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Abstract. In this paper, a three-dimensional mathematical model of microchannel heat sink slot jet partially filled with porous
media coupled heat transfer is constructed with the local thermal non-equilibrium (LTNE) model and the Darcy-Forchheimer model,
taking into account the buoyancy effect and the conjugate heat transfer boundary conditions. Copper foam metal is employed as
the porous medium substrate and SIMPLE algorithm is used to solve the mathematical model. The coupled effects of porosity (),
Reynolds number (Re) and thickness of the porous region (h) on the flow and temperature fields are comprehensively evaluated.
The numerical results show that for all the cases, the temperature distribution of the fluid and porous medium is not consistent,
and the temperature of porous medium is lower in the region perpendicular to the jet inlet due to the stagnation point effect. As
the porosity increases from 0.35 to 0.50, the total average Nusselt number on the upper surface decreases from 46.85 to 13.12, while
the total average Nusselt number at the interface increases from 2.13 to 2.98. High speed fluids are more prone to deflection after
impacting porous media, and the faster the flow velocity inside the square cavity, the easier it is to form a high-speed channel in
the middle. The formation of high-speed channel to drive the lower part of the square cavity flow rate, the vortex becomes more
flatter and longer, convection heat transfer effect is enhanced. Meanwhile, as the thickness of the porous layer increases, the heat
of the porous medium can be easily transferred to the fluid, resulting in an increase in the overall temperature of the square cavity
and a larger temperature gradient on the upper surface. The results may provide design ideas for microchannel heat sinks for
electronic components.

Keywords: High heat flow density, Conjugate heat transfer, Slot jet microchannel heat sink, Partially filled with porous media,
Standing point effect.

1. Introduction

With the advancement of micro- and nanofabrication technology, high performance chips are becoming increasingly integrated
and compact [1], playing a significant role in a range of fields, including communications, energy, the environment, and aerospace
[2-4]. In accordance with the technology roadmap of electronics manufacturing [5], the mean heat flux of electronic components in
2020 has reached 500 W/cm?, and this value will increase in the hotspot area. Local hotspots can lead to overheating and large
temperature gradients (e.g., 5 K-30 K), which leads to a sharp reduction in the signal-to-noise ratio and a rapid deterioration in chip
performance and reliability [6]. Furthermore, research has demonstrated that an increase of 10°K in the temperature of a chip
results in a twofold increase in the failure rate of electronic devices, with 55% of the failures caused by excessively high operating
temperatures [7]. As current demand for more powerful chips in smaller packages grows, electronic components must operate
within a reasonable temperature range to ensure the reliability, safety and performance of electronic devices [8]. However,
traditional chip thermal management solutions can no longer meet current demands, and issues such as microchip integration
and high dissipation rates remain to be addressed. Consequently, there is a pressing need for the development of advanced thermal
management techniques to improve heat dissipation efficiency and provide conditions for the normal operation of electronic
components.

Since the microchannel heat sinks (MCHS) was first proposed by Tuckerman and Pease in 1981, it has received widespread
attention due to its strong compactness, good temperature uniformity and adaptability [9]. Over the years, there has been a great
deal of research into the improvement of the heat transfer performance of original microchannel models. For example, by modifying
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the microchannel structure and increasing the fluid disturbance within the microchannel to improve the convective heat transfer
efficiency, the heat transfer performance of MCHS has been significantly improved [10-12]. Other common methods used to improve
thermal and hydrodynamic performance of microchannel are summarized by Xie et al. [13], Sidik et al. [14] and Dixit and Ghosh
[15]. These include (1) modification of microchannel structure and aspect ratio, (2) use of different shapes of microchannels and
fins, (3) jet impingement, and (4) filling of the porous medium, as detailed in the following.

To improve the heat transfer efficiency and hydrodynamic performance of the heatsink, researchers investigated MCHS with
different channel sizes and aspect ratios. Mudhafar and Xu [16] experimentally investigated the fluid flow and heat transfer
characteristics on uncoated and microporous straight heat exchangers for high-power electronic devices, and showed that uncoated
heat exchangers with 2 mm and 5 mm runner depths had the lowest thermal resistance at 30.6 W/cm? and 53.5 W/cm? heat fluxes,
with 0.041°C/W and 0.027°C/W. Naphon et al. [17] experimentally investigated the effect of different MCHS aspect ratios on heat
transfer and pressure drop under constant heat flux conditions and found that the average heatsink temperature was lower at
higher channel heights due to the increased surface area and surface roughness. Furthermore, some researches about the
traditional MCHS model proposed a manifold microchannel heat sink concept (MMC) [18], which was based on the original
microchannel fluid "one-in-one". This resulted in a transition from an "in-out" flow mode to a "multiple-in-multiple-out" mode,
which not only shortened the flow distance of the fluid in microchannel and reduced the overall pressure drop of the system, but
also combines the advantages of shock jet. This further strengthened the heat transfer by intensifying the disturbance of the fluid
[19].

An additional method of improving the heat transfer performance of microchannels is the modification of the configuration of
the fins or the microchannels themselves [20]. Chai et al. [21] introduced staggered rectangular fins in microchannels to study the
flow characteristics with different flow regimes and stronger perturbations in microchannels. A total of five distinct fin shapes were
designed, including rectangular, isosceles triangular, rear triangular, front triangular and semi-circular. The objective was to impede
the formation of a boundary layer within microchannels and enhance the efficiency of heat transfer. The simulation results
demonstrated that the thermal performance of the microchannel heat sink with forward-facing triangular ribs was optimal at
Reynolds numbers below 350. At Reynolds numbers exceeding 400, the semicircular ribs exhibited the most efficient heat transfer
characteristics [22, 23]. Zhuang et al. [24] numerically investigated the heat sink flow and heat transfer characteristics of composite
honeycomb microchannels for phase change materials, and the results showed that the design of honeycomb inflow structure and
the thermal management characteristics of PCM phase change cooling resulted in better temperature uniformity and cooling
performance. For two-phase flow heat transfer under certain conditions, Sempertegui-Tapia and Ribatski [25] and Zheng et al. [26]
concluded that both triangular and circular microchannels had good heat transfer performance under high heat flux conditions,
while circular microchannels were more suitable for low heat flux applications.

However, the above studies mainly focus on refining microchannel/fin dimensions and optimizing structures. While these
approaches can enhance fluid perturbation and heat transfer, they cannot fundamentally solve the drawbacks of the traditional
microchannels such as uneven flow distribution, large pressure gradient along the flow direction, and temperature inhomogeneity.
To overcome these problems, researchers proposed microchannel cooling combined with jet impingement [27-30]. Compared with
microchannel cooling, jet impingement disturbs the boundary layer more sufficiently due to the presence of the stagnation point
effect and produces better local heat transfer performance, especially for hotspots [28, 31]. Peng et al. [28] designed a multi-jet
microchannel (MJMC) heat sink where the coolant was ejected in the direction normal to the heated surface thereby replacing the
inlet and outlet flow, and it was found that the MJMC with a higher number of nozzles, wider outlet, and a smaller fin width to
channel width ratio had better cooling performance. Zhang et al. [32] investigated the effect of microchannel shape on
microchannels and slot jets and found that with the same flow rate, circular microchannels combined with jet mode had the largest
pressure drop, while trapezoidal channels had the best cooling performance, and the cooling advantage of trapezoidal channels
increased as the incident flow rate increased. Shen et al. [33] investigated topology-optimized microchannel heat sinks integrated
with impingement jets. Both simulation and experimental results showed that among the six test samples with Reynolds numbers
ranging from 55.28 to 497.52, the model with the coolant inlet set on the same side of the microchannel and containing horizontal
and inclined fins performed the best in terms of heat transfer efficiency.

