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ABSTRACT 

Forced convection of a gas in porous media characterized by pores of few micrometers requires large 

pressure gradients. In addition to the rarefaction effects which may be significant at the solid/gas 

interface, we show that it may be necessary to account for the pressure work and the viscous 

dissipation in the energy equation to get the right temperature field induced by the fluid flow. 

Introduction  

In recent years, there has been a great interest in fluid flows through geological or artificial micro-

porous media, for example to improve the heat transfer in micro channels [4], to separate small 

molecules from  a gaseous mixture [2] or to extract gas from shale strata using large pressure gradients 

[1]. In this work, we focus on the thermal effects produced by a gas flowing between a periodic 

network of solid obstacles separated by a few micrometers, under large pressure gradients. 

Geometry and mathematical model 

We are interested in a gas flowing through a 3D network of parallel bars of rectangular section (8 

m×4m) spaced regularly by 8 and 4m in x- and y-directions. Assuming that their length is large 

enough with respect to their section, a 2D geometrical model may be adopted (Fig. 1). Despite the 

geometrical periodicity of the problem, this property cannot be imposed in the flow direction since the 

density changes when the pressure decreases.  

We then consider a set of 10 adjacent Representative Elementary Volumes in the x-direction, with 

symmetry conditions at y=0 and y=L1/2. The inlet and outlet pressures (pin and pout) are imposed as 

well as the inlet temperature (Tin). The velocity and temperature fields are assumed fully developed at 

the outlet. The velocity 𝒗 = 𝑢𝒆𝒙 + 𝑣𝒆𝒚, the pressure p and temperature Tf  in the fluid phase are 

solutions of the Navier-Stokes and energy equations written with the Newtonian viscosity model and 

the Stokes assumption for the bulk viscosity. Because the pressure remains moderate, the ideal gas law 

is considered. The dynamic viscosity , the fluid kf  and solid ks thermal conductivities and the specific 

heat cp are assumed constant. The fluid steady governing equations write : 
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  ∀ 𝒙 ∈ Ω𝑓 ,

{
 
 

 
 𝛁. (𝜌𝒗) = 0                                                             

𝛁. (𝜌𝒗⨂𝒗) + 𝛁𝑝 − 𝛁. �̿� = 0                               

𝑐𝑝𝛁. (𝜌𝒗𝑇𝑓) − 𝒗. 𝛁𝑝 − �̿�: �̿� − 𝛁. (𝑘𝑓𝛁𝑇𝑓) = 0

𝑝 − 𝜌𝑟𝑇𝑓 = 0                                                          

 (1) 

with  �̿� the viscous stress tensor, �̿� the strain rate tensor, r the specific gas constant and f the fluid 

domain. In the solid phase, the temperature is solution of the steady conduction equation: 

 ∀ 𝒙 ∈ Ω𝑠, 𝛁. (𝑘𝑠𝛁𝑇𝑠) = 0 (2) 

with Ts the solid temperature and s the solid domain. Since rarefaction effects are assumed to take 

place at the solid/fluid interface fs, jump conditions must be accounted for: 

 ∀ 𝒙 ∈ Ωfs,

{
 
 

 
 𝒗 = −𝜉𝑣𝜆(𝐼

̿ − 𝒏𝒇𝒔⨂𝒏𝒇𝒔). (2�̿�. 𝒏𝒇𝒔)

𝑇𝑠 = 𝑇𝑓 + 𝜉𝑇𝜆
𝜕𝑇𝑓

𝜕𝒏𝒇𝒔
                              

𝑘𝑠
𝜕𝑇𝑠

𝜕𝒏𝒇𝒔
= 𝑘𝑓

𝜕𝑇𝑓

𝜕𝒏𝒇𝒔
+ 2𝜇𝒗. (�̿�. 𝒏𝒇𝒔)

 (3) 

with 𝝃𝒗 and 𝝃𝑻 the dynamic and thermal accommodation parameters, 𝜆 =
𝜇

𝑝
 √(𝜋𝑟𝑇𝑓)/2) the mean 

free path of gas molecules and 𝒏𝒇𝒔 the unit normal vector pointing outside the fluid domain. The 

physical properties are those of nitrogen (r=296 J/(kg K), µ=1.6588 10
-5

 Pa s, cp=1032.48 J/(kg K), 

kf=2.4712 10
-2

 W/(m K)) and aluminum (ks=240 W/(m K)).  

