizing conditions.6

C. Coherent structure

Manipulating coherent structures in turbulent flows is a newly
discovered way to regulate heat transport properties.45 In this study,
the array of solid obstacles, namely, porous structures, serve as a geo-
metric modification and a stabilizing effect, thus forming and affecting
the coherent structures in the thermal convection system. In Fig. 5, we
demonstrate the local coherence property by plotting the joint proba-
bility density functions (PDFs) on the middle horizontal plane z¼ 0.5,
between the vertical velocity v and the temperature fluctuation dT.
Moreover, to measure the flow coherence quantitatively, we consider
the cross correlation C of v and dT and calculate its value as

C ¼ hðv � hvix;tÞðdT � hdTix;tÞix;tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hv2ix;t � hvi2x;t

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hdT2ix;t � hdTi2x;t

q : (4)

The values of C¼ 1 and C¼ –1 correspond to perfect correlations and
anti-correlations, respectively, and C¼ 0 corresponds to no
correlation.

As we can see in Fig. 5, the local temperature fluctuation and ver-
tical velocity are generally distributed in the lower left and upper right
regions, showing an overall positive correlation. This is because hot
fluid tends to move upward due to buoyancy, and vice versa.
Moreover, we can obtain more information about flow coherence by
comparing the trends of PDFs and the cross correlation values. By
comparing the upper and lower subplots under the same porosity, we
can observe that for Pr¼ 0.1 case, both the range of velocity

FIG. 4. (a) Log–log plot of Re(Pr) under different porosity / ¼ 1; 0:92; 0:87; 0:82; 0:75. For reference, the dashed line represents the GL scaling law Re � Pr�5=6. (b)
Normalized Reð/Þ=Reð/ ¼ 1Þ with respect to traditional RB case at Pr ¼ 0:03; 0:1; 4:3, and 10.
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fluctuation and the temperature fluctuation level are much larger than
those for the case of Pr¼ 4.3. Note that the horizontal axis scales of
the two rows are set to be different. Considering the flow structure
analysis in Sec. III B, we suggest that plumes in low-Pr cases merge
into the large-scale circulation and form an even stronger thermal
plume structure near sidewalls, featuring a higher velocity and a more
considerable temperature difference.

Additionally, by comparing three subplots along the row at
the same Pr, it can be seen that with decreasing /, the velocity fluc-
tuation exhibits a drastic reduction from the traditional RB case to
porous RB case, which is caused by the obstruction from the obsta-
cle array. Overall, as for the cross correlation coefficient between
the vertical velocity and temperature, there is a leap between the
traditional RB case (/ ¼ 1) and the case with porous structures,
and the correlation further increases gradually with decreasing /.
The leap stage corresponds to the enhancement of Nu. This proves
that increasing the number of obstacles (especially the inclusion of
obstacles for the first time) can regulate the flow structure and
increase the coherence of the flow and then enhance the heat trans-
fer further.

However, the analysis of local bulk properties here cannot fully
explain the trend of global heat transport. In general, we would assume
a positive correlation between the heat transfer efficiency and flow
coherence. As can be seen in Figs. 2(a) and 5, in the case of Pr¼ 0.1,
we obtain Nu¼ 24.8 and Cðv; dTÞ ¼ 0:64 under / ¼ 0:92, while
Nu¼ 20.3 and Cðv; dTÞ ¼ 0:72 under / ¼ 0:82, which shows an
increase in coherence and yet a non-trivial reduction in the global heat
transport. This counter-intuitive phenomenon can be further
explained through the following analysis of the thermal boundary
layer.

D. Thermal boundary layer

In our parameter space, the RB convection is dominated by the
boundary layer, both for viscous dissipation and thermal dissipation.
Therefore, the properties of the boundary layers are extremely impor-
tant for the heat transfer of the system.1,5,46 Here, to investigate the
development of thermal boundary layer in detail, we use the slope
method to give the thickness dthðxÞ along the x-direction.46–48 To be
more specific, for every x¼ x0, dthðx0Þ is obtained from the slope of
the time-averaged temperature profile hTðx0; zÞit near the bottom
plate and then locating the intersection point between the linear fitting
line and minimum temperature hTminðx0Þit along the z-direction
within z¼ 0 to z¼ 1/2, namely, the bottom half of the cell. Due to the
symmetry of the system, the boundary layer near the top plate behaves
similarly; therefore, we only analyze the bottom thermal boundary
layer.