Jet impingement improves heat transfer performance in local areas, but the pressure drop loss due to the impact is large and
the overall improvement in heat transfer efficiency is not significant. To address this issue, some researchers proposed the use of
metallic porous media to improve the effective thermal conductivity and increase the convective heat transfer area to improve the
heat transfer performance within the microchannels [34, 35]. For the study of heat transfer properties of metallic porous media,
Zhang and Huang et al. [36-38] investigated the melting heat transfer and energy storage properties of foam-metal composites using
Darcy-Forchheimer and local thermal non-equilibrium models. In order to study the heat transfer performance of porous media,
Bernardo et al. [34] analyzed the heat transfer characteristics of fully filled porous media in microchannels with slot jet by
considering the buoyancy effect and using a local thermal non-equilibrium model. The findings indicated that porous media near
the surface of heat source exhibited a markedly enhanced heat transfer effect, with higher thermal conductivity resulting in
superior heat transfer performance within the porous media [34, 39]. Fully filled porous media significantly improves heat transfer
but results in a greater pressure drop, which can be effectively improved by partially filled porous media. Hwang [40] and Dérea et
al. [41] investigated the heat transfer characteristics of slot jets with partially filled porous media. Their findings revealed that
partially filling the channel with porous media could modulate the flow field and heat transfer performance in the channel, while
the average Nusselt number increased with the increase of Reynolds number. In addition, Cicek and Baytas [42] investigated the
impact heating of nanofluid jets on a cooled surface with constant heat flux and observed that the local temperature variation
increased along the upper wall with increasing Reynolds number, Darcy number and Grashof number. Kashkuli et al. [43]
investigated numerically the impact of a liquid jet through a porous metal foam filled cooling channel. The results indicated the
advantage of utilizing copper foam with 0.86 porosity and circular jet impingement.

In summary, the partially filled porous media microchannel jet cooling method not only strengthens the perturbation inside
the microchannel and improves the heat transfer efficiency, but also combines the advantages of porous media heat transfer while
reducing the pressure drop, which is a promising cooling method. However, most of the previous studies on microchannel porous
media with slot jets used two-dimensional numerical simulation, and the studies on three-dimensional partially filled porous
media with slot jets were not enough. Meanwhile, previous studies have not sufficiently discussed the conjugate heat transfer
conditions and lacked a systematic description of the flow and heat transfer characteristics at the interface between the porous
medium and the free-flow region. Therefore, in this paper, a three-dimensional mathematical model for flow and heat transfer of
a microchannel heat sink slot jet partially filled with porous media is constructed. The finite volume method is employed to
construct the model, and the SIMPLE algorithm is used to solve it. This heat sink could be applied to the thermal management of
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electronic components, taking into account the buoyancy effect and the conjugate heat transfer boundary conditions, and
combining the local thermal non-equilibrium (LTNE) model and the Darcy-Forchheimer model to explain the heat transfer and flow
characteristics within the microchannel partially filled porous media. On this formation, the coupled effects of porosity, Reynolds
number and thickness of the porous region on the flow and temperature fields are comprehensively evaluated. The results of this
study may provide a theoretical and practical basis for solving the flow and heat transfer problems of porous media in microchannel
heat dissipation.

2. Mathematical Model

2.1. Problem description

Figure 1(a) shows a physical model of a microchannel heat sink slot jet partially filled with porous media. The cavity can be
considered as a section of the jet in the microchannel. In this case, copper foam metal is used as the porous medium substrate,
which is loaded with constant high heat flux in the upper surface, and non-porous medium region and slot jets are presented in
the lower part of the porous medium. The specific dimensions of the square cavities were dimensionless. The length, width and
height of the cavity are n x 2n x n (x x y x z), and the upper part of the cavity is filled with a porous copper foam medium with a
thickness of h, where the PPI (pores per inch) of the copper foam is 10. The lower part of the cavity is a free-flowing non-porous
media region. A slot jet inlet (length: n, width: 0.1n) is placed on the lower surface of the cavity, and cooling water are vertically
ejected from the slot at a uniform velocity of w,, and a uniform temperature of T _, while the upper surface of the cavity is loaded
with continuous high heat flux (500 W/cm?). To simplify the calculation, the left surface of the cavity is the symmetric boundary,
the right surface is fully developed free-flow outlet and the other surfaces remain adiabatic. The relevant physical parameters of
the copper foam and cooling water are given in Tablel. The complete microchannel heat sink structure, specific dimensions, and
application scenarios are shown in Fig. 1(b).

To establish the mathematical model, some assumptions are clarified as follows:

(1) Cooling water is considered as incompressible fluid. The change in density of cooling water follows the Boussinesq
assumption when buoyancy effects are considered [39]. Since the temperature change is not drastic, it is assumed that the
thermophysical properties of the fluid and the copper foam porous medium are constant.

(2) The flow in microchannels is single-phase, fully developed, and stably laminar. Copper foam porous media are regarded as
continuous and isotropic [44], and the Darcy-Forchheimer model is employed in the momentum conservation equation to
elucidate the flow and seepage characteristics in porous media.

(3) The LTNE model is employed to elucidate the phenomenon of heat transfer between a fluid and a porous medium, while
neglecting the influence of radiative heat transfer and viscous heat dissipation.
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Fig. 1. (a) Schematic diagram of microchannel square cavity structure (dimensionless), (b) The complete microchannel heat sink structure and
application scenarios.

Table 1. Thermophysical properties of cooling water and copper.

Properties Water Copper
Density (kg/m?®) 1000 8920
Specific heat capacity (J/kg.K) 4186 380
Thermal conductivity (W/m.K)  0.58 401
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2.2. Governing equations

Based on the above assumptions, a mathematical model of microchannel partially filled porous media slot jet coupled heat tra
nsfer is established. The governing equations are as follows [45, 46]:
Continuity equation:

B(pfu) Q(pfv) B(pfw)_
8x+8y+827' @

Momentum equations:

prlou  10(uu) 10(vu)  10(wu) ap , p(du , d’u  du p, PC
L B = = __Yr mIH i B ol N ,
ot T Tox ey e oz ox clox oy o) Mk TyRYH TV WM @)
pglov  10(uv) 10(vv) 10(wv) p  pdv  9%v , dv p, PC 7
0 B = = __ Y97  mIY AL NN sl | ,
ot ek T ey T: ooz ay el Toy o) Nk TR TV TV @)
prlow  10(uw) 10(vw) 10(ww) ap | p[o’w | O’w  w w, PC 7
Lo B = = =P, L DY L | 3). g(T, —T.),
ot e Tox ey T oz oz Tl "oy oz ) Nkt R YTV w(o8);9(T; - T.) 4)
Energy equations, for cooling water:
oT oT T, JT, 0°T, 0°T, O°T,
f f f fl_ f f f
g(pcp)fﬁﬂpcp)f[ugw % +w§]fg(kfe “)[axz + 5 + 5,7 +Ahgay (T, - T;), (5)
For copper foam:
T, 0’T,  O°T,  O°T,
(175)0}%)5 at el ok T ay* +W]fhsfasf (Ts*Tf)' (6)

where u, v, and w represent the velocity components in x, y, and z directions, respectively, t is the time, p is the pressure, and g is
the gravitational acceleration. T;, T,, and T, represent the fluid temperature, the copper foam porous medium temperature, and
the external ambient temperature, respectively. p;, p,, ¢, ¢, and §; indicate cooling water density, copper foam density, cooling
water specific heat capacity and copper foam specific heat capacity and thermal cooling water expansion coefficient, respectively.
A and ¢ are the porous region control parameters and porosity, determined by the following equations [42]:

0, in the clearregion 1, in the clear region 7
= . ., €= . ..
1, in the porous region e, in the porous region 7)

The third term on the right side of Egs. (2)-(4) is the Darcy-Forchheimer expression [47], which describes the non-Darcy and
inertial effects in copper foam porous media. Where K and C are the permeability and inertia coefficients, respectively, given by
[48]:

e? 2

k= 36x(x—1) A @

d -1.63
C=0.00212(1—¢) " [df

14

©)

Here, x, d,, dp, df and w are the bending coefficient, characteristic length, pore diameter, fibre diameter and PPI of the copper
foam, respectively, which value determined by the following equation:

X:2+2C05%+m’ (10)
= (;fpx ; (1)
d,—118d,[* ", (12)

o %&)(m) _ (13)

The fourth term on the right-hand side of Eq. (4) represents the buoyancy source term, which follows the Boussinesq assumption:

p=p.[148,(T-T,)- (14)
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The local thermal non-equilibrium model of Egs. (5)-(6) is used to explain the heat transfer effect between the porous medium
and the cooling fluid, because copper foam is a high thermal conductivity metal, so the determination of the effective thermal
conductivity kg is particularly important. In this paper, the cellular model of porous foam metal established by Boomsma and
Poulikakos [49] is used to obtain k.. For porous media at the microscopic pore scale, intermixed percolation of fluids within them
leads to enhanced heat transfer. Its enhancement effect can be determined using the heat diffusion model created by Georgiadis
and Catton's [50] for k, given by:

