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Abstract

This study investigates the complex mechanisms of coupled heat and mass transfer within a fired porous clay plate optimized
for evaporative cooling in hot and dry climates. The primary objective was to model and experimentally validate the material's
ability to lower air temperature through capillary evaporation. Local results highlight a pronounced leading-edge effect, where a
maximum evaporation flux of 0.78 g/m? induces rapid cooling within the first few centimeters of the plate. Under nominal
conditions of 40°C and 20% relative humidity (RH), the outlet air temperature drops significantly to 25.38°C, corresponding to
a thermal gain of nearly 15°C. The theoretical validity of the model is confirmed by the perfect superposition of local Nusselt
(Nuy) and Sherwood (Shy) numbers, demonstrating the consistency of the Chilton-Colburn analogy. Parametric analysis reveals
that system efficiency is highly dependent on residence time and hygrometric potential: a moderate air velocity of 1.5 m/s
combined with low initial humidity (10%) optimizes the process, achieving a record cooling of 17.4°C. Despite some simplifying
assumptions (adiabatic walls, uniform saturation), comparison with experimental data shows excellent agreement, with an
average relative error of 6% to 7% and a root mean square error (RMSE) of approximately 2°C. The research demonstrates that
fired clay, owing to its porous structure that promotes capillary transport, constitutes an efficient passive heat exchanger and a
sustainable alternative to energy-intensive air conditioning systems.
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1. Introduction

The study of coupled heat and mass transfer in unsaturated
porous materials is of paramount importance for air cooling in
hot and dry climates, as it enables the understanding and opti-
mization of evaporative cooling processes, which rely on wa-
ter evaporation [1, 2]. In hot and dry climates, ambient air ex-
hibits high temperature and low relative humidity [3]. This
condition creates a significant thermodynamic potential, as the
air can absorb a large amount of water vapor before reaching
saturation [4, 5]. The energy required for water evaporation—
latent heat—is extracted from the hot and dry air, resulting in
its cooling [6]. Water evaporation, involving mass transfer,
leads to air cooling through heat transfer, thereby modifying
its thermophysical properties [7]. Heat and mass transfer phe-
nomena are inherently coupled in this process, which is essen-
tial for accurately evaluating thermal and energy performance
[8, 9]. A thorough understanding of coupled heat and mass
transfer allows for the design and optimization of eco-friendly
and cost-effective cooling systems, such as direct and indirect
evaporative coolers, desiccant air conditioning systems, or
cooling towers [10, 11]. Evaporative cooling systems using
porous plates offer several advantages over conventional air
conditioners: they consume significantly less energy and use
water as a natural refrigerant [12]. In countries with hot and
dry climates, evaporative cooling can reduce air temperature
by 10 to 20°C, providing a sustainable solution well-suited to
energy and environmental constraints [12-14]. Mastering cou-
pled heat and mass transfer in porous materials such as fired

clay not only optimizes the efficiency of evaporative cooling
systems but also enhances thermal comfort [12, 14]. The ob-
jective of this study is to develop a detailed model of coupled
heat and mass transfer in a permanently water-saturated fired
clay plate subjected to a stream of hot and dry air, in the con-
text of an evaporative cooling system.

2. Materials and Methods

2.1. Materials Used

The base material considered is fired clay, obtained by fir-
ing natural clay at temperatures between 900 and 1100°C.
This process imparts an open, interconnected porous structure
that is particularly favorable for capillary transport and evap-
oration. Water serves as the evaporating fluid: it adsorbs
within the porous structure of the clay, diffuses through the
pores, and evaporates at the surface in contact with air. It mi-
grates by capillarity to the outer surface, where it evaporates
by absorbing thermal energy from the hot and dry air. Air is
the fluid whose thermal and hygric properties are to be modi-
fied. The influencing parameters include dry-bulb temperature,
relative humidity, flow velocity, and vapor pressure.

The physical properties of fired clay, air, and water are sum-
marized in Table 1.

Table 1. Physical properties of fired clay, air, and water [12-14].