Meanwhile, as for the viscous boundary layer, due to the presence
of the obstacle array with the no-slip surface, the time-averaged veloc-
ity profile is close to a parabola through the bottom channel (gap
between bottom plate z¼ 0 and the bottom row of obstacles z¼ l). In
this situation, performing the slope method46 or standard deviation
method48 to give the viscous boundary layer thickness is no longer
practical. Thus, we mainly focus on the analysis of thermal boundary
layer thickness in this section.

In Fig. 6, the thermal boundary layer thickness profiles dthðxÞ at
Pr¼ 0.1 and 4.3 under different porosity are shown. For Pr¼ 0.1 in
Fig. 6(a), the boundary layer is flat in the middle and only slightly dif-
ferent near both sidewalls. When porosity decreases to 0.82, we
observe a sloping development of thermal boundary layer. The ther-
mal boundary layer thickness dthðxÞ increases with x, which shares
similarity with the Prandtl–Blasius-type kinetic and thermal boundary

FIG. 5. The joint PDFs of the vertical velocity v and the temperature fluctuation dT on the horizontal plane z¼ 0.5 at Pr¼ 0.1 and 4.3, under the porosity of / ¼ 1; 0:92;
0:82. Corresponding values of the cross correlation Cðv; dTÞ are labeled at the top of each subplot.
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layer as reported.49 Furthermore, when the porosity decreases to 0.75,
the upward-sloping trend becomes even more significant, which can
be seen clearly in the stacked plot. When we overlap the boundary
layers under different porosities, we find that on the left side, the
boundary layer thickness is almost the same; with the fluid flowing to
the right, the boundary layer thickens faster the smaller the porosity.
This means that the heat transfer is suppressed mainly at the end of
the wind shear. However, at Pr¼ 4.3, the boundary layer thickness
exhibits weak x dependence, and the boundary layer profiles are nearly
the same for all porosity, flat in the middle and slightly warped near
sidewalls, as shown in Fig. 6(b).

To further investigate the mechanism under boundary layer
development, we now examine the snapshots of instantaneous temper-
ature field T in the corresponding cases, as shown in Fig. 7. For
Pr¼ 4.3 cases in Figs. 7(d)–7(f), we observe similar plume structures
penetrating the porous media in the bulk region, as reported by Liu
et al.32 Under smaller porosity, as the resistance becomes greater and
the turbulent mixing effect is weakened, the plumes further penetrate
deep in the bulk area and form vertical convective channels through
obstacles in Fig. 7(f).

From Figs. 7(a)–7(c) at low-Pr, as porosity decreases, the temper-
ature fluctuation in the bulk area becomes weaker. Moreover, unlike
high-Pr cases, the LSC structure persists under all porosity explored,
and no convective channel through the bulk area is observed. This
phenomenon is similar to previous findings that for confinement-
induced RB systems, the LSC structure at low-Pr is robust against the
geometrical confinement, namely, different aspect ratios of the convec-
tion cell.23 In Fig. 7(c), when / ¼ 0:75, a regular LSC is observed with
no apparent plume structures. In this case, all turbulent fluctuations
disappear. A similar phenomenon is also found in partitioned RB con-
vection systems, where many adiabatic boards are vertically inserted
into the RB cell.22

Through the analysis of the thermal boundary layer, we can find
that at low-Pr, the strong horizontal wind shear in the bottom channel
suppresses the emission of upward plumes and buries the heat within
the LSC through the journey. Accordingly, more heat is stored, and
the thermal boundary layer gets thicker with increasing x, as can be
seen in Fig. 6(a). This also helps to explain the significant reduction in
the global heat transport in Fig. 2(b), since the thicker thermal bound-
ary layer has a smaller temperature gradient and thus inhibits heat
transfer in the case of low porosity. Therefore, we speculate that the
mechanism of heat transfer suppression at low-Pr is different from
the suppression at high-Pr: It is because the strong LSC wind inhibits
the plume from rising and mixing in the middle part; thus, a large
amount of heat is carried to the right side, causing the boundary layer
to thicken.

