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Abstract: Evaporative cooling has been considered for sustainable and efficient air-conditioning 
since ancient times. Nowadays, improved concepts have led to a large variety of applications 
from direct conditioning of indoor and outdoor environments up to sensible air-cooling through 
different configurations of Indirect Evaporative Cooling (IEC) schemes. However, better 
understanding and mathematical modelling of the process is still needed for design and 
operational optimization of such systems. This work addresses a MATLAB implementation of an 
off-design model for a crossflow IEC unit based on previous literature work. Then, multiple 
parametric runs are conducted to identify the influence of critical process characteristics and 
modelling aspects such as heat and mass transfer coefficients and surface wettability. Results 
provide insight to further modelling and simulation research, also extending the approach to 
other system designs and flow configurations. 
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1. INTRODUCTION 

Evaporative cooling has been considered for sustainable and efficient air-conditioning since ancient times [1]. 
Nowadays, improved concepts have led to a wide variety of applications, ranging from direct conditioning of 
indoor and outdoor environments [2] up to sensible air-cooling achieved through different configurations of 
Indirect Evaporative Cooling (IEC) schemes [3]. Among these, applications to the rapidly growing data centre 
sector have recently gained interest, incorporating strategies for free cooling and evaporative cooling systems 
in pursuit of improved energy efficiency [4],[5].  

Moreover, despite extensive research and application of evaporative cooling in the past, there remains a need 
for a better understanding and mathematical modelling of the process to optimize the design and operation of 
specific systems. Modelling of IEC systems is particularly challenging, due to the multiple possible 
combinations of components and design aspects (e.g. flow configurations, unit dimensions, type of materials 
or water distribution systems, among others), which influences the heat and mass transfer processes. These 
processes occur due to the interaction of two air streams and a wetted surface: a primary or process air stream 
flowing through dry channels of a heat exchanger, undergoing a sensible cooling, and a secondary air stream 
flowing through adjacent wet channels).  

In this context, [6] presented a comprehensive compilation of different modelling approaches for IEC systems 
from previous literature, encompassing both analytical and numerical studies. It is revealed that models for 
various system concepts exist, and multiple approaches are possible with performance prediction errors 
generally falling within +/- 10%. Furthermore, considering parameters such as the wettability factor of the wet 
channel surface can improve result accuracy. 

This work proposes and analyses a numerical model for a cross-flow Indirect Evaporative Cooling unit, 
building upon previous studies [7] and [8]. It examines the sensitivity of results to off-design operational 
conditions and modelling assumptions, with a particular focus on the wettability factor. 

2. DESCRIPTION OF THE IEC SYSTEM AND MATHEMATICAL MODEL 

The objective of this work is to propose a reference numerical model for IEC systems aiming at balancing 
model complexity (or computational effort) and model accuracy, as well as at facilitating the adaptation of the 
modelling approach to other flow configurations and unit dimensions. For this purpose, a reference IEC system 
from De Antonellis et al. [8] has been considered. It consists of a crossflow plate heat exchanger (HE) with 
119 square plates (470 x 470 mm), accounting for 0.14 mm thickness each, 3.35 mm pitch and 220 W·m-1·K-

1 thermal conductivity. This leads to a net face HE cross area of 0.089 m2. The water supply for the wet channels 
is provided from the secondary air inlet section (in parallel flow with the air stream). 

The proposed numerical model is based on a 2D spatial discretization of the HE plates surface, together with 
a Finite Difference Method (FDM) implementation of the heat and mass transfer governing equations for two 
adjacent channels on the plate heat exchanger under steady-state conditions: a dry channel for the primary air 
stream and the adjacent wet channel for the secondary air stream.  

(a) (b)  

Figure 1. (a) 2D view of the IEC unit plates; (b) detailed view of 2 adjacent air channels. 
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Figure 1(a) shows a 2D representation of the discretized IEC unit plates including air and water flows. Figure 
1(b) shows a detailed view of two adjacent channels including the interfacing HE plate and water film, as well 
as the relevant heat and mass transfer flows. 

The governing equations included in the model are: 

𝑑𝑑𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑

=
𝑈𝑈𝑇𝑇,𝑝𝑝�𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑝𝑝�

𝜌𝜌𝑎𝑎𝑣𝑣𝑁𝑁,𝑝𝑝𝑐𝑐𝑝𝑝,𝑝𝑝
ℎ∗
2

             (1)       
𝑑𝑑𝑑𝑑𝑠𝑠
𝑑𝑑𝑑𝑑

=
ℎ𝑇𝑇,𝑠𝑠(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑠𝑠)

𝜌𝜌𝑎𝑎𝑣𝑣𝑁𝑁,𝑠𝑠𝑐𝑐𝑝𝑝,𝑠𝑠
ℎ∗
2

                 (2) 