1
ky = ,
 J2(R, +R; +R. +Ry) (15)
4o
R, = )
AT 2e? tro(1-e)k, +[4-2¢" —7o(1-e)[k, (16)
(e— 2(7)2
Ry = )
* (e—20)e’k, +[2e — 40— (e —20)e’ [k, (7)
R — V2 —2e
¢ V2ro%k, + (2 - ﬁwaz)kf ' (18)
2e
Rp="F—""5
D %k, + (4 — ez)kf (19)
kfe = keff |k5:0’ (20)
ke = ko |kf—0! (21)

0.36 St
ktd:Eprfdf u' +vt +w’. (22)

where ki, k,, and k, are the thermal conductivity of cooling water, the effective thermal conductivity of cooling water, and the
effective thermal conductivity of copper foam, respectively. ¢ and e are dimensionless constants denoted as:

\/5[27¥e3725

m, e=0.339.

o=

In the second term on the right-hand side of the local thermal non-equilibrium equation of Egs. (5)-(6), hy and a; are
interfacial convective heat transfer coefficient and the interfacial surface area, respectively [46, 51]. They represent the heat transfer
effect and heat transfer area between the fluid-solid. In this paper, the smooth cylindrical model of copper foam porous medium
established by Zhukauskas [52] is used to determine them, one has:

k
0.76Re%*Pr®¥ d—f,l <Re< 40
f

k
hy =1 0.52Re**Pr"” d—f,4o <Re<10® (23)
f

k
0.26Re®*pr®¥ d—f,103 <Re<2x10°

3md,
asf = dz (24)
p
The dimensionless variables are described below [42]:

XeX y Y g Z p P ylM oy Yoy W

d, d, d, PsWi, Wi, Wi, Wi,
T, —T _ k., +k

Re dek: T=t m, Hf: ! x, s*TS Tx:é.:&: Y= fe+ td:
vg N AT AT ; k,,
2 3
_ hya.d, AT — — d,Aq,, Da — K pr_t _ gd, ;AT
) ’ 2 ) 2 .
kfe kfe dk Qg Vg

where w,, is the velocity in the z-direction at the jet inlet (indicating a vertical jet), and AT is the temperature increment, which
is related to the density of the heat flux. o; = (k, +ky)/ p;c; and oy =k, / p,c, indicate the effective diffusivity of the cooling water
and the copper foam, respectively. Based on the above dimensionless variables, Egs. (1)-(6) have the following dimensionless form:
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where Re, Da, Pr, Gr are Reynolds number, Darcy number, Prandtl number and Grashof number, respectively. ¢ is the ratio of the
effective diffusivity rate of the cooling water and copper foam. g, is the heat flux density. H indicates the strength of the
convective heat transfer capacity, which is related to the interfacial convective heat transfer coefficient, the interfacial surface area
and the effective thermal conductivity of the water.

2.3. Conjugate heat transfer boundary conditions

In this study, the upper surface of the cavity is subjected to a continuous high heat flux density. It can be observed from Eq. (31)
that the heat flow into the fluid and the copper foam is related to the porosity, which is expressed as follows [53]:

oT, JT,
Qw :7€kfeaizfi(17€)kse§’ Ts :Tf :Twall' (31)

Additionally, the approach of partially filling porous media is adopted to address the issue of heat transfer enhancement
between microchannels, which inevitably contains the interface between porous and non-porous regions. As the dual-energy
equations are solved separately, ensuring a suitable match between the temperature and heat flux at this interface is of paramount
importance.

At the interface between the porous and non-porous regions, the equations for the heat flux g, in the pure fluid region, the
heat flux q,,,,,; in the fluid within the porous region and the heat flux g, in the copper foam within the porous region are
given by Costa et al. [54] and Mattos et al. [55]:

aT,
f
A puial, :[* fg] ) (32)
+
JoT
qpumus,f = [7]2‘&587;] ) (33)
JoT
qporous,s = 7kse (1 - 6)87; . (34)

where the subscript + and subscript - represent the relevant parameters of the fluid/porous region, respectively.

The dual energy equations are solved individually, requiring that the flow and temperature fields of the fluid meet specific
smoothness conditions, despite the fact that the material properties at the interface are not continuous [56]. Accordingly, the
following compatibility conditions are implemented to guarantee that the calculated values are physically meaningful [57]:

Tﬂmd . Tporous o (35)
€Qguia|, = Aporous,f| » (36)
(1- E)qﬂmd = Qporous,s| (37)
The temperature and heat flux expressions can be collated from Egs. (32)-(37) [58]:
Thaa|. = Tyorous| = [Ty +(1—¢)T, L ) (38)
[—kf% ) = —kﬁ;% —k, (1- s)%lzf ] (39)

In accordance with the aforementioned equations and dimensionless factors, the dimensionless boundary conditions presented
in this study are as follows:
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Initial and boundary conditions:

7=0, U=V=W=0, 6,=0,=0. (40)

When 7 >0, at upper surface (heat source):

0y =0, =06,y U=0, V=0,, W=0, (41)
00
afiwwl—aléﬂzl. (42)
oz v 0Z
At the jet inlet:
b;=6,=0, U=V=0 W=W, =1 (43)
At bottom surface (except jet inlet):
a0
—L-0, U=V=W=0. (44)
0z

At symmetry surface:

2 09, U 0z

T 0% _0U_9Z_y_ (45)
oY 9Y 09Y oY
At outlet:
00
9 06, _0U _oV_oW _ . (46)
oY 9Y 9Y oY oY
At the front and rear surfaces:
00; o9
f S
— = =0, U=V=W=0. 47
0X X (47)
At the interface between porous and non-porous regions:
Uﬂuid " = Upowus,f 0 Vﬂuid . = Vporous,f 0 Wﬂuid . = porous, f|_? (48)
eﬂuid n = aparous = [66f + (1 - 6)as]powus B (49)
00 00 a0
—k,—L| =|-kpe—L -k, (1—e)—2L| .
[ oz ]+ € 57 w(1-¢) oz (50)

2.4. Data reduction
The velocity magnitude is defined as follows:

Upy =~U2 + V2 + W2, (51)

where U, represents the velocity magnitude and U, V and W represent the dimensionless velocities in the X, Y, and Z axis
directions, respectively.

The calculation of the Nusselt number is related to h;, the convective heat transfer coefficient hﬂ at upper surface of square
cavity is defined by the following equation: v

p— _qw — f—
hﬂw = ﬁ: T, =T; = Tyar- (52)

w 0

Consequently, the expressions for the local Nusselt number at the upper surface of square cavity are obtained as:

h, d
flop R 1
Nu, = —%— =~ 53
Mup kfe 0 ( )

wall

Similarly, the convective heat transfer coefficient hy — and the local Nusselt number Nu,,,, at the interface of the square
. . middle
cavity are obtained:

_ k. (0T, / 9y)

h )
ﬂmuidle Tf — ’]"OQ (54)
hy d, k&, 80
fl k fe f
Nuygqe = 53— =7""75- (55)
k f k r 0Z
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The average Nusselt number is defined as follows:

1
Nu, = S Nu,dxay, (56)
1
Nuiqqe = A f f N, 40.dXdY. (57)

3. Numerical Method and Verification

In this study, the finite volume method is used to solve the governing equations and the SIMPLE (Semi-Implicit Method for
Pressure Linked Equations) algorithm is used to solve the staggered grid for the 3D flow field. In the staggered grid, the velocity
components are stored at the centre of the grid and the scalars such as pressure and temperature are stored at the midpoint of the
perpendicular plane normal to the centre of the grid. The numerical solution is terminated if the steady-state condition satisfies
the following criterion:

m m-1
Z q)i,j,k - q)i,j,k ‘

> cb{‘"j,k\

<107, (58)

where m indicates the current iteration step, (i, j, k) the grid point, ® the dependent variable (U, V, W, §; and ¢,). More details about
the numerical algorithm can be found in Zhuang et al. [59].