To further confirm our interpretation, we check the strength of
the LSC and the turbulent fluctuations in the bottom channel at low-
Pr. We choose to examine the flow properties in the bottom channel,
where 0 < z < l, because the flow at low-Pr is mainly concentrated in
the peripheral region [see Fig. 3(b)]. As shown in Fig. 8, we plotted
mean kinetic energy and the proportion of turbulent kinetic energy of
the flow in the bottom channel. The mean kinetic energy Ek and the
mean turbulent kinetic energy E

0
k in the channel are defined as follows:

Ek ¼ 1
2l

�ð l
0
juj2dz

�
t

; E
0
k ¼

1
2l

�ð l
0
ju0j2dz

�
t

; (5)

where u0 ¼ u� huit is the velocity fluctuation at each point.
Although the global convection strength decreases monotonically

with decreasing / [see Fig. 4(b)], we can see from Fig. 8(a) that there
is no significant reduction in the kinetic energy in the bottom channel.
For example, the mean kinetic energy of / ¼ 0:75 is generally larger
than the kinetic energy of / ¼ 0:82, which means that as the porosity

FIG. 6. Thermal boundary layer thickness profile dthðxÞ under / ¼ 1; 0:92; 0:82, and 0.75 at (a) Pr¼ 0.1 and (b) Pr¼ 4.3. Circles represent the obstacle configuration in
each subplot. Stacked plot of boundary layer profile under different porosities is shown in the bottom row, where the dashed lines represent the height of obstacles under differ-
ent porosities.
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decreases, the wind strength can be even strengthened at low porosity.
The stronger wind shear suppresses the plumes and heat transfer
more. The curves of Ek exhibit fluctuations due to the inclusion of
solid obstacles, and the fluctuations get more frequent under smaller
porosity given more obstacles.

Given that the relative difference of mean kinetic energy is insig-
nificant under different porosities, we can examine the proportion of

the turbulent kinetic energy on the mean kinetic energy to check the
flow fluctuations. As shown in Fig. 8(b), the proportion of turbulent
kinetic energy reduces with decreasing /, which means that the fluctu-
ation strength decreases, the flow is stabilized gradually as the porosity
decreases, and the flow channel becomes narrower. Once the porosity
decreases to / ¼ 0:75, the flow even becomes laminar. [Since the tur-
bulent kinetic energy is all zero, this curve is not plotted in Fig. 8(b).]

FIG. 7. Snapshots of the instantaneous temperature T under / ¼ 1; 0:92, and 0.75, at Pr¼ 0.1 in (a)–(c) and Pr¼ 4.3 in (d)–(f).

FIG. 8. (a) Mean kinetic energy in the bottom channel at Pr¼ 0.1 under porosity / ¼ 0:92; 0:87; 0:82, and 0.75. (b) The ratio of turbulent kinetic energy to mean kinetic
energy in the bottom channel at Pr¼ 0.1 under porosity / ¼ 0:92; 0:87, and 0.82.
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Moreover, the turbulent kinetic energy decreases as fluid flows forward
in the flow channel for each porosity, indicating that the turbulence
becomes weaker along the flow direction. This reveals the stabilizing
effect of the porous media on the flow at low Pr: not weakening the
flow intensity, but weakening the flow fluctuations.

These findings confirm the hypothesis we made in our analysis
of the thermal boundary layer. At high-Pr, plumes rise at random time
intervals and from random locations of the hot plate [see Figs. 7(d)–7(f)],
and thus, the average over time gives a boundary layer profile with weak
x dependence [see Fig. 6(b)]. Therefore, no sloping trend of boundary
layer profile can be seen. However, in the low-Pr cases under small
porosity, at / � 0:82, strong LSC suppresses fluctuations and plume
detachment, leading to the thickening boundary layer profile due to heat
accumulation close to the end of the horizontal wind.

IV. RANDOM DISTRIBUTION

In the discussion above, we focused on the square lattice arrange-
ment of obstacles as shown in Fig. 1. In this section, we further analyze
how different obstacle arrangements influence the heat transport and
flow structure and investigate the robustness of our results with respect
to the obstacle configuration.