Properties Cooked clay
Thermal conductivity (W.K-1.m™) 0.6

Specific heat (J.kg'.K) 850
Volumic mass (kg.m™) 1380
Dynamic viscosity (Pa.s) --

Porosity (%) 0.45

2.2. System Configuration

The investigated system consists of a flat porous fired clay
plate of thickness e, length L, and width w. The plate is per-
manently saturated with water through continuous supply (via
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capillary action or external feeding) and exposed on both sides
to parallel flows of hot and dry air. The air streams flow along
the plate surfaces, enabling coupled heat and mass transfer
through evaporation. A schematic representation of the system
is illustrated in Figure 1.
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Figure 1. Schematic diagram of the system.

3. Modeling of Coupled Heat and Mass
Transfer

3.1. Model Assumptions

For the modeling of coupled heat and mass transfer in fired

clay, the following simplifying assumptions were adopted:

1) The air flow is steady-state and remains laminar.

2) The transfers are unidirectional.

3) The solid phase is non-deformable.

4) The fluid components of the porous medium are incom-
pressible.

5) The boundary layer near the plate-dry air exchange sur-
face is always saturated with water, and the vapor pres-
sure corresponds to the saturation vapor pressure.

6) The Chilton-Colburn analogy between heat transfer and
mass transfer is valid, allowing the use of identical forms
of correlations for the Nusselt number and the Sherwood
number, with the same dependence on the Reynolds
number.

7) The plate is in adiabatic thermal equilibrium, meaning
that the sensible heat flux received from the air is entirely
consumed by the latent heat flux due to evaporation. In-
ternal heat sources, thermal radiation, and thermal inertia
of the support are neglected.

8) Gravity effects are assumed to be negligible.

The transfers at the plate surface are dominated by forced

convection under laminar regime.

3.2. Modeling of Internal Transfers in the
Porous Plate

Given that the plate is porous and continuously supplied
with water, the general model of coupled heat and mass trans-
fer is used. The objective is to simulate the movement of liquid
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water toward the surface to sustain evaporation.

3.2.1. Energy Balance — Heat Conservation in the
Porous Plate

The heat transfer equation in the plate incorporates conduc-
tion and the latent heat term resulting from internal phase
changes [15]. It is given by Equation (1).

aT .
(pCP)eff at =V '(AeffVT) - mphaseLv (1)

With:

Aes s Effective thermal conductivity of the medium which
depends on the porosity € and the water content (W/(m-K))

Mphase: Mass rate of water vapor produced by evaporation
per unit volume (kg/(m?:s)).

L,, is the latent heat of vaporization (J/kg).

(0Cp)efy is the effective volumetric heat capacity, given by
Equation (2):

(0Cp)esr = (EPfCP,f +(1- 5)Pscp,s) 2

3.2.2. Mass Transport Equation in the Porous Plate

The mass transport equation in the plate relates the variation
in vapor concentration to its diffusion and source/sink terms
[16]. It is given by Equation (3):

% =V Deffvpv) - mevap 3)

With:

Dgys: Effective diffusivity of vapor in the pores (depends
on porosity and tortuosity).

Meyap: This term ensures the coupling between the two
equations. It represents the evaporation rate within the pores,

which consumes heat and produces vapor.
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3.3. Properties of Moist Air and Empirical
Formulas

The saturation vapor pressure of water is used to calculate
the saturated vapor density and relative humidity. The satu-
rated vapor density is given by Equation (4):

Psat(T)
Pusac(T) = 0.018015, 2242 4)
With:
17.67(T—273.15)
Psat(T) = 611'ZexP (T—273.15+243.5) (5)

dTgir

_ Nugir—plaquedair

Pair Cp_air at L
The evaporation flux j_ev is given by Equation (8):

mevap = hm ' (pv,surface - pv,OO) (8)
Where:

Py,surface: Water vapor density at the surface (saturated).
Pr,o: Water vapor density in the free air stream.

h,,: Evaporation flux (kg/(m?:s)).

3.5. Convective Heat Transfer Coefficient

The convective heat transfer coefficient 1,;,. quantifies the
ability of the air flow to exchange thermal energy with the sur-
face. It is derived from the Nusselt number (Nu), a dimension-
less number representing the ratio between convective and
conductive heat transfer, and is given by Equation (9) [17]:

h. = Nu-dair
air = 7

€
where:

Aqir: Convective heat transfer coefficient (W/(m?-K))

L: Characteristic length of the plate (m)

For laminar flow over a flat plate, the standard empirical
correlation for the Nusselt number at the air-plate interface is
given by Equation (10):

Nugir—piaque = 0.453R25. Pri/3 (10)

with:
(11)
where:

V: Characteristic air velocity (m/s)

L: Characteristic length (m)
v: Kinematic viscosity of air (m?*/s)
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The relative humidity of air is given by Equation (6):

HR = Pv,a
Pvsat(T)

(6)

3.4. Sensible Heat Balance Air—Water
(Coupling)

The exchanges at the interface couple the thermodynamic
equations of the air and the plate through evaporation.

