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Abstract 
This study develops an analytical model to evaluate the cooling performance 
of a porous terracotta tubular direct evaporative heat and mass exchanger. By 
combining energy and mass balance equations with heat and mass transfer 
coefficients and air psychrometric correlations, the model provides insights 
into the impact of design and operational parameters on the exchanger cool-
ing performance. Validated against an established numerical model, it accu-
rately simulates cooling behavior with a Root Mean Square Deviation of 0.43 - 
1.18˚C under varying inlet air conditions. The results show that tube geome-
try, including equivalent diameter, flatness ratio, and length significantly in-
fluences cooling outcomes. Smaller diameters enhance wet-bulb effectiveness 
but reduce cooling capacity, while increased flatness and length improve both. 
For example, extending the flatness ratio of a 15 mm diameter, 0.6 m long tube 
from 1 (circular) to 4 raises the exchange surface area from 0.028 to 0.037 m2, 
increasing wet-bulb effectiveness from 60% to 71%. Recommended diameters 
range from 5 mm for tubes under 0.5 m to 1 cm for tubes 0.5 to 1 m in length. 
Optimal air velocities depend on tube length: 1 m/s for tubes under 0.8 m, 1.5 
m/s for lengths of 0.8 to 1.2 m, and up to 2 m/s for longer tubes. This model 
offers a practical alternative to complex numerical and CFD methods, with 
potential applications in cooling tower optimization for thermal and nuclear 
power plants and geothermal heat exchangers. 
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1. Introduction 

Simultaneous heat and mass transfer in porous media plays a critical role in di-
verse scientific and engineering applications, including evaporative cooling (EC) 
[1]-[3]. EC technology stands out as one of the promising alternatives to conven-
tional vapor compression air conditioning systems [4]. It is recognized for its re-
source-saving and eco-friendly nature, owing to its exceptional cooling efficiency 
and the use of porous media as an efficient heat and mass transfer medium. 

The wet medium is an essential component in an EC system. It is usually made 
of a porous material with a large microscopic surface area and capacity to hold 
liquid water. The selection of wet media materials would depend on the applica-
tion, effectiveness, availability, cost, safety, and environmental factors [5]. Various 
cooling pad materials, such as wood straw, PVC, metal meshes, coconut fibers, 
felt, and fiber-polymer composites, have been explored to enhance water absorp-
tion and reduce pressure drop [6]-[8]. However, issues like weak antibacterial 
properties [9], rapid decay, maintenance challenges of organic pads [10] [11], and 
the high costs of synthetic pads have driven researchers to explore alternative ma-
terials for improved efficiency and durability. 

Porous ceramics have emerged as an alternative pad material for evaporative 
cooling applications due to their water-soaking capacity, antibacterial ability, 
broad availability, and cost-effectiveness [12]. Their high porosity, large surface 
area, and moderate thermal conductivity enhance performance by improving sur-
face wettability, maximizing air-water contact, and serving as a water reservoir. 
This enables intermittent water spraying, reducing pump energy consumption. 
Precise control of pore size and porosity further makes them adaptable to diverse 
applications [13]. 

Among the various shapes of porous ceramic media, hollow terracotta tubes 
arranged to form a bundle have also gained popularity as an evaporative cooling 
medium. Most research in Terracotta Tubular Evaporative Cooling (TT-EC) fo-
cuses on cross-flow indirect and semi-indirect configurations [14]. Amer and 
Boukhanouf [15] conducted an experimental investigation to evaluate the effect 
of various operational conditions on a novel heat pipe and ceramic tube-based 
evaporative cooler. The thermal comfort provided by a combined recovery equip-
ment consisting of a terracotta semi-IEC and a heat pipe device (HP) was investi-
gated by Martín et al. [16]. A porous ceramic made semi-IEC was designed, man-
ufactured, and tested by Gómez et al. [17]. The device can act as a heat recovery 
system in tropical environments where the system yields a decrease in supply air 
humidity. Except for semi-indirect and indirect EC, the porous ceramic has also 
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been used in direct evaporative cooler (DEC) as filler [18]. Chen et al. [19] exper-
imentally studied porous terracotta pipes with high water-sucking ability for an 
evaporative cooling wall. 