In order to ensure the accuracy of the results, the grid-independent and time-independent solutions are verified. As shown in
Fig. 2, the validation analyses were carried out for the number of grids (71824, 77452, 84525) and time steps (1.1x10*, 1.0x10*,
9.0x10°°). It can be seen that the variation of Nusselt number with Y-axis distance is very close at different grid quantities (Fig.
2(a)) and different time steps (Fig. 2(b)). Therefore, to ensure computational accuracy and cost, the simulations in this study were
carried out using a grid number of 77452 and a time step of 1.0x 10"

In order to ensure the accuracy of the simulation, the results of flow field with varied porous layer thickness were compared
with the numerical results of Dérea [41] under the same working conditions (Re =750, Da =8.28x10?, and ¢ = 0.9), as shown in
Fig. 2(c) and Fig. 2(d), the flow field (streamline diagram) and temperature change curve obtained from the current simulation is
basically consistent with the literature. Among them, the maximum relative error of the temperature in the y-direction is only 1.5%.

4. Results and Discussion

In current study, Prandtl number is fixed at Pr =7, and Grashof number is fixed at Gr = 10*. On this basis, the coupled effects
of porosity (¢), Reynolds number (Re) and porous region thickness (h) on the flow and temperature fields were comprehensively
evaluated.

4.1. Effects of porosity

The first section explores the effect of the change in porosity on the flow and heat transfer inside the square cavity. The three-
dimensional distributions of flow and temperature field with Re=200 and h=n/2 is shown in Fig. 3 and the flow and
temperature field distributions in two different cross sections are shown in Figs. 4 and 5.
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Fig. 2. (a) Grid-independent solutions, (b) Time-independent solutions, (c) Comparison of flow field between Dérea’s [41] and the current results,
(d) Comparison of temperature change curve between Dérea’s [41] and the current results.
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Fig. 3. Effect of porosity on (a) three-dimensional temperature distributions of the fluid, (b) three-dimensional temperature distributions of porous
medium and (c) three-dimensional streamlines for Re = 200 and h = n/2.
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Fig. 4. Effect of porosity on (a) temperature distributions of the fluid, (b) temperature distributions of porous medium, (c) velocity distributions of the
fluid and (d) streamlines for Re = 200 and h = n/2 at z-y observation section.

Figures 3(a) and 3(b) show the three-dimensional temperature distributions of the fluid and the porous medium, respectively. It
can be observed in the temperature distribution plots of Figs. 3(a) and 3(b) that the temperature of the square cavity increases with
increasing porosity and the temperature gradient becomes larger. The phenomenon can be attributed to the increase in porosity
results in more through holes in the porous medium and a decrease in copper foam skeleton, which leads to a reduction in the
effective thermal conductivity of the porous medium. At the same time in the upper surface of the square cavity loaded with a
constant heat flux density, the reduction of the copper foam makes the action of the heat flux density of the fluid increases, and
the fluid thermal conductivity is lower, so that the top of the heat cannot be transferred in a timely manner. In Fig. 3(a), it can be
clearly seen that the fluid temperature is lower in the region perpendicular to the jet inlet, while the fluid temperature gradually
increases along the y-axis (outlet) in the influence of the continuous heat flow on the upper surface. That is due to the stagnation
point effect, the disruption of the temperature boundary layer is more pronounced in the region of jet impingement, which is able
to produce a better localised heat transfer performance. Porosity does not strongly affect the flow behaviour of the fluid, as shown
in the flow diagram of Fig. 3(c) and noted by Graminho and de Lemos [60].
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Fig. 5. Effect of porosity on (a) temperature distributions of the fluid, (b) velocity distributions of the fluid, and (c) streamlines for Re = 200
and h = n/2 at x-y observation section (interface).

In order to further investigate the flow and heat transfer characteristics on the porous media slot jet of microchannel, z-y and
x-y observation sections inside the square cavity are selected. Figure 4 shows the temperature and flow fields at the z-y observation
section inside the square cavity, and the same conclusions as in Fig. 3 can be observed in Figs. 4(a) and 4(b). The temperature
difference between the fluid and solid regions of the porous medium is large and as the porosity increases, the temperature of the
square cavity increases and the temperature gradient becomes larger. Differently, comparing Figs. 3(a) and 4(a), it can be seen that
inside the square cavity, the temperature field of the observation section shows more low-temperature regions, especially in the
region above the jet inlet. This is because that, in the inner region, the fluid is less affected by the stationary walls and the speed of
vertical jet gets faster, so that more cooling medium can enter the upper part of the porous medium, the stagnation point effect is
enhanced and the fluid-solid heat transfer is more efficient. Figures 4(c) and 4(d) show the flow field and streamlines at z-y
observation section. As shown in Fig. 4(c), the increase in porosity makes the porous medium have more through holes, the fluid
percolates sufficiently through the porous medium, the flow velocity increases, and the flow field presents fewer low velocity
regions. In Fig. 4(d), it can be seen that the effect of porosity on the strength of the main vortex is less obvious, and the magnitude
of the vortex increases slightly with the increase of porosity, meanwhile, the larger the porosity is, the more obvious the tendency
of the streamline descends. The reason for these phenomena is that smaller porosity makes the fluid flow restricted, the vortex is
not fully developed, and the streamlines show an upward trend under the combined effect of buoyancy and jet.

The conjugate heat transfer interface between the porous medium and the free-flow region is also the focus of this study, and
Fig. 5 demonstrates the temperature and flow fields of the fluid at the interface. As seen in Fig. 5(a), overall fluid temperature
increases along the y-axis under the influence of the slot jet and the density of the heat flow. Simultaneously, at the interface, the
cooling medium is obstructed by the porous medium to form a vortex, and the vortex perturbation strengthens the heat exchange,
which results in the formation of a conical low-temperature region from the jet. It is worth mentioning that in this simulation, the
walls in the x-direction are set to be adiabatic and stationary, so the flow field at the interface shows a conical low-temperature
region and low fluid temperature in the middle and high temperature at the wall. Figures 5(b) and 5(c) show the temperature field
and streamlines at the interfaces, and in Fig. 5(b), it can be seen that the increase in porosity results in a sufficient fluid flow, and
therefore the flow rate of the fluid at the exit of the higher porosity case is higher compared to the lower porosity case. As shown
in the streamlines in Fig. 5(c), the change in porosity does not drastically influence the fluid flow, but only the streamlines become
denser at the outlet due to the velocity field.

Next, Nusselt number and velocity magnitude are introduced to quantitatively analyze the heat transfer and flow characteristics
inside the square cavity. In order to investigate the variation of the local Nusselt number and the local velocity magnitude inside
the three-dimensional square cavity, areal and area2 shown in schematic diagram of Fig. 6 were selected.

Figure 6(a) provides a combined analysis of the average Nusselt number for both surfaces. As the porosity increases from 0.35
to 0.50, the average Nusselt number on the upper surface decreases from 46.85 to 13.12, while the average Nusselt number at the
interface increases from 2.13 to 2.98, and the average Nusselt number on the two surfaces shows an opposite trend. The upper
surface directly contacts heat loading and the fluid velocity is lower on the top region, which causes that the heat transfer effect is
mainly influenced by heat conduction. At higher porosity, the copper foam decreases, the heat flow directly acting on the fluid with
lower thermal conductivity increases, and the effective thermal conductivity of the upper surface gets smaller, which results that
the average Nusselt number decreases. However, at the interface, where the velocity of cooling medium is higher and the main
vortex is fully developed, thus convective heat transfer dominates. At higher porosity, the reduction of copper foam allows more
space for the fluid flowing, the main vortex becomes larger and convective heat transfer is enhanced, resulting in the average
Nusselt number is elevated.
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Fig. 6. Effect of porosity on (a) variation in average Nusselt number, (b) variation of velocity magnitude with Y-axis at interface, (c) variation of local
Nusselt number with Y-axis at upper surface and (d) variation of local Nusselt number with Y-axis at interface for Re = 200 and h = n/2.
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Fig. 7. Effect of porosity on (a) temperature distributions of the fluid, (b) velocity distributions of the fluid, (c) variation of fluid temperature with Z-
axis and (d) variation of velocity magnitude with Z-axis for Re = 200 and h = n/2 at z-x observation section.