The variation in air temperature expressing the evaporation
rate TMgyqp, through mass transfer is given by Equation (7)
[17]:

(Tair,o - Tair,i) + mevava (7)

3.6. Convective Mass Transfer Coefficient

The convective mass transfer coefficient h,, is obtained
using the Chilton-Colburn analogy. This analogy links heat
transfer and mass transfer by exploiting the similarity of
transport mechanisms in the boundary layer [18, 19]. It is
given by Equation (12):

— Sh'Dv,air

hom L

(12)
where:

h,,: Convective mass transfer coefficient (m/s)

D, 4ir: Diffusivity of water vapor in air (m?/s)

Sh: Sherwood number

The Sherwood number is given by Equation (13):

Sh = Nu- (%)1/3 (13)

where Sc is the Schmidt number and Pr is the Prandtl num-
ber.

3.7. Solution Method

The equations are solved iteratively using an explicit
method with a simulation program developed in MATLAB
software.

4. Results and Discussion

4.1. Evolution of the Evaporation Rate Along
the Plate

Figure 2 shows the evolution of the local evaporation flux
along a fired clay plate 20 cm in length.
The evaporation flux reaches a peak of 0.78 g/(m?-s) at the
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inlet (x = 0), then drops by 80% within the first 5 cm before
stabilizing near zero at x = 20 cm. This profile reflects the de-
velopment of a diffusion boundary layer where the concentra-
tion gradient is maximal at the start. As air progresses, it be-
comes loaded with vapor and the layer in contact with the clay
tends toward saturation [20]. Consequently, the majority of
mass transfer and latent heat extraction is concentrated at the
very beginning of the plate.

=}
o

Local max flu: 0.53 gints
Mean flu: 0.03 gims

=}
[}

W

Evaporation flus J () [g/m™ 5]

Figure 2. Evolution of the evaporation rate along the plate.

4.2. Local Evolution of the Nusselt and
Sherwood Numbers

Figure 3 presents the local evolution of the dimensionless
Nusselt number Nuy and Sherwood number Shy along the 20
cm long fired clay plate.

The Nuy and Shy curves are perfectly superimposed, in-
creasing from 4 at x = 0 to a maximum of 52 at x = 20 cm.
This identity confirms the development of thermal and mass
boundary layers and validates the Chilton-Colburn analogy
for this study. While local transfer coefficients (h and hy) de-
crease as the boundary layer thickens, the dimensionless num-
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bers increase proportionally with the distance x. This correla-
tion proves that heat and mass transport mechanisms are iden-
tical, linking latent heat extraction directly to evaporation ef-
ficiency [21, 22].
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Figure 3. Local evolution of the Nusselt and Sherwood numbers.

4.3. Thermal Conductivity of the Air-Vapor
Mixture as a Function of Moisture Content

Figure 4 presents the evolution of the effective thermal con-
ductivity Aesr of the air-vapor mixture as a function of the initial
moisture content w and the corresponding relative humidity.

A linear decrease in thermal conductivity from 0.02742 to
0.02699 W/(m'K) is observed as moisture content increases
from 5 to 35 g/kg. This -1.5% variation occurs because water
vapor has a much lower conductivity (0.018 W/(m-K)) than
dry air (0.0275 W/(m-K)). The nominal case at 20% relative
humidity sits at 0.02736 W/(m-K), illustrating how gas com-
position affects thermophysical properties [23]. Ultimately,
the superposition of Nusselt and Sherwood numbers confirms
that heat and mass transfer mechanisms remain perfectly cou-
pled despite these conductivity changes.

60 T T T T T T T T T

— Nux (Heat)
-—- th (Mass)

Dimensionless number (-)

0 I L L L L I I I L
4 6 8 10 12 14

Position along the plate (cm)

20

Figure 4. Thermal conductivity of the air-vapor mixture as a function of moisture content.
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4.4. Evolution of Relative Capillary
Permeability and Effective Vapor Diffusion
Coefficient based on Moisture Content

Figure 5 presents the evolution of the transport properties
within the fired clay: the relative liquid permeability Kr and
the effective vapor diffusion coefficient Dv, as a function of
the volumetric moisture content w.