Numerical modeling has been widely applied to examine the effects of various 
parameters, including inlet air psychrometric properties, fluid flow conditions, 
and pad geometry, on heat and mass transfer processes within a wet tube channel. 
Mechergui et al. [20] explored evaporation in laminar flow, revealing that wall 
temperature, heat flux, inlet air temperature, and humidity significantly affect 
outlet humidity, and temperature profiles. Kassim et al. [21] and Cherif et al. [22] 
identified air velocity, temperature, and humidity as the most critical factors in 
vertical channel systems. Cossali and Tonini [23] highlighted the necessity of in-
corporating variable thermo-physical properties in heat and mass transfer models, 
revealing discrepancies of 8–30% when constant properties are used. Channel ge-
ometry has also been studied in depth. Adam et al. [24] concluded that, for opti-
mal performance in moderately humid climates, duct lengths should range from 
0.6 to 1.0 meters, channel widths from 0.3 to 0.5 meters, and channel gaps from 
0.004 to 0.008 meters. Similarly, Sun et al. [25] showed that reducing the equiva-
lent diameter of porous ceramic pipes in indirect evaporative coolers lowers outlet 
temperatures and improves wet-bulb effectiveness. These findings underscore the 
importance of both operating conditions and geometric parameters in optimizing 
evaporative cooling performance. 

Existing studies have largely focused on round tubular EC, but flat tubular var-
iants, which offer notable advantages, remain less explored. Flat tubular ECs pro-
vide superior wetting characteristics and better water film formation [26]. They 
also create more compact systems compared to round tubular configurations [27]. 
Liu et al. [28] developed a direct-expansion ice thermal storage system that incor-
porates a multi-channel flat-tubular evaporator, analyzing key factors to enhance 
system performance. Windnigda et al. [29] explored the impact of tube geometric 
parameters on the cooling performance of Terracotta Flat Tubular Heat and Mass 
Exchangers through experimental testing and numerical simulations. These find-
ings underscore the potential of flat tubular ECs for advanced and efficient cooling 
applications. 

Significant progress has been made in understanding heat and mass transfer in 
wet tube channels. Theoretically, when hot fluid flows within a wet tube, it heats 
its interior surface. The water film covering the tube’s interior evaporates into the 
air passing through. The air cools down while getting moisture. This process in-
volves both sensible and latent heat transfer. The theory of tubular Evaporative 
Cooling (EC) is well-established in process engineering. Advances in experi-
mental techniques, numerical simulations, and high-performance computation 
(HPC) methods like CFD have enhanced predictions of these interactions. How-
ever, these methods entail substantial costs and time investments, particularly 
when applied to iterative optimization and real-time control purposes. More re-
cently, practical models based on statistical correlations [30] [31] and emerging 
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Artificial Neural Network (ANN) methods [32]-[35] have been developed. How-
ever, correlations are typically developed for specific configurations, operating 
ranges, and environmental conditions. Applying them beyond these conditions 
can lead to significant inaccuracies. Furthermore, they require extensive experi-
mental data to be accurate and reliable, and may not perform well when applied 
to new systems or design purposes. 

To address these research gap, this study develops an analytical model to exam-
ine the effects of geometric and operating parameters on the cooling performance 
of a porous ceramic tube heat and mass exchanger. This analytical approach seeks 
to enhance the understanding and optimization of EC systems employing porous 
ceramic tubes, ultimately promoting the development of more efficient and sus-
tainable air-conditioning systems. 

2. Description of the Porous Ceramic Tube Heat and  
Mass Exchanger 

2.1. Geometric Parameters 

The porous ceramic evaporator used in this study is a hollow terracotta tube with 
a flat geometry, as shown in Figure 1. 