𝑑𝑑𝑑𝑑𝑠𝑠
𝑑𝑑𝑑𝑑

=
ℎ𝑀𝑀,𝑠𝑠(𝑋𝑋𝑤𝑤 − 𝑋𝑋𝑠𝑠)𝜎𝜎

𝜌𝜌𝑎𝑎𝑣𝑣𝑁𝑁,𝑠𝑠
ℎ∗
2

          (3)       
𝑑𝑑𝑚̇𝑚𝑤𝑤

𝑑𝑑𝑑𝑑
=
ℎ𝑀𝑀,𝑠𝑠(𝑋𝑋𝑠𝑠 − 𝑋𝑋𝑤𝑤)𝜎𝜎

ℎ∗ 2⁄
        (4) 

ℎ𝑀𝑀,𝑠𝑠�𝜆𝜆 + 𝑐𝑐𝑝𝑝,𝑠𝑠𝑇𝑇𝑠𝑠�(𝑋𝑋𝑠𝑠 − 𝑋𝑋𝑤𝑤) + ℎ𝑇𝑇,𝑠𝑠(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑤𝑤) +  𝑈𝑈𝑇𝑇,𝑝𝑝�𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑤𝑤�  = 0         (5) 

The following modelling assumptions, which are consistent with those detailed in [8], are also adopted:  

 No heat losses to the surroundings 
 Negligible axial heat conduction and water diffusion in the air streams 
 Negligible heat conduction in the HE plates 
 Uniform inlet conditions for the primary and secondary air streams 
 Homogeneous temperature within the water film 
 Constant Lewis number 
 Use of a calibrated correlation for the convective heat transfer coefficients 

On the other hand, differences in respect to [8] involve: 

 The effect of a direct evaporative pre-cooling of the secondary air stream due to partial evaporation of the 
water sprayed at the inlet section is not modelled. Depending on the water distribution system, this effect 
could be modelled apart (e.g. based on saturation efficiency equations) and the corresponding secondary 
air inlet conditions could be updated accordingly within the present model. 

 Heat and mass transfer equations have been revised and corrected from [8] to avoid the contribution of the 
latent heat transfer to the sensible energy balance, which is linked to the secondary air dry-bulb temperature 
variation along the HE. 

 A surface wettability factor (accounting for the fraction of total plate area that is actually wetted) is 
considered in the governing equations as suggested by [7] and [8]. However, different approaches are 
considered for the modelling of this factor. A reference scenario will be studied based on the calibrated 
correlation provided by [8] depending on the water specific mass flow rate and the secondary air nominal 
velocity. Other scenarios will consider constant values of the wettability factor ranging from 0 to 1. 

Under these considerations, the FDM scheme was implemented in MATLAB following an explicit method 
based on forward differences for the primary air dry-bulb temperature, the secondary air dry-bulb temperature 
and humidity ratio, the water mass flow rate, alongside with an energy balance at each surface element. 

3. DEFINITION OF TEST CASES AND PARAMETRIC RUNS 

The proposed model was applied to a reference test case based on the IEC unit described in Section 2 operating 
under a wide range of off-design conditions. Three different analyses were conducted, always keeping the 
primary air inlet fixed at relevant conditions for process air in data centre applications (i.e. dry-bulb 
temperature = 35ºC; relative humidity = 30%).  

Study 01: First, nominal primary and secondary air flow rates of 1800 m3/h in normal conditions (vN,p = vN,s = 
5.67 m/s) were fixed and the secondary air stream inlet was varied from 5 to 25 g/kg humidity ratios and from 
the saturation condition (at each humidity ratio level) to 45ºC air dry-bulb temperature. Water supply mass 
flowrates were varied from 0 (dry operation) to 120 kg/h (0.45 kgd.a./(m2s)). 

Study 02: Then, for a reference scenario with secondary air conditions fixed at 25ºC dry-bulb temperature and 
40% relative humidity, primary and secondary air flowrates (in normal conditions) were varied from 600 m3/h 
(vN,s = 1.87 m/s) to 3000 m3/h (vN,s = 9.36 m/s), while water mass flowrates were varied from 0 to 140 kg/h. 

Study 03: Finally, the same parametric runs from Study 01 were calculated under the consideration of constant 
wettability factors (𝜎𝜎=0.2 and 𝜎𝜎=1). 



CYTEF 2024 − XII Congreso Ibérico | X Congreso Iberoamericano de las Ciencias y Técnicas del Frío 
Elche, España, 26-28 junio, 2024 

4 

4. RESULTS 

Results from Study 01 reveal that the model is capable to capture the performance sensitivity to the variation 
of the water mass flowrate supplied to the secondary air channels. Figure 2 represents wet-bulb efficiencies, 
𝜀𝜀𝑤𝑤𝑤𝑤 (see Eq. (6)) and primary air temperature drops for different secondary air inlet humidities at Ts,in = 25ºC. 
It is observed that optimal performance occurs for a water mass flowrate range of 40-60 kg/h in this IEC unit. 

𝜀𝜀𝑤𝑤𝑤𝑤 =
𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑝𝑝,𝑜𝑜𝑜𝑜𝑜𝑜

𝑇𝑇𝑝𝑝,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑤𝑤𝑤𝑤,𝑠𝑠,𝑖𝑖𝑖𝑖
                 (6) 

(a) (b)  

Figure 2. Wet-bulb efficiency (a) and primary air temperature drop (b) for different water mass flowrates and 
three different secondary air inlet conditions with Ts,in = 25ºC. 