Figure 6(b) demonstrates the variation trend of the interfacial velocity magnitude along the Y-axis for different porosities. For
all cases, there is an overall decreasing trend in the velocity magnitude along the Y-axis, and for the ¢ =0.50 and ¢ =0.45 cases,
there is an increase in the velocity close to the outlet, which corresponds to the trend of the velocity contours shown in Fig. 5(b). It
is worth noting that the two intersection points (Y = 0.21 and Y = 0.75) in the curve of Fig. 6(b) correspond exactly to the length of
the main vortex, which indicates that the disturbance of the vortex has a significant effect on the flow velocity of the fluid at the
interface. As the porosity increases, the vortex size increases slightly and the disturbance of the main vortex enhances the flow
velocity in the tail of the vortex, resulting in increase in velocity near the outlet. As shown in Fig. 6(c), as previously analysed, the
upper surface Nusselt number decreases with increasing porosity. However, due to the stagnation point effect, the jet fluid gradually
decelerates after contacting the porous medium and percolates through the porous medium, eventually coming to a standstill at
the upper wall surface. Stagnation point effect strengthens the disturbance to the thermal boundary layer, and thus the local
Nusselt number of the upper surface reaches a peak in the region of Y = 0.6 (which corresponds to the region of higher flow velocity
above the porous medium). Figure 6(d) shows the variation curve of the local Nusselt number at the interface with the Y-axis, in
which the local Nusselt number at the interface reaches the peak in the region of Y = 0.13. In this region, the jet directly impacts
the porous medium and the flow rate is fast, which enhances the convective heat transfer; and then as the flow rate decreases, the
local Nusselt number also decreases to the vortex generation region (Y = 0.42) and fluctuates. It can be seen from the streamline
diagram that the streamlines in the region of Y = 0.42 are denser, and the vortex perturbation enhances the convective heat transfer,
which improves the local Nusselt number.
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In order to analyse the flow and heat transfer characteristics inside the square cavity perpendicular to the Y-axis, a z-x
observation section inside the square cavity is selected for analytical study. Figures 7(a) and 7(b) show the fluid temperature and
velocity fields inside the square cavity perpendicular to the Y-axis (Y = 1) observation section. Figures 7(c) and 7(d) show the variation
curves of the temperature and velocity magnitude of area 3 shown in schematic diagram of Fig. 7 along the Z-axis. Combining Fig.
7(a) with Fig. 7(c), similar conclusions to Fig. 3(a) can be observed: the fluid temperature and temperature gradient in the upper part
of the square cavity increase with increasing porosity. Differently, Fig. 7(a) clearly demonstrates the presence of low-temperature
channels in the region of free fluid flow, and the size of the low-temperature channels decreases with the increase of porosity. As
shown in Fig. 7(b) and Fig. 7(d), the jet fluid is deflected by the combined action of the porous medium and the upper wall surface,
and the velocity peaks at the upper part of the square cavity (Z = 0.8). It is worth pointing out that in Fig. 7(b), it is observed that
there are more high-speed regions in the upper part of the square cavity with higher porosity (yellow part in the contours), while
the regions with fast flow velocity in the lower part of the square cavity are reduced. That is because as the porosity decreases, the
porous medium enhances the obstruction effect on the fluid. This leads to the phenomenon of high flow rate in the lower part of
the square cavity with low porosity and high flow rate in the upper part of the square cavity with high porosity. It is more obvious
in the flow field and the graphs for ¢ = 0.35.

4.2. Effects of Reynolds number

The second section explores the effect of Reynolds number on the flow and heat transfer inside the square cavity with same ¢
and h (¢ =0.40 and h =n/2). The flow and temperature field distributions in three dimensions is shown in Fig. 8 and the flow and
temperature field distributions in two observation sections are shown in Fig. 9 and Fig. 10.

Figures 8(a) and 8(b) demonstrate the three-dimensional temperature distributions of the fluid and the porous medium,
respectively. Comparing Fig. 8(a) and Fig. 8(b), it can be seen that because of the percolating characteristics of the fluid, the fluid
temperature distribution is uneven, while the temperature field of the porous medium is more uniformly distributed, and its
isotherms are regularly varying. Meanwhile, it can be observed in the temperature distribution contours of the fluid and porous
medium that with the increase of the Reynolds number, the thermal boundary layer at the top of the square cavity becomes thicker
and the temperature gradient becomes larger. As seen in Fig. 8(c), the higher the Reynolds number, the denser the streamlines in
the middle of the square cavity, which indicates that the flow velocity is fast and the fluid flow is intense in this area. For the lower
Reynolds number, the region with dense streamlines is shifted upward. Especially for the case of Re =200, in the area of vertical
jet inlet, the flow velocity is faster and the main vortex formed on the front and rear wall is smaller. For other cases, with the
increase of Reynolds number, the wall vortex becomes flattened and elongated, resulting in denser streamlines in the middle. These
three-dimensional streamlines also explain the temperature field phenomenon, the increase of the Reynolds number indicates that
the inlet flow rate increases, and the high-speed fluid impacting porous medium is more likely to be deflected. So, the higher
Reynolds number, the more-dense streamlines at the interface, the faster flow rate. This also makes the fluid into the upper part of
the square cavity becomes less, the flow rate is reduced, weakened convective heat transfer, the upper surface temperature becomes
higher, and the temperature gradient becomes larger.

To explore the effect of Reynolds number variation on the flow and temperature fields inside the square cavity, consistent with
the previous text, z-y and x-y observation sections inside it were selected for the analytical study. Figure 9 shows the temperature
field, flow field and streamlines at the z-y observation section inside the square cavity. In Fig. 9(a) and Fig. 9(b), the same conclusion
as Fig. 8(a) can also be obtained: the temperature distribution of the fluid and the porous medium is inconsistent, and with the
increase of the Reynolds number, the temperature of the upper part of the square cavity increases, the thermal boundary layer on
the upper surface becomes thicker, and the temperature gradient becomes larger. Differently, comparing Fig. 9(a) and Fig. 8(a), it can
be seen that the fluid inside the square cavity is less affected by the front and rear wall surfaces, and it can reach the interface
between the fluid and the porous medium at a faster speed. This enhances the convective heat transfer, and thus the temperature
field at the observation section manifests more low-temperature regions.
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Fig. 8. Effect of Reynolds number on (a) three-dimensional temperature distributions of the fluid, (b) three-dimensional temperature distributions of
porous medium and (c) three-dimensional streamlines for e = 0.4 and h =n/2.
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Figures 9(c) and 9(d) show the flow field and streamlines of the z-y observation section. As shown in Fig. 9(c), because the
increase of the Reynolds number indicates the increase of the jet flow velocity, the high velocity fluid impacting the porous medium
produces a deflection. So, the larger Reynolds number of the case, the faster the flow velocity inside the square cavity, the easier it
is to form a high velocity channel in the middle, and the formation of the high velocity channel strengthens the convective heat
transfer. The interfacial area is directly flushed by the high velocity channel, resulting in more intense fluid-solid heat transfer.
However, the formation of the high velocity channel causes less fluid to enter the upper region, the flow rate decreases, the
convective heat transfer is weakened, and the temperature increases at upper surface. The temperature field distribution can also
be analyzed by above reason in Fig. 9(a) that, lower temperatures at the interface and higher temperatures at the top for the other
Reynolds number cases compared to the case with Re =200. Itis worth pointing out that the formation of the high velocity channel
drives the flow velocity in the lower part of the square cavity. For the larger Reynolds number, the flow velocity in the lower part of
the square cavity is larger and the velocity field distribution shows a vortex-like shape, which is verified by the streamlines shown
in Fig. 9(d). Figure 9(d) illustrates that the variation of Reynolds number has a significant effect on the intensity of the main vortex,
and the increase of Reynolds number makes the vortex flattened and elongated, at the same time, the larger the Reynolds number
of the case, the more likely that the deflection of the streamlines will occur earlier.
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Fig. 9. Effect of Reynolds number on (a) temperature distributions of the fluid, (b) temperature distributions of porous medium, (c) velocity
distributions of the fluid and (d) streamlines for ¢ = 0.4 and h = n/2 at z-y observation section.
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Fig. 10. Effect of Reynolds number on (a) temperature distributions of the fluid, (b) velocity distributions of the fluid and (c) streamlines for ¢ = 0.4
and h = n/2 at x-y observation section (interface).
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Fig. 11. Effect of Reynolds number on (a) variation in average Nusselt number, (b) variation of velocity magnitude with Y-axis at interface,
(c) variation of local Nusselt number with Y-axis at upper surface and (d) variation of local Nusselt number with Y-axis at interface
fore =0.4and h =n/2.

