
 

PERFORMANCE INVESTIGATION OF INNOVATIVE COMPACT POROUS CERAMIC 

HEAT EXCHANGER 

It is critical to design efficient and compact heat exchangers in order to improve the 

energy use rate, thus increasing the overall energy system efficiency. In this study, the 

performance of an innovative configuration of a compact porous ceramic heat exchanger has 

been investigated. A numerical model capable of assessing heat and mass transport within an 

unsaturated porous ceramic exchanger has been carefully built based on Whitaker theory. To 

model the transport processes that occur during convective exchange, a three-dimensional 

unstructured Control Volume Finite Element Method (CVFEM) is developed. Several 

numerical tests have been carried out in this regard. The effect of porosity, hot air velocity 

and ceramic initial saturation have been investigated. The temperature, liquid saturation, and 

pressure evolutions of the porous domain are studied and compared over time. It is observed 

from the results that the porosity of ceramic material is vital to maximize the heat exchange. 

The use of ceramic has 0.1 porosity results in time savings of 55% compared to the reference 

case corresponding to 0.7 porosity. Furthermore, the findings demonstrate that increasing the 

air velocity by a factor of two reduces the exchanging time by half when compared to the 

reference case corresponding to hot air velocity V=5m/s. 
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1. Introduction 

Heat transmission has recently been the subject of numerous studies. Heat transfer is found in 

many conversion systems and devices that involve the use of heat exchangers. As a result, porous 

media, which significantly improve heat and mass transport, have seen a variety of industrial 

applications. It’s worth noting that more study on porous media’s potential, especially on heat 

exchangers, is necessary. In this study, the focus will be on examining heat and mass transfer within 

unsaturated porous ceramic exchangers. 

The development of a numerical model was presented and described. This model predicts heat 

and mass transport based on the Whitaker theory, it uses a three-dimensional unstructured Control 

Volume Finite Element Method to evaluate the convective exchange process with various operating 

parameters, aiming at a parametric study for achieving optimal thermal performance and overall 

efficiency for the compact heat exchanger under consideration [1]. Intrinsic permeability and inertial 

coefficients are taken into account, respectively determined by empirical correlations related to the 
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porous core’s geometric characteristics [2]. According to the numerical experiments, heat transfer 

rates and the average outlet fluid temperature were improved when porosity was decreased for several 

mass flow rates [3]. Optimization potential can be achieved in terms of pore morphology and 

materials, and structure design for new more mechanically robust and longer lasting structure [4]. 

Characterization of the porous structure is important to understand the implications of any 

changes that are made to their performance and to help in an efficient design. In fact, the minimization 

of thermal resistances, during the design of compact heat exchangers, leads to an improvement of heat 

transfer and a reduction of thermal dissipation [5]. An open-cell foams’ multiscale model was 

established and studied to cover different materials, cell sizes, and porosities for a proper 

characterization of the heat exchanger [6]. In the model, it was possible to obtain a complete 

description of the porous material by a set of main properties of porous media, such as pressure loss 

coefficients, heat conductivity, and Nusselt numbers in porous media, especially in anisotropic media 

[7]. This data can be used as input for a macroscopic model in order to predict the global performance 

of the entire device. 

The important detail is that, in this case, it is not the Rosseland type of modeling (simple) but a 

multilayered model that characterizes the microstructure of porous ceramic foam and that can be an 

input for macroscopic modeling. In fact, the flow motion’s complex effect on the heat transfer process 

occurring in porous media, over a spatial problem in the porous domain, requires a robust numerical 

method and an efficient meshing that can characterize the fluid-solid interface interface [8]. The 

porous medium’s morphological characteristics (aspect of the pores like pore size distribution, 

connectivity) also have an impact on the effective thermal conductivity and the permeability and they 

directly affect the thermal-hydraulic performance of the exchanger [9]. 

The potential of materials with a high specific surface area has been tested for the design of 

high-performance heat transfer applications including compact heat exchangers [10]. The porous 

structure’s geometry has a direct impact on thermal and fluid dynamic responses, and a multiscale 

modeling approach can be introduced to optimize the advanced ceramic heat exchanger design [11-

12]. 