 

 

Figure 1. Porous terracotta tube heat and mass exchanger geometry. 
 

The geometry of this heat and mass exchanger is defined by three key parame-
ters: the tube’s short axis (a), long axis (a+b), and length (L). Additional parame-
ters, including perimeter (p), cross-sectional area (Ac), exchange surface area (Aw), 
flatness ratio (RF), and characteristic length (hydraulic diameter (Dh) or equivalent 
diameter (De), are calculated using specific formulas. 

Perimeter 

2p a b= π +                           (1) 

Cross-section area 

2

4c
aA abπ

= +                          (2) 

Wet surface area 
The wet surface area is computed using Equation (3). 
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[ ]2wA L a b= π +                          (3) 

Equivalent diameters 
For non-circular tubes, the equivalent diameter is typically used in Reynolds 

number calculations instead of hydraulic diameter [36]: 

4 c
h

AD
P

=                            (4) 

4 c
e

AD =
π

                          (5) 

Tube flatness ratio 
The tube flatness ratio is defined as the ratio of the tube’s long axis to its short 

axis: 

F
a bR

a
+

=                           (6) 

Given the equivalent diameter and flatness ratio, the values of a and b can be 
determined by solving the following equation: 

2 2

4 4
e

c
D aA abπ π

= = +                      (7) 

For : 1 0 and this correspond to the circular tubeF eR b a D= → = = → . 

( ) ( )For : 2 and 4 1 4F eR b a a D= → = = π + π . 

( ) ( )For : 3 2 and 4 2 4F eR b a a D= → = = π + π . 

( ) ( )For : 4 3 and 4 3 4F eR b a a D= → = = π + π . 

The influence of the flatness ratio on the hydraulic diameter and the tube ex-
change surface area is shown in Table 1. It is evident that the equivalent diameter 
is larger than the hydraulic diameter with increasing differences at higher flatness 
ratios. 

 
Table 1. Influence of flatness ratio on tube hydraulic diameter and perimeter. 

Tube flatness 
Tube geometric parameters 

De (mm) a (mm) b (mm) Pw (mm) Ac (mm2) Dh (mm) 

Round (1) 15 15 0 47.12 176.71 15 

2 15 9.95 9.95 51.15 176.71 13.82 

3 15 7.96 15.93 56.88 176.71 12.43 

4 15 6.83 20.50 62.46 176.71 11.32 

2.2. Physical Model of the Heat and Mass Exchanger 

The physical description of the terracotta tubular heat and mass exchanger is 
shown in Figure 2. The heat and mass transfer process within the wet tube chan-
nel involves a sequence of mechanisms that facilitate air temperature reduction as 
it flows through the channel. In the wet tube, the inner surface is kept moist, 

https://doi.org/10.4236/ojapps.2025.151022


W. Zoungrana et al. 
 

 

DOI: 10.4236/ojapps.2025.151022 357 Open Journal of Applied Sciences 
 

allowing water to evaporate from this surface into the air flowing through the tube. 
As the warm air enters the tube, it initiates a transfer of heat from the air to the 
wetted surface, facilitating the phase change of water from liquid to vapor. This 
evaporation process absorbs heat from the air (latent heat of vaporization), reduc-
ing the air temperature while increasing it moisture content. This cooling effect 
relies on several factors: the air’s initial temperature and humidity, the tempera-
ture and moisture of the wetted surface, and the tube geometry. 

 

 

Figure 2. Physical model of the terracotta heat and mass exchanger. 

3. Mathematical Model Development 
3.1. Simplifying Assumptions 

To develop the mathematical model, the following assumptions are made: 
• Heat and mass exchange with surroundings are negligible; 
• The kinetic energy gain is negligible; 
• The potential energy gain is negligible; 
• The process is assumed to be under steady-state open system; 
• Flow, heat, and mass are to be under a steady state; 
• The interior surface of the tube’s wall is completely and continuously wet; 
• The wet surface temperature is assumed to be identical to the wet bulb tem-

perature of the inlet air; 
• No condensation happens in the tube channel; 
• All thermo-physical properties of air are temperature-dependent. 