To further investigate the flow and heat transfer characteristics at the conjugate heat transfer interface between the porous
medium and the free-flow region, Fig. 10 illustrates the temperature and flow fields at the interface. At lower Reynolds numbers (Re
= 200), the overall fluid temperature increases along the Y-axis because of the influence of the slot jet and the heat flux density on
the upper surface. Meanwhile, at the interface, because of the lower velocity, more cooling medium flows into the porous medium
rather than being deflected. Therefore, for lower Reynolds number conditions, vortices are formed in the region of the vertical inlet
jet, with faster flow speeds, enhancing convective heat transfer. It presents a low-temperature, high-speed conical region in the
temperature and velocity fields. However, for other conditions (Reynolds number: 250-400), as the Reynolds number increases, the
fluid impacting on the porous medium is more likely to be deflected, the flow rate in the middle of the interface is faster, so that
the formation of the streamlines shifted to both sides. This also leads to more low-temperature areas in the middle of the
temperature field, with high-temperature areas being "squeezed" to both sides of the front and rear walls, and the low-temperature
and high-speed "conical" areas gradually changing into "rectangular" areas.

Figure 11 contains curve graphs of Nusselt number and velocity magnitude variations at the upper surface and the interfaces
of the cavity under different Reynolds numbers. Consistent with the previous section, two typical areas shown in Fig. 11 were
selected to study the local Nusselt number and local velocity magnitude. Figure 11(a) reveals a curve graph of the average Nusselt
number versus Reynolds number for the upper surface and the interface of the square cavity. In Fig. 11(a), it can be seen that as the
Reynolds number is increased from 200 to 400, the average Nusselt number of the upper surface decreases from 28.8 to 21.3, while
the average Nusselt number of the interface increases from 2.92 to 8.74, which is the opposite trend. The increase of Reynolds
number makes it easier for the fluid to be deflected after impacting the porous medium, which strengthens the convective heat
transfer at the interface. However, less fluid enters the top part of the square cavity, the flow rate decreases, and the convective
heat transfer at the upper surface is weakened, thus showing a decrease in the average Nusselt number on the upper surface and
an increase in the average Nusselt number at the interface. It is noteworthy that when the Reynolds number is increased from 250
to 300, the upper surface average Nusselt number and the interfacial average Nusselt number change most drastically. Observing
the flow field in the internal cross section of the square cavity (Fig. 9(c)), the upper surface flow velocity decreases significantly and
the interfacial flow velocity increases significantly with the Reynolds number transitions from 250 to 300. This is because at 250
Reynolds number, the fluid deflection tendency is not so obvious, and there is still a lot of fluid entering the upper part of the square
cavity for percolation. The variation of the flow field in the square cavity causes the average Nusselt number at the upper surface
to increase and the average Nusselt number at the interface to decrease rapidly.

Figure 11(b) demonstrates the variation curve of the interfacial velocity magnitude along the Y-axis for different Reynolds
numbers. For Reynolds numbers 250-400, the velocity magnitude at the interface increases to a peak along the Y-axis and then
decreases. However, for Reynolds number 200, the velocity magnitude at the interface reaches a peak from the beginning and then
decreases all the way. The reason for this trend is that for higher Reynolds number conditions, in the region above inlet, the jet fluid
is deflected after contacting the porous medium before vortices generating; and as the vertical distance away from the inlet
increases, the vortices are fully developed, and the velocity on interface reaches the peak value. However, for the case of Re =200,
in the area perpendicular to the jet inlet, the fluid is hardly deflected, most of the fluid is injected vertically into the porous medium
and then percolates. These trends are verified in the streamlines diagram of the z-y observed surfaces. As observed in Fig. 11(c), as
mentioned before, the upper surface Nusselt number decreases with the increase of Reynolds number, and for the case of Re =200,
the local Nusselt number of the upper surface peaks in the region of Y = 0.6 due to the influence of standing point effect that
strengthens the disturbance of the thermal boundary layer. For the other cases, the flow velocity near the upper surface region is
low and the velocity magnitude decreases along the direction of the exit, so the local Nusselt number here shows a decreasing
trend all the time. Figure 11(d) demonstrates the variation curve of the local Nusselt number with the Y-axis at the interface, in
which it can be seen that for all the conditions, the local Nusselt number at the interface shows an overall decreasing trend.
Meanwhile, for higher Reynolds number cases, due to the full development of vortices, more intense fluctuation of the local Nusselt
number is found. It should be noted that for Reynolds number of 300 and 400, the velocity magnitude at the interface is close to
each other, resulting in nearly equal local Nusselt number at the interface.
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Fig. 12. Effect of Reynolds number on (a) temperature distributions of the fluid, (b) velocity distributions of the fluid, (c) variation of fluid
temperature with Z-axis and (d) variation of velocity magnitude with Z-axis for ¢ = 0.4 and h = n/2 at z-x observation section.
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Fig. 13. Effect of porous region thickness on (a) three-dimensional temperature distributions of the fluid, (b) three-dimensional temperature
distributions of porous medium and (c) three-dimensional streamlines for ¢ = 0.4 and Re = 200.

Moreover, the effect of Reynolds number on the flow and heat transfer in the direction perpendicular to the Y-axis is also focused
in the study, and z-x observation section inside the square cavity are selected for analysis. Figures 12(a) and 12(b) show the fluid
temperature and velocity fields inside the square cavity perpendicular to the Y-axis (Y = 1) observation plane. Figures 12(c) and 12(d)
manifest the variation curves of temperature and velocity magnitude of the area 3 shown in schematic diagram of Fig. 12 along the
Z-axis. Observation of Fig. 12(a) reveals that as the Reynolds number increases, the higher the temperature at the top of the square
cavity, the larger the low temperature channel formed in the middle of the square cavity. It can also be observed in conjunction
with Figs. 12(a) and 12(c) that for Reynolds number 300 and 400 conditions, the fluid ejected from the slot has a higher flow rate and
tends to be deflected in the middle of the square cavity. This results in a more consistent temperature distribution between the
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both, with higher temperatures at the top of the square cavity and a large low-temperature region in the middle and lower part of
the cavity (Z < 0.6). It corresponds to Fig. 11(a) that their upper surface local Nusselt number and interface local Nusselt number
values are close to each other. However, comparing the cases of Reynolds number 250 and Reynolds number 300, it can be clearly
seen that when the Reynolds number is shifted from 250 to 300, the temperature in the upper part of the square cavity is obviously
increased, the temperature gradient becomes larger (the red region increases, and isotherms become denser), and the low-
temperature channel in the middle part of the square cavity is obviously widened. This corresponds to the phenomenon of a sudden
decrease in the local Nusselt number of the upper surface and a surge of the local Nusselt number of the interface on Fig. 11(a). As
seen in the flow field of Fig. 12(b), under the combined action of the jet inlet and porous medium, the Reynolds number increases,
causing the region with faster velocity in the square cavity to shift downwards. Figures 12(b) and 12(d) indicate that because of the
increase in the jet flow velocity, the cases with Reynolds number 300 and 400 reach the peak velocity in the middle of the square
cavity (Z = 0.5) and the magnitude of the peak is significantly higher than the other cases. It is worth pointing out that in the curves
of Fig. 12(d), these two conditions have small wave peaks with larger velocities in the region of Z < 0.2. This is because for the larger
Reynolds number case, the fluid deflection is more likely to occur earlier, and the more likely to form a high-speed channel in the
middle of the square cavity. At the same time, the formation of the high-speed channel drives the flow velocity of the fluid in the
lower part of the square cavity, making the vortex generated in the bottom become flat and long, which is more obvious in the flow
field (Fig. 9(c) and Fig. 12(b)) and flow velocity graphs (Fig. 12(d)) for Re = 400.

4.3. Effects of porous region thickness

The third section explores the effect of the porous region thickness on the flow and heat transfer inside the square cavity under
e = 0.4 and Re = 200 operating conditions. Figure 13 shows the flow and temperature field distributions in three dimensions, and
Figures 14 and 15 show the flow and temperature field distributions in two observation sections, respectively.