Thermal conductivity as a design input parameter for a heat transfer device can affect its overall 

performance [13]. Macroscopic models with effective transport properties can be derived by direct 

pore-level numerical simulations of complex porous geometry [14-15]. Optimization of the design of 

the heat exchanger is needed because porous materials’ complex anisotropic nature is a challenging 

task [16-14]. 

In conclusion, this study is aiming at an investigation of the coupled heat and mass transfer in a 

porous compact ceramic exchanger using a 3-D numerical model. The model was based on Whitaker 

theory using the Control Volume Finite Method. The influence of porosity, hot air velocity, and initial 

ceramic saturation has been studied by variations of temperature, liquid saturation, and pressure during 

the considered time in the porous domain. 
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2. Problem statement and Formulation 

The present problem is a numerical study of heat and mass transfer inside a porous ceramic heat 

exchanger.  The schematic diagram of porous compact heat exchanger is shown in Fig. 1. The material 

of the Heat exchanger is of ceramic with the width, length and height of 8 cm, 10 cm and 8cm, 

respectively. The ceramic domain is supposed to be unsaturated porous material with porosity 0.7, 0.5, 

0.3 and 0.1 respectively are considered in the current study. 

 

Fig. 1. Porous heat exchanger geometry.  

2.1. Numerical equations 

The system of equations is defined by a reference to Whitaker's theory [17]. A numerical model 

of heat and mass transfer is established for the unsaturated porous media and the following 

assumptions have place: 

- We consider that the porous medium is homogenous and isotropic and the three phases (solid, 

liquid, gas) are in local thermodynamic equilibrium. 

- We neglect the viscous dissipation, the compression-work and the radiative heat transfer. 

- The gaseous phase is ideal (thermodynamic sense) and the dispersion and tortuosity terms are 

used as diffusion term. 

In this context, the macroscopic equations of heat and mass transfer in porous media are: 

 Generalized Darcy's Law: 

Referring to Darcy’s law, the average velocities (liquid phase (𝑉𝑙
 ) and gaseous phase (𝑉𝑔 )) are 

defined as bellow (Eq. (1)): 

- Liquid: 

KK g ll P ρ gg l
μl

V Pl c
  

      
  

           (1) 
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And
g l

P P Pc g l   presents the capillary pressure.  

- Gas (without applying the gravitational effect) (Eq. (2)): 

KK gg
V Pg g

g
                (2) 

 Mass conservation: 

- Liquid: 

The equation of mass conservation for liquid phase is (liquid density is constant) (Eq. (3)): 

(V )
l

l

ml

t






  


            (3) 

With  𝑚  : the rate mass of the evaporation and 𝜀𝑙  : the fraction volume of liquid 

- Gas: 

The equation of mass conservation for gaseous phase is (Eq. (4)): 

 g
V mg

d g
g

t
g

d


 

                                         
(4) 

With
g
g : the average density intrinsic of gaseous phase. 

- Vapor (Eq. (5) and (6)): 

   
d v

dt

g
V mv v v


 

                                                                                                        
(5) 

g ρvρ Dg geff
ρg

g g
V Vv gv v 

 
   
 
 
 

                              (6) 

D
eff

presents the effective diffusion coefficient of vapor in porous medium. 

 Energy conservation: 

The equation of energy conservation is defined as bellow (Eq. (7)): 

𝜕

𝜕𝑡
 𝜌𝐶𝑃
     𝑇  + 𝑑𝑖𝑣  𝜌𝑙 

𝑙𝐶𝑃𝑙𝑉𝑙
 +  𝜌𝑘   

𝑔𝐶𝑃𝑘𝑉𝑘
   

𝑘=𝑎,𝑉  𝑇  = 𝛻 𝜆𝑒𝑓𝑓 . 𝛻𝑇  − ∆𝐻𝑣𝑎𝑝  𝑚 𝑣                      (7) 

With vapH : heat latent of vaporization at temperature T(K). 

eff
 : thermal effective conductivity of porous medium.  
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Cp : heat capacity of the porous medium defined as bellow (Eq. (8)): 

C C C C Cs l a vp ps pa pvpl
                     (8) 

Which ρ Cs ps
, ρ Cl pl

, ρ Cv pv
 and ρ Ca pa

presents the mass heat capacities of three phases (solid, 

liquid, vapor and air). 