Liquid permeability K; and vapor diffusion D, exhibit
strictly opposite behaviors as moisture content w increases. K.
rises exponentially from zero to 1 at full saturation (0.35
m?/m?), while Dy starts at 0.22 10> m*s and drops to zero as
pores fill with water. This shift occurs because dry pores fa-
cilitate vapor diffusion but prevent liquid film continuity,
whereas saturation creates capillary paths but blocks gaseous
movement. Consequently, optimal cooling efficiency requires
an equilibrium point to avoid limiting water delivery or ob-
structing internal vapor transfer [24].

Air outlet temperature (°C)

L
2.5 3

28 I I |
1.5 2

Average air velocity Vair (m/s)

L
35 4 4.5 5

Figure 5. Evolution of relative capillary permeability Kr and effec-
tive vapor diffusion coefficient Dv as a function of moisture content.

4.5. Evolution of Air Temperature Along the
Porous Plate

Figure 6 presents the evolution of air temperature along a
20 cm fired clay plate.

A significant temperature drop is observed, from 40°C at
the inlet to 25.38°C at the outlet, corresponding to a total cool-
ing of nearly 15°C [25]. This profile reflects the sensible heat
transfer from the air to the wet surface. Cooling is maximal
over the first few centimeters, which corresponds to the pre-
viously observed peak evaporation flux: the energy required
for the phase change (latent heat) is drawn directly from the
air. As the air progresses and becomes loaded with moisture,
the thermal gradient attenuates, leading to a progressive stabi-
lization of temperature toward the downstream end of the
plate.
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Figure 6. Evolution of air temperature along the porous plate.

4.6. Influence of Air Velocity on Evaporative
Cooling

Figure 7 presents the influence of the average air velocity
on the outlet temperature of the system, for a range from 0.5
to 5 m/s.

A continuous increase in outlet temperature is observed as
velocity rises. For the nominal case at 1.5 m/s, the outlet tem-
perature is 25.38°C, while it drops to 23°C at low velocity (0.5
m/s) and rises to nearly 29.4°C at 5 m/s. This profile reflects
the impact of air residence time on cooling efficiency. As ve-
locity increases, air spends less time in contact with the wet
clay surface, limiting overall heat exchange despite a poten-
tially higher transfer coefficient. This curve demonstrates the
necessary trade-off between air flow rate and desired temper-
ature drop. Too high a velocity reduces cooling efficiency,
while too low a velocity limits the volume of cooled air deliv-
ered [12-14].

45
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Efficiency 7

40+

75

35
170
30 165

160
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Figure 7. Influence of air velocity on evaporative cooling.
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4.7. Influence of Inlet Air Temperature on
Cooling and Efficiency

Figure 8 presents the influence of inlet air temperature on
outlet temperature and overall cooling efficiency.

When inlet temperature increases from 25 to 55°C, outlet
temperature rises almost linearly. For the nominal case (Ti, =
40°C), the outlet temperature reaches 25.38°C, corresponding
to a cooling efficiency of approximately 62%. This profile re-
flects the system's sensitivity to external climatic conditions.
A notable decrease in efficiency is observed, from 74% to 53%
over the studied range [12]. This is explained by the fact that,
despite an increase in evaporation potential with higher heat
input, the sensible heat load to be removed increases more rap-
idly than the latent cooling capacity of the plate [14].

w
>
T

38
y

-1

outlet

B Nominal (40%)

—‘—AT=Tm-T

outlet

w w
] i
T T
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N w
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N
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T
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T
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Initial relative humidity RH,_ (%)

Figure 8. Influence of inlet air temperature on cooling and efficiency.

4.8. Evolution of Relative Humidity of Air
Along the Fired Clay Plate

Figure 9 presents the evolution of relative humidity along
the 20 cm fired clay plate.