Figures 13(a) and 13(b) demonstrate the three-dimensional temperature distribution of the fluid and the porous medium,
respectively. Comparing Fig. 13(a) and Fig. 13(b), it can be seen that because of the flow characteristics of the fluid, the temperature
distribution of the fluid is more uneven. At the same time, due to the influence of the slot jet and the heat flux on the upper surface,
the temperature of the fluid gradually increases along the direction of the Y-axis (outlet), whereas the distribution of the
temperature field of the porous medium is more homogeneous, and its isotherms are changing in a regular manner. Meanwhile, it
can be clearly observed in the temperature distribution contours of the both that the overall temperature of the square cavity
increases with the increase of the thickness of the porous layer, and the thermal boundary layer at the top of the square cavity
becomes thicker and the temperature gradient becomes larger. This is because the thermal conductivity of foam copper porous
media is relatively high, and the thicker the porous layer is, the easier it is to transfer heat to the lower part of the square cavity,
thus increasing the overall temperature of the square cavity. It is worth pointing out that in Fig. 13(a), for all the conditions, due to
the stagnation point effect inhibiting the development of the thermal boundary layer, the temperature is lower in the region
perpendicular to the inlet, and then the temperature of the fluid gradually increases along the outlet direction.

However, for the case of h = 2n/3, a local hotspot appeared in the region perpendicular to the jet inlet at the top of the square
cavity, which was attributed to the increase of the thickness of the porous layer enhanced the percolation effect of the porous
medium, and the stagnation point effect was weakened, so that the heat could not be discharged in time. Additionally, as can be
seen from Eq. (22), intermixed percolation of fluids within the porous medium can enhance heat transfer, and this enhancement
effect is related to local flow velocity. In the region perpendicular to the jet inlet, where flow velocity is higher, the heat transfer
enhancement effect is more pronounced. Meanwhile, combined with the high thermal conductivity of foam copper metal, heat
flow of upper surface is more easily transmitted downward. These factors all contribute to the further formation of local hotspots.
As shown in the three-dimensional flow diagram of Fig. 13(c), the increase in the thickness of the porous layer makes the
streamlines in the upper part of the square cavity denser and in the middle part of the square cavity sparser. This indicates that in
the upper part of the square cavity, the flow velocity is faster and the fluid flow is more intense, while in the lower part of the square
cavity, the flow velocity is slower and the fluid flow is stable. Especially for the case of h = n/3, it can be clearly observed that the
streamlines in the middle of the square cavity are the most dense, the flow velocity is faster, and the vortex generated in the front
and rear wall is smaller. For other cases, with the increase of the thickness of the porous layer, the influence of the percolation
effect of the porous medium is more sufficient and more obvious. This makes the streamlines in the upper part of the square cavity
become more denser, and the vortex on the wall surface becomes larger and longer.

In order to further investigate the effect of the change the thickness of the porous region on the flow and heat transfer
characteristics inside the square cavity, z-y and x-y observation sections inside the square cavity are selected for the analytical
study. Figure 14 shows the temperature field and flow field on the z-y observation section within the square cavity. The same
conclusions as in Fig. 13 can be observed in Figs. 14(a) and 14(b): the temperature distribution of the fluid is more dispersed, while
the temperature field of the porous medium is more uniformly distributed. In addition, with the increase of the thickness of the
porous layer, it is easier for the heat of the porous medium to be transferred to the fluid, and the top thermal boundary layer
becomes thicker, with the temperature gradient becoming larger. Differently, comparing Fig. 14(a) and Fig. 13(a), it can be clearly
observed that inside the square cavity, the temperature field at the z-y observation section displays more low-temperature regions.
Especially for the h = 2n/3 case, in the area perpendicular to the jet inlet on its upper surface, local hotspots decrease and the
temperature in the lower part of the square cavity decreases. This is because the fluid inside the square cavity is less affected by
the front and rear wall surfaces, and the internal vertical jet can enter the square cavity at a faster speed so that more low-
temperature fluid can enter the porous media above, enhancing convective heat transfer. Figures 14(c) and 14(d) show the flow field
and streamlines of the z-y observation section. Figure 14(c) indicates that as the thickness of the porous layer increases, more fluid
can enter the porous medium, the percolation effect of the porous medium is enhanced, and the high-speed region formed in the
square cavity is more likely to be deflected to the upper part. The formation of the high-speed region leads to the accumulation of
heat and the increase of the fluid temperature. As shown in Fig. 14(d), the change in the thickness of the porous region has a
significant effect on the strength of the main vortex, and the increase in the thickness of the porous layer enhances the percolation
effect, the vortex is fully developed, and the main vortex becomes larger, which is most obvious when the thickness of the porous
layer is in the transition from n/2 to 2n/3. Meanwhile, in the lateral comparison in Fig. 14(d), for the case of h = n/3, the effect of
percolation is not obvious, the streamlines inside the square cavity shows a clear downward trend. For other cases, the percolation
effect is strengthened, and the trend of the streamlines decreases slower, and the streamlines in the upper part of the square cavity
becomes denser to form a high-speed region.
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Fig. 14. Effect of porous region thickness on (a) temperature distributions of the fluid, (b) temperature distributions of porous medium, (c) velocity
distributions of the fluid and (d) streamlines for ¢ = 0.4 and Re = 200 at z-y observation section.
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Fig. 15. Effect of porous region thickness on (a) temperature distributions of the fluid, (b) velocity distributions of the fluid and (c) streamlines for
e =0.4 and Re = 200 at x-y observation section (h = n/6).
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Based on the flow characteristics inside the square cavity, the x-y observation section near the upper surface (h =n/6) is
selected to study the effect of thickness of the porous region on the flow and temperature fields inside the square cavity. In Fig.
15(a), it can be seen that under the influence of the slot jet and the continuous heat flow on the upper surface, the fluid temperature
increases along the Y-axis as a whole. In addition, because heat transfer dominates at the top of the square cavity, with the thickness
of the porous layer increases, the easier it is to transfer heat from the upper surface along the copper foam to the lower part of the
square cavity. At the same time, the thicker the porous layer, the faster the flow rate in the upper part of the square cavity, the
convective heat transfer is enhanced, and the upper fluid receives more heat. This resulted in an increase of the fluid temperature
in the region near the upper surface of the square cavity. It is worth pointing out that in the simulation, the front and rear wall
surfaces (X direction) of the square cavity are set as adiabatic and stationary wall surfaces, which makes the low-temperature fluid
entering from the jet inlet stagnate and accumulate heat after contacting the wall surfaces, forming a low-temperature and high-
speed region in the middle of the square cavity. This results in the phenomenon of low temperature in the middle and high
temperature at the front and rear wall surfaces. Figure 15(b) shows the velocity field of the fluid at the h =n/6 x-y observation
section, as shown, the flow velocity in the upper part of the square cavity increases with the increasing thickness of the porous
layer, and the velocity field of the fluid exhibits more regions of high velocity (green part). It should be noted that comparing the
velocity field at the interface (Figs. 5(b) and 10(b)), there is a region of lower flow velocity on the left side of the flow field in Fig. 15(b)
(blue semi-circular region). This is because the fluid near the upper surface region of the square cavity is exposed to more porous
media compared to the interfacial region perpendicular to the jet inlet. Meanwhile, the fluid is more likely to flow into the porous
media, the seepage effect is more pronounced, resulting localised flow velocity reduction on the left side, which are verified in the
streamlines in Fig. 15(c). As shown in Fig. 15(c), as the thickness of the porous layer increases, there are more straight streamlines
in the middle of the square cavity, and more fluid can flow at a faster rate to the outlet, thus the velocity field exhibits more high-
speed regions.

Figure 16 contains curve graphs of Nusselt number and velocity magnitude variations for the upper surface of the cavity and
the h =n/6 surface under different porous layer thickness. Consistent with the previous text, two typical areas shown in Fig. 16
were selected to study the local Nusselt number and local velocity magnitude. Figure 16(a) provides a combined analysis of the
average Nusselt number for the upper surface and the h =n/6 surface. When the thickness of the porous region is increased from

n/3 to 2n/3, the average Nusselt number on the upper surface decreases from 36.2 to 22.5, and the average Nusselt number on the
h =n/6 surface decreases from 2.26 to 1.43, which show the same trend of change, and the curves of the variation of Nusselt
number are more similar. This indicates that the heat conduction of the porous medium dominates at the upper surface of the
square cavity and its surrounding region, and with the increase of the thickness of the porous layer, the heat flow from the upper
surface is more likely to be transferred downwards along the copper foam, resulting in an increase in the temperature of the upper
part of the square cavity and a larger temperature gradient.