 Thermodynamic relations: 

The partial pressure of vapor is defined as bellow:  

𝑃𝑣 = 𝑃𝑣𝑒𝑞 (𝑇, 𝑆). 

With S: saturation of liquid explained by (Eq. (9)): 

lS





                                                          
                               (9) 

For the gaseous phase, the pressure is (Eq. (10)): 

ρiP = RT ;i=a,vi
M

i

                       (10) 

P =P +Pg a v , ρ =ρ +ρg a v  

For the vapor, the pressure is defined by (Eq. (11)): 

2. .M
exp

. . .

Pv v

Pvs r RT
l





 
  
 
 

           (11) 

2.2. Boundary and initial conditions 

 

Initially, all fields; the temperature, saturation and pressure are uniform in the heat exchanger 

domain (Fig. 2). 

 

Fig. 2. Exchanger’s boundary conditions. 
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The boundary conditions for our model are defined as following: 

The exchanging cavities (highlighted in red in Fig.1) (Eq. (12)): 

 
T

H V n h T Tvap tieff l lXi

 
  

         
  

                                                                            (12)  

The mass flow (evacuation and evaporation) (Eq. (13)): 

 g
V V n h C C

v v m vs vil l
 
 

           
                                                                            (13) 

On exchanging cavities, the pressure is considered as the atmospheric pressure (Eq. (14)): 

g
P Pg atm

   
 

                       (14) 

The external faces (right, left, up, bottom) are considered as adiabatic and impermeable faces. 

0
T

H V nvap ieff l lXi

 
  

     
  

                                 (15) 

0
g

V V nv v il l
         
 

          (16) 

0

g
Pg

Xi

  
  

 
 

            (17) 

Cavities [18] Faces [19] 

ht   × 0.023 × Re4 5 × Pr1 3 

D
 

 × 0.023 × Re4 5 × Pr1 3 

LC
 

hm  DA,B × 0.023 × Re4 5 × Sc1 3 

D
 

DA,B × 0.023 × Re4 5 × Sc1 3 

LC
 

V

alidity 

104 < 𝑅𝑒 < 1.2 × 105  

0.6 ≤ Pr ≤ 160  

0.6 ≤ Sc ≤ 160 

Re < 5 × 105 

 Pr ≥ 0.6 

Sc ≥ 0.6 

Re ρ
a

waD

μ
a

 
ρ

a
waLC

μ
a

 

Table. 1. Convective coefficients for heat and mass transfer. 

The convective coefficients (heat and mass transfer) are presented in Table. 1. 
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                                Pr =
Ca μa

a
                            Sc =

ϑa

DA ,B
 

 

Which:  

ht  : Convective coefficient of heat transfer [Wm-2°C-1] 

hm : Convective coefficient of mass transfer [ms-1] 

DA,B : Vapor diffusion in air defined as bellow: 

DA,B = Dvap ,air = 0.26 × 10−4 [m2s − 1]              

LC = 0.1 m presents the characteristic length of the exchanger. 

3. Numerical solution, grid dependency and validation 

The Control Volume Finite Element Method (CVFEM) is used to solve our system of equations 

[20-21]. Moreover, the control volume is composed of prismatic elements which ensures the grid 

flexibility and the conservation of flux. 

For the mesh generation, the free mesh generator Gmsh is employed (Fig. 3). The heat 

exchanger domain is divided in six-node prisms. Also, the centroids of the triangular elements 

(prism’s base) are joined to the midpoints of the corresponding sides. 

 

Fig. 3. Cross section of the 3D domain meshing. 

 Grid dependency 

Because of the relevance of grid size on the accuracy of numerical findings, grid independency 

Initial 

temperature 

Initial saturation Hot air 

temperature 

Hot air velocity porosity 

20°C 50% 100°C 20m/s 0.1 

𝑔  

Table. 2. Initial and operating conditions for the validation tests. 

tests were carefully performed. The initial and operating conditions are depicted in Table. 2. 
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 Model validation 

A numerical code (Fortran) has been developed to solve the coupled heat and mass transfer 

equations. The model is validated by the study of Hussain et al. [22]. With the great agreement shown 

in Fig. 4, it can be concluded that the model developed to simulate mass and heat transport within 

porous exchangers is accurate and reliable enough to be used in this investigation. 