 

Figure 1: Characteristic dimensions in the section plane (L1=12µm). The red domain stands for one 

Representative Elementary Volume 

 

Numerical methods 

An unstructured collocated finite volume scheme [3] is used to solve the steady Navier-Stokes and 

energy equations with the ideal gas law (Eqs. 1 and 2), the aforementioned boundary conditions and 

the solid/fluid interface relations (Eq. 3). The coupled discrete equations are solved simultaneously 

with a Newton-Raphson algorithm.  

The mesh is based on a triangular tessellation with coarse elements of size 0.5L1/80 in the core flow 

and fine elements with edges 8 times smaller close to the fluid/solid interface. A buffer zone of size 

0.1L1 connects the 2 regions. Reducing the grid size by 2 changes the maxima and minima of the 

velocity and temperature by less than 1%. We conclude that the solutions are enough accurate with the 
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first described mesh. Notice that very expensive unsteady simulations have also been carried out to 

confirm the steadiness of the solutions. 

Results 

As indicated previously, simulations are carried out over 10 REV of height 6 μm, covering a total 

length of 240 μm for a 1,6 bar pressure variation between the inlet and outlet and a mean pressure of 2 

bar. The Knudsen number based on the smallest cross-section length, Kn=3/L1, ranges from 5,5.10
-3

 

to 1,28.10
-2

.  

 

Figure 2 : Horizontal component of the velocity (m/s) and stream lines in black 

Fig. 2 presents the horizontal component of the velocity and some stream lines. The decrease in the 

pressure downstream creates a drop in the gas density and, considering the mass flow rate 

conservation, an increase in the velocity. The Reynolds number based on the mass flow rate is about 

28, what explains the steady recirculations occurring behind the solid obstacles.  

 

Figure 3 : Temperature field (K) in the fluid and solid domains. Stream lines are indicated in black 

Fig. 3 shows the temperature field, both in the solid and in the fluid. On the whole, the average 

temperature decreases in the flow direction. The maximum temperature difference in the whole field 

on Fig. 3 reaches about 8 K. Whereas the viscous dissipation heats up the gas, the pressure work 

contribution is more complex since it depends on the direction of the pressure gradient. Generally, the 

fluid flows from high to low pressure regions by extracting some amount of thermal energy. However 

upstream solid obstacles, the pressure gradient reverses what produces a heat source in the fluid. The 

analysis of Fig. 3 indicates that the cooling by the pressure work dominates the viscous dissipation. 

Due to the very high ratio between the solid and fluid conductivities, the temperature in the solid 

domain appears completely uniform. 

240 µm 

P
in
=2,8 bar 

6 µm 
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out
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T
in
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To better understand the temperature variations, the 7
th
 REV is studied more thoroughly. Fig. 4 

presents the difference between the local temperature and the average temperature in the fluid phase 

only. The thick black lines split the physical domain into regions colder or warmer than the average 

value. This figure first indicates that the solid obstacles are hotter than the fluid is. This is mainly due 

to the viscous dissipation which occurs close to the fluid/solid interface but also to the pressure work 

because the pressure gradient reverses just in front of the obstacles and close to the symmetry 

boundaries (see the red spot in Fig. 4). The colder regions are located right above or below the solid 

blocs where the velocity and gradient vectors are collinear but with opposite directions. 

 

Figure 4 : Difference between the local and mean fluid temperature, for the 7
th
 REV. Stream lines are 

drawn with thin black lines. The thick lines indicate the places where the local temperature is equal to 

the average fluid temperature. 

 

Conclusion 

In this short paper, we have briefly illustrated and analyzed the thermal effects created by a gas flow 

submitted to large pressure gradients in porous media made of micrometric pores. The pressure work 

and viscous dissipation effects have been particularly discussed. Their thermal effects are not 

negligible.  
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