3.2. Governing Equations 

The heat and mass transfer process in a wet tube channel is governed by energy 
and mass conservation principles. These equations account for convective heat 
and mass transfer, evaporation, and variations in air temperature and humidity 
along the tube. 

Mass and Heat Transfer: 
• Mass transfer, driven by vapor density gradients: 

( )d dw
v a m vs a

Am h x
L

ρ ω ω= −                        (8) 

• Heat transfer, driven by temperature gradients: 
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( )d dw
af a a wb

AQ h T T x
L

= −                         (9) 

Energy Balance Equation for humid air: 
The energy balance describes air temperature changes due to heat and mass 

transfer: 

( ) ( )d d d da a v v af vf vm i m i Q i m+ = − +                     (10) 

d d d d d d da a a a v v v v af vf vi m m i m i i m Q i m+ + + = − +               (11) 

( ) ( ) ( )0 0d d d da pa a pv a pv a v af pv wb vm c c T i c T m Q i c T mω+ + + − + +=      (12) 

Reformulating and combining terms yields: 

( )
( ) ( )d

d
a pv a m vs a wa

a wb
a pa a pv

h c h AT T T
x m c c L

ρ ω ω

ω

 + − = − −
+

           (13) 

Mass Transfer Equation for humid air: 
This equation accounts for the increase in air humidity due to water vapor ab-

sorption: 

d da a vm mω =                            (14) 

( )d
d

a w a m
vs a

a

A h
x Lm
ω ρ ω ω= −



                     (15) 

Energy Balance Equation at the wet surface: 
In adiabatic processes, the convective heat transfer from the air to the wet sur-

face equals the latent heat for water evaporation. In terms of the heat transfer and 
mass transfer coefficients, this equation can be expressed as: 

( ) ( )a a wb a m fg vs ah T T h iρ ω ω− = −                  (16) 

For temperatures between 0 - 180˚C, the latent heat of vaporization can be ap-
proximated as [37]: 

( )12501.6 2.65 kJ kgfg fi T −= − ⋅                  (17) 

3.3. Analytical Model Development 

Equations (13) & (16) are combined and integrated to obtain an analytical solu-
tion: 

( )
( )
( )

2
,, 3

, ,

  
ln 1 ln

   
fg pv a o wba o wba w

a i wb fg pv a i wba pa pv vs

i c T TT Th A Le
T T i c T Tm c c ω

 + −   −
+ = +      − + −+        

   (18) 

where Le  represents number: 

( )
2
3a

f
a pa pv vs m

hLe Le
c c hρ ω

= =
+

                    (19) 

If the exchange surface area is known, the outlet temperature can be solved it-
eratively using a computer program. 

On the other hand, Equation (15) is integrated to obtain the specific humidity 
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of the outlet air: 
,

, 0

d d
a o

a i

L
a a m

vs a a

A h x
Lm

ω

ω

ω ρ
ω ω
−

= −
−∫ ∫



                        (20) 

( ), , , 1 exp a m
a o a i vs a i

a

A h
m
ρω ω ω ω

  
= + − − −     

                 (21) 

The moisture content of the saturated air ( vsω ) is evaluated at the wet bulb 
temperature using Equation (22): 

0.622
101325

sat
vs

sat

P
P

ω ×
=

−
                          (22) 

where saturation pressure ( satP ) is expressed by Equation (23) [37]: 

( )
5 4109.110 exp 12.1929

273.15 35.50sat
wb

P
T

   = × −  + −    
            (23) 

The relative humidity is computed from the specific humidity of the outlet air 
using Equation (24) [38]: 

( )
,

,

100
0.622

atm a o

sat a o

P
P

ω
ω

×
∅ =

× +
                       (24) 

where the saturation pressure ( satP ) are evaluated at the outlet air temperature. 