According to Figure 2 wet-bulb efficiency increases, and primary air temperature drop decreases with 
increasing humidity levels. This happens for a constant Ts,in of 25ºC. Figure 3 and 4 show the values of these 
performance parameters for the whole range of the studied psychrometric conditions. Wet-bulb efficiency 
results reveal higher values for secondary air inlet conditions closer to the saturation line (i.e. decreasing 
evaporative cooling potential) and decreasing, but positive, sensible cooling potential (Tp,in – Ts,in). 

However, primary air temperature drops increase for colder and drier secondary air inlet conditions according 
to Figure 4. These results are in line with those presented in [8] but provide slightly smaller temperature drops 
due to the presented model adaptations and the disregarded pre-cooling effect of direct evaporative cooling 
produced by sprayed water supply before the entrance of the secondary air stream to the heat exchanger (HE). 

Heat transfer coefficients obtained for Study 01 tests reveal almost constant values around 85 W·m-2·K-1. 

 
Figure 3. IEC wet bulb efficiency for Study 01 conditions (water supply: mw,in = 60 kg/h) 
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Figure 4. Primary air temperature drops for Study 01 conditions (water supply: mw,in = 60 kg/h) 

Results from Study 02 show how the variation of the air flowrates modifies the thermal performance of the 
IEC unit. Wet-bulb efficiency values increase with decreasing primary air flowrates and increasing secondary-
to-primary air ratios (Figure 5(a)). As expected, the total cooling power of the IEC system increases with 
increasing primary air flow rates and increasing secondary-to-primary air flow ratios (Figure 6(b)). Heat 
transfer coefficients obtained for Study 02 tests reveal a dominant dependence with air flow velocities with 
values ranging from 30 W·m-2·K-1 (at vN = 1.87 m/s) up to 137 W·m-2·K-1 (at vN = 9.36 m/s) 

(a) (b)  
Figure 5. Influence of air flowrate variations on the system’s wet-bulb efficiency (a) and total cooling power (b) 

 
Figure 6. Comparison of primary air outlet temperatures predicted under different modelling assumptions for the 

wettability factor: model from [8] (x-axis); constant wettability factor (y-axis) 
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Results from Study 03 enable to preliminary evaluate the effect of surface wettability modelling into the overall 
IEC unit model. Figure 6 shows primary air outlet temperature results derived from considering the wettability 
factor model described in [8] compared to results based on constant wettability factor considerations. It is 
evident that assuming a perfectly wetted secondary air channel surface leads to relevant underprediction of 
primary air outlet temperatures. However, maintaining a constant wettability factor of 0.2, regardless of the air 
conditions and water mass flow rate, results in minor deviations (+/- 1ºC), while also reducing the modelling 
effort. Nonetheless, further analyses and validation tests are required to confirm the potential benefits of this 
proposed model simplification. 

5. CONCLUSIONS AND FUTURE WORK 

This work presented a 2D off-design model of an Indirect Evaporative Cooling system based on the numerical 
solving of the heat and mass transfer governing equations. Previous work from literature was taken as 
reference, revised, and adapted for the purpose. The IEC unit performance was evaluated for a typical primary 
air condition in data centre applications and a wide variety of secondary air temperature and humidity values. 
Air flow rates were varied to off-design conditions observing a dominant dependence of heat and mass transfer 
coefficients with air velocities. The use of a constant wettability factor is suggested for model simplification.  

Results are aligned with those from literature, but detailed validation is needed. Results also provide insight to 
further modelling and simulation research, extending the approach to other system designs and flow 
configurations (e.g. counterflow IEC, regenerative IEC schemes, dew-point evaporative coolers, etc.) 

Nomenclature 

𝑐𝑐𝑝𝑝 Specific heat capacity [in kJ/kg] 𝜆𝜆 Latent heat of vaporization [in kJ/kg] 
ℎ∗ Air channel width [in m] Subscripts and superscripts 
ℎ𝑇𝑇 Heat transfer coefficient [in Wm-2K-1] 𝑝𝑝 Primary air 
ℎ𝑀𝑀 Mass transfer coefficient 𝑠𝑠 Secondary air 
𝑄̇𝑄 Energy flow [in kW] 𝑤𝑤 water (film) 
𝜌𝜌 Densidad [in kg(m3] 𝑠𝑠𝑠𝑠𝑠𝑠 sensible 
𝑈𝑈 Global heat transfer coefficient [in Wm-2K-1] 𝑙𝑙𝑙𝑙𝑙𝑙 latent 
𝑣𝑣 Velocity [in m/s] 𝑁𝑁 Normal conditions 
𝑋𝑋 Specific humidity (humidity ratio) [in kg/kg] 𝑎𝑎 air 
𝜎𝜎 Surface wettability factor [-] in inlet 
𝑇𝑇 Dry-bulb temperature [in ºC] out outlet 
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