We construct the porous structures by randomly placing the cir-
cular obstacles with diameter D ¼ 0:04L in the cell, with the condition
that the minimum distance between any two obstacles or between any
obstacle and the wall satisfies lmin � 0:01L for full resolution of pore
scale.32 The number of obstacles is selected to be the same as the corre-
sponding regular obstacle arrays. The simulations are also performed
at Pr¼ 0.1 and 4.3.

In Fig. 9(a), the / dependence of normalized Nu at low- and
high-Pr is shown. The results of the cases with the square lattice distri-
bution are shown in dashed lines for reference. A similar non-
monotonic trend is observed at Pr¼ 4.3, with an enhancement of
4.8% relative to the traditional RB case, which is close to results with
the square lattice distribution. However, Nu enhancement is absent at
Pr¼ 0.1 in random distribution cases for large porosity. Meanwhile,

under random distribution of obstacles, heat transfer is suppressed
more drastically, both for high-Pr and low-Pr. The reason behind this
may be the irregularity of the channel formed by the randomly distrib-
uted obstacles that both rising plumes and LSC are impeded. As for
the flow strength, in Fig. 9(b), we observe consistent trends, where Re
reduces monotonically with decreasing /. Also, resembling Fig. 4(a),
the incorporation of a few porous structures leads to a drastic decrease
in the flow strength.

The flow structure is also investigated in detail for random obsta-
cle distribution cases. Figure 10 shows the instantaneous snapshots of
temperature and the velocity magnitude at Pr¼ 0.1 under different
porosities. From Figs. 9(a) and 9(d), we can still see a typical LSC
structure similar to Fig. 7(b). As the porosity decreases, due to the
impedance from randomly distributed obstacles, the LSC may not
stick near the bottom plate when it sweeps horizontally, and densely
distributed obstacles can cause diversion and form a more irregular
LSC, as illustrated in Figs. 10(b) and 10(c). Due to the limitations of
this randomly distributed geometry, it may be difficult for the LSC to
flow through the corner [like the lower right corner in Fig. 10(e)],
which leads to a thickening of the thermal boundary layer here and
further decreases the heat transfer efficiency. This may also be the rea-
son why the randomly distributed heat transfer is more strongly sup-
pressed at low-Pr, as the large-scale circulation is partially detached
from the bottom plate.

Furthermore, as the porosity decreases to 0.75, the thermal
boundary layer profile in Fig. 10(c) is similar to that in Fig. 7(c) under
the same porosity, though the flow is not laminar. We can see that the
horizontal wind shear sweeps across the bottom plate and passes
through several randomly located obstacles, generating multiple wake
flows and exchanging heat with obstacles, which may have a non-
trivial local effect on the thermal boundary layer development.
Although the random distribution of obstacles has an effect on the
boundary layer, since the strong LSC still exists, the overall flow struc-
tures are still similar to the regular distribution of obstacles.

FIG. 9. Normalized Nuð/Þ=Nuð/ ¼ 1Þ in (a) and Reð/Þ=Reð/ ¼ 1Þ in (b) with respect to traditional RB case at Pr¼ 0.1 and 4.3 with random distribution of obstacles.
Dashed lines show the case with square lattice distribution for reference. Note that legends are shown in subplot (b). The error bars in the figure represent statistical errors
gNu.
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For Pr¼ 4.3 case, our simulation results are consistent with pre-
vious findings32 that the plume motion through the random distribu-
tion of obstacles is less organized than those in the square lattice
distribution. The curved convection channels are formed instead of
straight ones in order to adapt to randomly placed obstacles, leading
to a slight reduction in the heat transport efficiency. As a comparison,
the LSC structure in low-Pr convection is significantly impeded and
fragmented by the inclusion of obstacles, leading to a considerable
reduction in Nu. This may contribute to explaining the absence of Nu
enhancement in Fig. 9(a), as well as to confirm our findings that the
robustness of LSC at low Pr and its dominance in heat transport.