3.4. Performance Parameters 

The Wet-bulb Effectiveness ( wbε ) is calculated using Equation (25) [39]: 

, ,

,

a i a o
wb

a i wb

T T
T T

ε
−

=
−

                           (25) 

where the wet bulb temperature can be computed by Equation (26) [38]. 

( ) ( )
1

4 2
, ,2.265 1.97 4.3 10 14.85wb db i a iT T ω = × + × + × −         (26) 

To further evaluate the performance of the heat and mass exchanger, the cool-
ing capacity (CC) is calculated. Cooling capacity represents the change in air sen-
sible heat across the wet tube channel, and is expressed as follows: 

( ), , ,a c a o pa a i a oCC A V C T Tρ ⋅= ⋅ −⋅                   (27) 

The specific cooling capacity, defined as the cooling capacity per square meter 
of exchange surface area, is also used to assess the exchanger’s performance. It is 
expressed as follows: 

( ), , ,a c a o pa a i a o

w

A V C T T
SCC

A
ρ ⋅ ⋅ ⋅ −

=


                 (28) 

The water consumption rate ( em ) depends on factors such as inlet/outlet air 
humidity, and airflow rate. It is calculated using Equation (29): 

( ), , ,e a c a o a o a im A Vρ ω ω= −                          (29) 

These equations collectively provide a comprehensive framework to predict the 
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terracotta tubes’ heat and mass exchanger performance and optimize their design. 
For additional details regarding the integration process, refer to Windnigda et al. 
[29]. 

3.5. Determination of the Heat and Mass Transfer Coefficients 

Calculating the heat transfer coefficient starts with determining the Reynolds num-
ber ( aRe ) and the Prandtl number ( aPr ) whose expressions are given below [40]: 

a a e
a

a

v DRe ρ
µ

=                           (30) 

a pa
av

a

c
Pr

µ
λ

=                           (31) 

These dimensionless numbers are crucial for estimating heat transfer coeffi-
cients in convection, representing fluid flow and the balance between momentum 
and thermal transport. The Reynolds number indicates the flow regime, while the 
Prandtl number relates viscosity to thermal conductivity. They are used in empir-
ical correlations to calculate the Nusselt number and heat transfer coefficient. 
Kays [41] developed a correlation for the Nusselt number to estimate the heat 
transfer coefficient of air during laminar flow (Re < 2300) in a duct with a constant 
wall temperature. 

( )( )
( )( )0.8

0.104
3.66

1 0.016
a a e

a

a a e

Re Pr D L
Nu

Re Pr D L
= +

+
               (32) 

Under turbulent flow regime, Dreyer et al. [31] proposed Equation (33): 

( )

( )

0.67

0.5
0.67

1000 1
8

1 12.7 1
8

a e
a a

a
a

a

f DRe Pr
L

Nu
f Pr

  − +     =
 + − 
 

              (33) 

where the friction factor af  for smooth tubes was defined as: 

( ) 2
101.82log 1.64a af Re

−
 = −                     (34) 

Equation (33) is valid for the following range: 
6 42300 10 ;0.5 10 ;0 1a a eRe Pr D L< < < < < < . 

The convective heat transfer coefficient is then deduced using Equation (35) 
[42]. 

a a
a

e

Nuh
D

λ⋅
=                           (35) 

The mass transfer coefficient ( mh ) can similarly be obtained via the Sherwood 
number ( aSh ) or deduced using the Lewis factor: 

2
3

a
m

a pav

h Leh
cρ

−

=                           (36) 
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3.6. Thermo-Physical Properties of Moist Air 

The analytical model employs psychrometric correlation equations from [43] to 
calculate the thermodynamic properties of moist air, including temperature-de-
pendent specific heat, density, conductivity, and viscosity for dry air, water vapor, 
and moist air. These equations, derived from theory and numerical fitting, pro-
vide reliable expressions for these properties at atmospheric pressure within a 
temperature range of 220 - 380 K. 

3.7. Computer Simulation Procedure 

Figure 3 illustrates the computational simulation flowchart. 
 