Figure 16(b) demonstrates the variation trend of h =n/6 surface velocity magnitude along the Y-axis for different porous region
thicknesses. For all cases, the flow velocities show a tendency to increase to a peak and then decrease. It is worth noting that at the
h =n/6 surface, the fluid flow velocity peaks in the region near the vertical jet inlet (¥ = 0.55 region) due to the combined effect of
the jet inlet and the porous media seepage. This tendency corresponds to the cloud diagram of the velocity field. As shown in Fig.
16(c), as analysed previously, the upper surface Nusselt number decreases with the increase of the porous layer thickness. However,
due to the stagnation point effect, the vertically injected fluid gradually decelerates after contacting the porous medium and finally
comes to rest at the upper wall surface, which strengthens the destruction of the thermal boundary layer. Thus, the local Nusselt
number of the upper surface peaks at the Y = 0.55 region, and the fluid flow rate is also faster near this region, enhancing the
convective heat transfer. Figure 16(d) shows the variation curve of h =n/6 surface local Nusselt number with Y-axis, in which it
can be seen that, for all the working conditions, the h =n/6 surface local Nusselt number have reached the peak atY = 0 and then
show the overall decreasing trend. It should be pointed out that, unlike the fluctuation of the local Nusselt number on the upper
surface due to the stagnation point effect, the fluctuation on the h=n/6 surface is due to heat accumulation. The thicker the
thickness of the porous layer, the easier it is to form a high-speed channel in the upper part of the square cavity, the generation of
the streamlines more straight. At the same time, under the influence of heat exchange between the porous medium and the fluid,
the fluid generates heat accumulation, and the fluctuation of the local Nusselt number occurs.
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Re = 200.
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In addition, in order to analyze the flow and heat transfer characteristics inside the square cavity perpendicular to the Y-axis,
z-x observation sections inside the square cavity are selected for analytical study. Figures 17(a) and 17(b) manifest the fluid
temperature field and velocity field inside the square cavity perpendicular to the Y-axis (Y = 1) observation plane. Figures 17(c) and
17(d) show the variation curves along the Z-axis of the temperature and velocity magnitude of the area 3 shown in schematic
diagram of Fig. 17. Combining Fig. 17(a) with 17(c), it can be concluded in agreement with the previous analysis that the fluid
temperature and temperature gradient in the upper part of the square cavity increase with the increase of the porous layer, and
the closer to the upper surface, the higher the fluid temperature is. Differently, Fig. 17(a) clearly demonstrates the existence of low-
temperature channels in the lower part of the square cavity, and the size of the low-temperature channels decreases with the
increase of the thickness of the porous layer. It should be noted that above the low-temperature channel, the fluid temperature
increases significantly, the isotherm becomes denser, and the temperature gradient becomes larger, and this phenomenon is more
and more obvious at the working condition of h =2n/3. As shown in Fig. 17(b) and Fig. 17(d), for all the working conditions, the jet
fluid is deflected by the combined action of the porous medium and the upper wall surface, and the velocity peaks in the upper
part of the square cavity (Z = 0.8). The difference is that, because of the percolation effect of the porous medium, for conditions with
thicker porous layers, the fluid is more likely to flow upward after entering the porous medium from the free flow area. The high-
speed channel formed in the upper part of the square cavity has a faster flow velocity, and the fluid heat is easily accumulated,
resulting in an increase in temperature. However, for working conditions where the thickness of the porous layer is thin, the high-
speed channel formed by the fluid is shifted downwards. The flow velocity in the lower part of the square cavity becomes faster,
the vortex formed is smaller, and the easier it is to form a low-temperature channel.

5. Conclusion

In this paper, a three-dimensional mathematical model of microchannel heat sink slot jet partially filled with porous media
coupled heat transfer was constructed with the local thermal non-equilibrium (LTNE) model and the Darcy-Forchheimer model,
taking into account the buoyancy effect and the conjugate heat transfer boundary conditions. The effects of porosity, Reynolds
number and thickness of the porous region on the flow and temperature fields were comprehensively evaluated by numerical
simulations. The main conclusions are as follows:

— For the square cavity partially filled with porous media slot jet, the fluid temperature distribution is more dispersed, while
the temperature field of the porous medium is more uniformly distributed, and its isotherms are regularly varying. The
temperature is lower in the region perpendicular to the jet inlet and gradually increases along the outlet direction (Y-axis)
because of the stagnation point effect of the jet impact, which disturbs the thermal boundary layer in the upper part of the
square cavity. The change in porosity does not strongly affect the flow behaviour of the fluid and the main vortex intensity
increases slightly with increasing porosity. However, the greater the porosity, the less foam copper, which increases the heat
flow directly acting on the fluid on the upper surface of the square cavity, and the overall temperature of the square cavity
increases. Meanwhile, the average Nusselt number on the upper surface and interface shows an opposite trend.

— The change of Reynolds number strongly affects the flow behaviour of the fluid, as the Reynolds number increases, the high-
speed fluid impacting the porous medium is more likely to produce deflection, the flatter and longer the vortex formed. For
Reynolds numbers of 300 and 400, the strong deflection tendency of the fluid causes a large area of high-speed cryogenic
channels to form in the center of the square cavity. These phenomena result in an opposite trend of decreasing the average
Nusselt number at the upper surface from 28.8 to 21.3 as the Reynolds number was increased from 200 to 400, while the
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average Nusselt number at the interface increases from 2.92 to 8.74. Meanwhile, when the Reynolds number is increased
from 250 to 300, the both change most drastically.

— As the thickness of the porous layer increases, making the streamlines in the upper part of the square cavity become dense,
and the streamlines in the middle part of the square cavity become sparse, and the vortex generated becomes larger and
longer. Meanwhile, because of the high thermal conductivity of copper foam, with the increase of the thickness of the porous
layer, the heat of the porous medium can be easily transferred to the fluid, leads to an increase in the overall temperature of
the square cavity. These phenomena result in an opposite trend of decreasing the average Nusselt number on the upper
surface from 36.2 to 22.5 as the thickness of the porous region is increased from n/3 to 2n/3, while the average Nusselt
number on the surface with h = n/6 increases from 2.92 to 8.74.
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Nomenclature
A  Interfacial surface area “ Specific heat capacity
C  Inertial coefficient d;  Fiber diameter
4, Pore size d.  Characteristic length
Da  Darcy number 9 gravitational acceleration
Gr  Grashof number h  Thickness of porous layer
Ny Interfacial heat transfer coefficient H  Dimensionless interphase heat transfer coefficient
k  thermal conductivity ki Thermal dispersion conductivity
K Permeability n Square cavity size
Current iteration step Nu  Nusselt number
p Pressure P Non-dimensional pressure
Pr  Prandtl number 9w Upper surface heat flow
Re  Reynolds number T  Temperature
t Time u  X-velocity component
U  Non-dimensional X-velocity component U V-velocity component
V  Non-dimensional V-velocity component W W-velocity component
W  Non-dimensional Z-velocity component X  X-coordinate
X  Non-dimensional X-direction y Y-coordinate
Y  Non-dimensional Y-direction b4 Z-coordinate
Z  Non-dimensional Z-direction
Greek symbols
a  Eff. thermal diffusivity of porous medium & fluid 8 Thermal expansion coefficient
7 Ratio of thermal conductivity for fluid & copper foam € Porosity of copper foam
6  Non-dimensional temperature A Porous medium regional control coefficient
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u Dynamic viscosity coefficient 13 Effective thermal diffusivity ratio for liquid & copper foam
® Dependent variable P Density
7 Non-dimensional time v Kinematic viscosity coefficient
X Tortuosity coefficient w Pore density of copper foam
Subscripts
eff Effectiveness f  Liquid
fe  Effectiveness of liquid in Inlet
s Porous media (copper foam) se  Effectiveness of porous media
o  External environment +  Relevant parameters of the fluid

—  Relevant parameters of the porous
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