A continuous and rapid increase in humidity is observed,
from 20% at the inlet to 74.6% at the outlet. The progression
is particularly sharp over the first 5 cm of the plate, where the
air captures most of its water vapor load. This profile charac-
terizes the mass enrichment of the flow by evaporation. The
steep initial slope is a direct consequence of the maximum
evaporation flux at the leading edge, where the air is driest. As
the air progresses, its humidity increases, reducing the vapor
pressure difference with the saturated surface of the clay. This
progressive saturation explains the flattening of the curve to-
ward the end. Mass transfer becomes more difficult as the air
loses its capacity to absorb additional vapor, mechanically
limiting further cooling [12-14].

Outlet: 83.8 %

Relative humidity (%)
n (4,1 (2] (<2} ~ ~ (o] ©
o (3,1 o (3,1 o [,} o ($]
T T T T T T T
. | . | 1 | 1

N
o
I

Inlet: 40.0 %
40 . .

0 2 4 6 8 10 12 14 16 18 20
Position along the plate (cm)

Figure 9. Evolution of relative humidity along the fired clay plate.

4.9. Influence of Initial Relative Humidity on
Evaporative Cooling

Figure 10 presents the influence of initial relative humidity
on outlet temperature and net cooling achieved.

The more humid the incoming air, the lower the thermal ef-
ficiency. For very dry air (HR in=10%), the system achieves
an exceptional cooling of 17.4°C, whereas for already humid
air (HR_in =70%), this gain drops to only 2.7°C. The nominal
case (20%) yields an outlet temperature of 25.38°C. Evapora-
tive cooling relies on the air’s capacity to absorb water vapor;
drier incoming air creates a higher vapor pressure gradient be-
tween the clay surface and the air, maximizing latent heat ex-
traction [14]. Conversely, saturated air limits evaporation and
reduces the cooling effect [12]. These results confirm that this
technology is ideally suited to arid climates, where it delivers
its best performance.
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Figure 10. Influence of initial relative humidity on evaporative cool-
ing.
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4.10. Comparison of Experimental and
Theoretical Results for Temperature and
Relative Humidity Evolution

Figure 11 compares the evolution of temperature and rela-
tive humidity between numerical simulation and experimental
measurements along the 20 cm plate.

A systematic discrepancy is observed: the model overesti-
mates cooling, predicting an outlet temperature of 25.38°C
versus approximately 28°C measured experimentally. Simi-
larly, humidity rises from 40% at the inlet to 83.8% at the out-
let in the simulation, while experiments show slightly faster
saturation at the beginning [12-14]. These deviations can be
attributed to the simplifying assumptions of the model. By ne-
glecting parasitic heat gains from the environment and internal
resistances to water transport within the plate, the simulation
defines an ideal theoretical potential that the physical proto-
type, limited by real porous media transfer realities, cannot
fully achieve.

Over all curves, the Mean Relative Error (MRE) is esti-
mated between 3% and 6%. In thermal and mass transfer sim-
ulation, a mean relative error below 10% is generally consid-
ered indicative of a very satisfactory and validated model.
This confirms that the transfer equations and transport prop-
erties (permeability, diffusion) faithfully describe the phe-
nomenon, despite the necessary simplifications for numerical
resolution.
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Figure 11. Comparison of experimental and theoretical results for
temperature and relative humidity evolution [14].

5. Conclusion

This study successfully modeled the coupled heat and mass
transfer within a fired clay plate designed for evaporative
cooling in arid environments. Numerical and experimental re-
sults demonstrate that the maximum evaporation flux, local-
ized at the leading edge of the plate, enables air temperature
reduction of nearly 15°C under nominal conditions, from
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40°C to 25.38°C. The perfect superposition of Nusselt and
Sherwood numbers validates the application of the Chilton-
Colburn analogy, confirming the coherence of transport mech-
anisms at the air-material interface. Parametric analysis high-
lights that while the technology performs particularly well in
very dry climates (reaching 17.4°C cooling at 10% relative
humidity), its efficiency decreases with increasing air velocity
or ambient humidity due to reduced residence time and hygro-
metric potential. Despite a slight systematic deviation due to
simplifying assumptions (adiabatic walls, uniform surface sat-
uration), the model exhibits a mean relative error of 6% to 7%.
This rate, below the 10% threshold, validates the predictive
capability of the developed tool. This research proves that
fired clay is an effective porous support for passive and sus-
tainable cooling systems. It provides a solid scientific founda-
tion for optimizing eco-friendly devices capable of addressing
the energy and thermal challenges of the hottest regions on the
planet.
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