 

Figure 3. Flowchart of the computational simulation procedure. 

3.8. Model Validation 

The developed analytical model was validated against numerical results from Ko-
vačević and Sourbron [44], who studied plate-type direct evaporative coolers. Alt-
hough this study focuses on a terracotta flat tubular configuration, the heat and 
mass transfer processes are similar to those in plate-type coolers, allowing for 
comparative validation. To ensure consistency, geometric dimensions such as a 
3.4 mm hydraulic diameter and 9 cm tube length, matching those used by Ko-
vačević and Sourbron, were maintained. 

4. Results and Discussion 
4.1. Validation Results 

The validation results in Figure 4 show a strong correlation between the outlet air 
temperatures predicted by the current model and the numerical model from Ko-
vačević and Sourbron [44], especially across varying inlet air temperatures and 
humidity levels. The close alignment indicates that the analytical model is effective 
in simulating the cooling performance of a terracotta tubular heat and mass ex-
changer, with a minimal discrepancy for inlet air temperatures below 40˚C, 

 

https://doi.org/10.4236/ojapps.2025.151022


W. Zoungrana et al. 
 

 

DOI: 10.4236/ojapps.2025.151022 362 Open Journal of Applied Sciences 
 

suggesting the model’s accuracy in this range. The root mean square deviation 
(RMSD) remains low overall, though it rises slightly as inlet air humidity in-
creases. This increase in RMSD with humidity may point to limitations in the 
model’s precision under higher temperature and humidity conditions, potentially 
due to alteration in heat and mass transfer rates not fully captured by the present 
analytical model. Overall, these comparison results confirm the validity of the pro-
posed model. 

 

 

Figure 4. Comparison between our model results with that of Kovačević 
and Sourbron. 

 
The air treatment performance of the porous terracotta tubular heat and 

mass exchanger is analyzed using the validated model to examine the impact of 
key design and operating parameters, including tube flatness, equivalent diam-
eter, inlet air temperature, humidity, and air velocity. By varying these param-
eters individually while holding others constant, the study evaluates perfor-
mance metrics such as outlet air temperature, cooling capacity, wet bulb effec-
tiveness, and water evaporation rate. Understanding and optimizing these pa-
rameters are essential for enhancing heat and mass transfer characteristics and 
maximizing cooling performance under diverse environmental conditions and 
applications. 

4.2. Influence of Channel Equivalent Diameter 

The channel’s equivalent diameter significantly impacts mass flow rate and heat 
and mass transfer coefficients, influencing the cooling performance of the system. 
As shown in Figure 5, increasing the equivalent diameter (from 10 to 25 mm) 
reduces air outlet temperature and wet bulb effectiveness (Figure 5(a) & Figure 
5(c)) while enhancing cooling capacity and water consumption rates (Figure 5(b) 
& Figure 5(d)). This is due to the improved heat and mass transfer rates with  
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Figure 5. Influence of channel equivalent diameter on the cooling performance parameters. 

 
smaller diameters, which enhance cooling effectiveness but lower cooling capacity 
due to reduced airflow. Beyond 20 mm, performance declines sharply, suggesting 
a transition to turbulent flow, which adversely affects the Nusselt number and 
transfer rates. Tube length also plays a crucial role, with longer tubes improving 
wet bulb effectiveness and cooling capacity but increasing structural fragility. Op-
timal diameters range from 5 mm for shorter tubes (<0.5 m) to 10 mm for me-
dium-length tubes (0.5 - 1 m), balancing performance and practical considera-
tions. 