V. CONCLUSION

We have studied the heat transport and flow structure in low-Pr
porous-media RB convection using two-dimensional direct numerical
simulations with the porous structures modeled by a set of no-slip cir-
cular solid obstacles located on a square lattice. Through the analysis
of Nu vs / at different Pr, we find that at low Pr numbers, the global
heat transport behaves non-monotonically as the number of obstacles
increases, which is consistent with previous observations of non-
monotonic Nu under different stabilization effects at high Pr num-
ber.6,32 However, we surprisingly observe earlier suppression of Nu
enhancement under large porosity, indicating that the effect of poros-
ity on the global heat transport is more significant in low-Pr cases.
Different heat transport properties at low- and high-Pr are also found
in numerical research regarding RB convection under geometrical
confinement.

To investigate the mechanism behind this, we perform further
in-depth analysis. Through the instantaneous temperature, velocity

magnitude, and local heat flux snapshots, we figure out that the LSC
structure is dominant in the global heat transport at low Pr. As a com-
parison, the dominance of thermal plumes and convective channels
through bulk is reported at high Pr.32 Furthermore, by the joint proba-
bility density functions between vertical velocity v and the temperature
fluctuation dT on the middle horizontal plane, we find that porous
matrix can regulate the flow structure and increase the flow coherence
indeed, with a similar enhancement to the cross correlation coefficient
for low Pr and high Pr. This means that the ability of porous media to
increase coherence has more to do with the modification of geometry
of the system than with viscous effects. The interval of the rapid
increase in cross correlation coefficient coincides with the interval of
heat transfer enhancement, indicating that the heat transfer enhance-
ment at high and low Pr numbers has the same mechanism.

Furthermore, we investigate the thermal boundary layer at low Pr
and observe an upward-sloping profile dthðxÞ under low porosity. It is
found that the emission of upward plumes is suppressed by the strong
horizontal wind shear. For the bottom channel where there is flow
shearing the thermal boundary layer, the flow strength is even
strengthened as the porosity decreases. Meanwhile, the velocity fluctu-
ations are suppressed not only with the fluid flowing forward but also
with the porosity decreasing. This reveals the stabilizing effect of the
porous media on the flow at low Pr: not weakening the flow intensity,
but weakening the flow fluctuations.

Therefore, we believe that the dominant effects of porous media
on the RB convection are different at low Pr and high Pr. At low Pr,
the non-monotonic behavior of Nuð/Þ is mainly subject to two com-
peting effects: The increase in flow coherence in the presence of porous
media enhances heat transport, while strong horizontal wind-shear

FIG. 10. Snapshots of the instantaneous temperature T in (a)–(c) and the velocity magnitude juj in (d)–(f) at Pr¼ 0.1 under / ¼ 0:92; 0:82, and 0.75. Dotted circles in the
temperature field and white circles in the velocity field indicate the randomly placed obstacles.
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and flow laminarization both contribute to the thickening of thermal
boundary layer. By contrast, at high-Pr, the non-monotonic trend of
Nu is subject to two competing effects of enhanced flow coherence
and increasing resistance as porosity decreases.

We also analyze how different obstacle arrangements influence
the flow structure. Similar trends of global transport properties are
obtained except for the absence of heat transport enhancement at low
Pr. This is because the random distribution of obstacles makes the
flow less organized and reduces the coherence of the flow. More
importantly, we further confirmed that the flow structures in porous
media are robust to different obstacle distributions: At low Pr, the LSC
dominates the global heat transport, while at high Pr, the thermal
plumes dominate. At low Pr, the LSC is still dominated but difficult to
completely shear the boundary layer, which is the reason for the signif-
icant decrease in heat transfer.

In this study, we mainly focus on the effect of Pr on RB convection
in porous media and observe a similar trend of heat transport with a dif-
ferent mechanism, which may provide valuable insight for some indus-
trial scenarios, such as the design of heat exchangers, geothermal energy
utilization, and CO2 sequestration.30 Our future work may extend the
parameter space of the system and construct a 3D case to bring out
even richer phenomena. Also, it will be of interest to investigate thermal
convection systems with different stabilizing effects, such as wall shear,
rotation, or vibration. Through this, we expect to obtain a more compre-
hensive understanding of Pr dependence in turbulent flows. Moreover,
we intend to conduct experiments to compare with numerical simula-
tion results, providing implications for both fundamental research and
industrial design regarding thermal convection systems.
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