Fig. 4. Evaluation of the current model's transient temperature results compared to those of Hussain et 

al. [22], at two different axial locations. 

4. Results and discussions 

In this section, we present the numerical results obtained for the simulation of heat and mass 

transfer within the considered compact porous exchanger. 

The findings section is composed of three parts: Effect of hot exchanging air temperature ; 

Effect of initial saturation of porous domain ; Effect of porosity ; Effect of hot air velocity. 

4.1. Effect of hot exchanging air temperature  

In this part, the effect of the hot exchanging air temperature has been evaluated. Therefore, four 

 𝐓 

(℃) 

𝐒𝐢𝐧 

(%) 

Tin 

(℃) 

𝐕 

(𝐦/𝐬) 

𝐏𝐎 

- 

𝐂𝐕𝒂𝒎𝒃 

 

𝐏𝐚𝐦𝐛 

(𝐚𝐭𝐦) 

Case A 100 50 20 5 0.1 0.001 1 

Case B 80 50 20 5 0.1 0.001 1 

Case C 60 50 20 5 0.1 0.001 1 

cases have been tested (Table. 3).  

Table. 3. Operating and initial conditions for four studied cases. 
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Case D 40 50 20 5 0.1 0.001 1 

 

Fig. 5 shows that the time evolution of the averaged porous domain temperature is highly 

affected by the hot air temperature and the initial saturation. Fig. 6 demonstrates that the fastest 

exchange corresponds to the lowest initial liquid saturation. Moreover, the gaseous pressure inside the 

porous ceramic (Fig. 7) shows that the highest-pressure peak corresponds to case A where highest air 

temperature and initial saturation are used.  

           

Fig. 5. Time evolution of temperature. Fig. 6. Time evolution of saturation. Fig. 7. Time evolution of 

pressure. 

4.2. Effect of initial saturation of porous medium  

In this part, the effect of the initial saturation of porous medium has been evaluated. Therefore, 

 𝐓 

(℃) 

𝐒𝐢𝐧 

(%) 

Tin 

(℃) 

𝐕 

(𝐦/𝐬) 

𝐏𝐎 

- 

𝐂𝐕𝒂𝒎𝒃 

 

𝐏𝐚𝐦𝐛 

(𝐚𝐭𝐦) 

Case A 100 50 20 5 0.1 0.001 1 

Case B 100 40 20 5 0.1 0.001 1 

Case C 100 30 20 5 0.1 0.001 1 

Case D 100 20 20 5 0.1 0.001 1 

 

Fig. 8 shows that the time evolution of the averaged porous domain temperature is highly 

affected by the initial saturation. Since the ceramic is considered as unsaturated porous medium where 

the mixture air and water coexist in the pores. Fig. 9 demonstrates that the fastest exchange 

four cases have been tested (Table. 4).  

Table. 4. Operating and initial conditions for four studied cases. 
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corresponds to the lowest initial liquid saturation. The gaseous pressure inside the porous ceramic 

(Fig.10) shows that the highest-pressure peak corresponds to case A where highest air temperature and 

initial saturation are used. 

                             

     Fig. 8. Evolution of temperature.    Fig. 9. Evolution of Saturation.    Fig. 10. Evolution of pressure. 

4.3. Effect of porosity 

Referring to Fig. 11, representing the 3D distributions of temperature, saturation and pressure 

inside the porous medium at 3h, since only the cavities are exchanging mass and heat within the hot 

circulating air, it can be seen that the heat propagates through the exchanging cavities to the whole 

porous ceramic domain. The decrease in porosity leads to higher heat exchange and faster thermal 

diffusion occurs in the vicinity of the exchanging cavities at earlier stages compared to higher 

porosities. The high porosity favorizes the migration of liquid towards the exchange cavities but since 

the larger porosities results in larger water quantities so larger amount of heat are consumed to 

evaporate water before increasing the overall ceramic temperature and reaching the thermal 

equilibrium. This implies a faster exchange time is obtained for low porosity. Moreover, the increase 

of porosity implies the presence of larger water quantity inside the exchanger, which results in a 

higher-pressure profile. 
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Fig. 11. 3D distributions of temperature, saturation and pressure for different porosity values 

after 3h. 
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4.4. Effect of hot air velocity 

The slices’ view to represent the distribution of temperature, liquid saturation, and gaseous 

pressure for different velocity values after 3h are depicted in Fig. 12. The increase of the velocity 

induces an intense and rapid heat exchange detected by high temperature near the exchanging cavities. 