4.3. Influence of Tube Flatness Ratio 

The tube flatness ratio, defined by the ratio of the tube’s long to short axes, signif-
icantly influences the cooling performance of the exchanger. As shown in Figure 
6, increasing the flatness ratio enhances cooling capacity (Figure 6(b)), wet bulb 
effectiveness (Figure 6(c)), and reduces air outlet temperature (Figure 6(a)), 
though it also slightly increases water consumption (Figure 6(d)). While airflow 
rate and heat and mass transfer coefficients remain unchanged due to constant air 
velocity and equivalent diameter, a higher flatness ratio increases the heat ex-
change surface area, improving heat removal efficiency. For example, at an equiv-
alent diameter of 15 mm and a tube length of 0.6 m, increasing the flatness ratio 
from 1 (circular) to 4 expands the surface area from 0.028 to 0.037 m2, boosting 
wet bulb effectiveness from 60% to 71%. This demonstrates the effectiveness of 
flat tubes in enhancing heat dissipation and wettability, making them a compact 
and efficient choice for cooling systems. 
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Figure 6. Influence of tube’s flatness ratio on the cooling performance parameters. 

4.4. Influence of Inlet Air Temperature 

This set of simulations examines the effect of inlet air temperature on the cooling 
performance of the exchanger. Figure 7 shows that as the inlet air temperature 
increases, the outlet air temperature (Figure 7(a)) and cooling capacity (Figure 
7(b)) also increase. The rise in cooling capacity with higher inlet air temperatures 
is due to the increase of the wet bulb depression, which lead to more heat removal 
from the flowing air. This highlights an advantage of evaporative cooling systems, 
which improve their cooling capacity under hotter ambient conditions, unlike va-
por-compression systems that decline in performance. 

Interestingly, Figure 7(c) reveals that wet bulb effectiveness remains constant 
across varying inlet air temperatures, consistent with theoretical predictions that 
it depends on the exchange surface area, heat/mass transfer coefficient, and air 
mass flow rate. However, this finding diverges from previous studies (e.g., Ko-
vačević and Sourbron [44]), which reported sensitivity of wet bulb effectiveness 
to inlet air temperature. This difference likely arises from variations in system 
configurations and operating conditions. Finally, water consumption rate (Figure 
7(d)) also increases with rising inlet air temperatures due to the greater evapora-
tion required to achieve cooling. 

4.5. Influence of inlet air humidity 

Figure 8 illustrates the impact of inlet air relative humidity on the cooling perfor-
mance of the porous terracotta tube heat and mass exchanger. Results show that 
increasing inlet air relative humidity raises the outlet air temperature (Figure 
8(a)) due to higher wet bulb temperatures in humid air, which limit the achievable  
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Figure 7. Influence of inlet air temperature on the cooling performance parameters. 

 

 

Figure 8. Influence of inlet air relative humidity on the cooling performance parameters. 
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temperature drop. Cooling capacity (Figure 8(b)) declines with higher relative 
humidity, as drier air facilitates better moisture absorption and heat removal, en-
hancing cooling performance. Water consumption rates (Figure 8(d)) are higher 
at lower relative humidity levels, driven by a greater vapor pressure difference that 
promotes increased evaporation. In contrast, wet bulb effectiveness (Figure 8(c)) 
remains unaffected by relative humidity, reaffirming its dependency on design 
and operational parameters rather than inlet air conditions. These findings high-
light the suitability of terracotta-based evaporative cooling systems in arid cli-
mates, where low humidity enhances cooling efficiency. 

4.6. Effect of Inlet Air Velocity 

Figure 9 illustrates the influence of inlet air velocity on the cooling performance 
of the porous terracotta tube heat and mass exchanger. Increasing air velocity re-
duces the contact time between air and the wet surface, resulting in a higher outlet 
air temperature (Figure 9(a)) and lower wet bulb effectiveness (Figure 9(c)). De-
spite this reduction in cooling effectiveness, higher velocities enhance cooling ca-
pacity (Figure 9(b)) by increasing the air volume processed and total heat re-
moved, albeit at the expense of higher water consumption rates (Figure 9(d)). For 
instance, doubling the air velocity from 1 m/s to 2 m/s decreases wet bulb effec-
tiveness by 20% but increases cooling capacity by 92%. However, exceeding a crit-
ical velocity (e.g., 2 m/s) can lead to turbulent flow, diminishing heat and mass 
transfer efficiency and compromising overall cooling performance. Optimal air  

 

 

Figure 9. Influence of air velocity on the cooling performance parameters. 
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velocities depend on tube length: around 1 m/s for tubes under 0.8 m, 1.5 m/s for 
0.8 - 1.2 m, and up to 2 m/s for tubes longer than 1.2 m. Adjusting inlet velocity 
within these ranges ensures a balance between high cooling capacity and thermal 
comfort while avoiding turbulence. 

4.7. Air Temperature and Humidity Distribution along the Wet  
Channel 

The temperature and humidity profiles of the airflow along the wet tube channel, 
as illustrated in Figure 10, demonstrate complementary trends due to simultane-
ous heat transfer and water evaporation processes. Air temperature decreases ex-
ponentially along the channel as heat is transferred from the warm air to the cooler 
wet surface, while humidity rises due to evaporation driven by the vapor pressure 
difference. The latent heat required for evaporation is supplied by thermal energy 
extracted from the air, highlighting the integrated nature of heat and mass trans-
fer. 

 

 

Figure 10. Air temperature and humidity distribution along the tube 
channel. 

5. Conclusion 

This paper presents a new analytical model used to simulate the cooling perfor-
mance of a porous terracotta tubular direct evaporative heat and mass exchanger, 
offering valuable insights into the effects of design and operational parameters. By 
integrating energy and mass balance equations with heat and mass transfer coef-
ficients and psychrometric property correlations, the model shows strong agree-
ment with established numerical simulation models. Key findings emphasize the 
influence of terracotta tube geometry, such as equivalent diameter, flatness ratio, 
and length, on cooling performance. Smaller diameters enhance wet-bulb effec-
tiveness but reduce overall cooling capacity, while increased flatness and length 
improve both metrics. The analysis also indicates that under specific design con-
ditions, wet-bulb effectiveness remains unaffected by variations in inlet air 
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temperature and humidity. Moreover, optimizing air velocity relative to equiva-
lent diameter and tube length is crucial for achieving a balance between cooling 
capacity and thermal comfort. This analytical model offers a practical and reliable 
solution for early design of evaporative cooling systems, simplifying complex nu-
merical and CFD methods. Future research may focus on experimental investiga-
tion, advanced numerical modeling, and sustainability assessments to enhance 
performance, accuracy, and feasibility of terracotta-based cooling systems. 
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Nomenclature 

a Tube short axis (m)   

Ac Cross−section area (m2)  

Aw Exchange surface area (m2)  

b Tube long axis (m) 

CC Cooling Capacity (W) 

Cpa Specific heat of air (J∙kg−1∙K−1)  

Cpv Specific heat of water vapor (J∙kg−1∙K−1)  

De Tube equivalent diameter (m) 

Dh Tube hydraulic diameter (m)  

ha Heat transfer coefficient (W∙m−2∙K−1)  

hm Mass transfer coefficient (m∙s−1) 

ifg Latent heat of vaporization (J∙kg−1) 

L Tube length (m)  

Le Lewis number 

ma Mass flow rate of air (kg∙s−1) 

p Channel perimeter (m) 

P Pressure (Pa) 

T Temperature (oC) 

v Velocity (m∙s−1) 

me Water consumption rate (m3/s) 

Dimensionless numbers  

Nu Nusselt number  

Pr Prandtl number 

Re Renold number  

RF   Tube Flatness Ratio  

Sc Schmidt number 

Sh Sherwood number 

Greek Letters 

ρ Density (kg∙m−3) 

ω Specific humidity (kgvapor∙kgair
−1) 

Φ Relative humidity (%) 

μ Dynamic viscosity (N∙s∙m−2) 

λ Thermal conductivity (W∙m−1∙K−1) 

ε Wet bulb effectiveness (%) 

η Saturation efficiency (%) 
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Subscripts 

a Air 

atm Atmospheric 

sat Saturated 

v Vapor 

vs Saturated water vapor 

wb Wet bulb 
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