Likewise, lower liquid saturation is noticed near the exchanging cavities at early stage for high air 

velocities. As a result, for high velocity, high pressure is seen inside the ceramic which is responsible 

for water extraction to the exchanging surfaces. Such behaviour can be explained by strengthening of 

the heat and mass transfer coefficients that lead to intense exchange and high temperature field within 

the porous ceramic HX. 
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Fig. 12. 3D distributions of temperature, saturation and pressure for different air velocities after 

3h 
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5. Conclusions 

In the present study, a 3-D numerical model is established to analyze the effects of parameters 

(temperature, saturation, porosity and hot air velocity) on heat and mass transfer within a porous 

compact heat exchanger. The mesh was generated by the free mesh generator Gmsh and a Fortran 

numerical code has been developed. The numerical model successfully describes the effect of the 

temperature, liquid saturation, porosity, and hot air velocity on the thermal exchanging rate. From the 

computation results following conclusions are drawn: 

- The operating conditions related to initial saturation and hot air temperature should be 

carefully chosen. Heat exchange rate increases with decrease in initial liquid saturation of the 

porous ceramic medium.  

- Heat transfer coefficient increases with increase of hot air velocity leading to intense and rapid 

heat exchange. Likewise, the mass transfer efficiency increases with air velocity increase.  

- The porosity of ceramic material is vital to maximize the heat exchange; the use of ceramic 

has 0.1 porosity results in time savings of 55% compared to the reference case corresponding 

to 0.7 porosity.  

- The case corresponding to air velocity V=30m/s, leads to a time saving of 81% comparing to 

the case where V=5m/s.  

- The findings demonstrate that increasing the air velocity by a factor of two reduces the 

exchanging time by half when compared to the reference case corresponding to hot air 

velocity V=5m/s. 
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Nomenclature 

𝐶𝑎  specific heat of the air [𝑘𝐽𝑘𝑔 − 1𝑘 − 1] Greek letters 

Cp specific heat at constant pressure 

[𝑘𝐽𝑘𝑔 − 1𝑘 − 1] 

ε  porosity 

𝐶𝑣 specific heat of the vapor [𝑘𝐽𝑘𝑔 − 1𝑘 −
1] 

εl   volume fraction of liquid phase 

𝐶𝑤  specific heat of the water [𝑘𝐽𝑘𝑔 − 1𝑘 −
1] 

𝜇  dynamic viscosity [kg m-1 s-1] 

𝐷𝐴,𝐵 Diffusion coefficient [m2s-1] 𝜗  kinematic viscosity [𝑚2 𝑠 − 1] 

g gravitational acceleration [m s-2] 𝜌  density [kg m-3] 

𝑕𝑚  convective mass transfer 

coefficient[𝑚𝑠 − 1] 
  conductive transfer coefficient [𝑊𝑚 −

1°𝐶 − 1] 
𝑕𝑡   convective heat transfer 

coefficient[𝑊𝑚 − 2°𝐶 − 1] 
σ            surface tension [𝑁 𝑚 − 1] 

K         intrinsic permeability [m2]  ∆𝐻𝑣𝑎𝑝   vaporisation latent heat [J kg-1] 

𝐿𝑐  characteristic length of brick [m]   

M molar mass of air [kg mol-1] Subscripts  

  0 initial condition 

m   evaporation rate [kg s-1] a air 

𝑛𝑖         outward normal vector eff effective 

P pressure [Pa] g Gas 

Pc capillary pressure [Pa] l liquid 

Po        Exchanger porosity [%] v vapor 

PVs           partial pressure of saturated vapour [Pa] vs             Saturated vapor 
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