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Abstract 
 

In the present work, a Matlab® computer code for cooling tower simulation was developed to perform a parametric analysis 
that determines the effect of the column cross-sectional area on multiple operating variables such as air humidity, air and 
water outlet temperature, among others. The computer code uses the Merkel's model and the CDAWC (Continuous 
Differential Air-Water Contactor) model for later comparison. It was observed a decrease in the outlet water temperature 
by approximately 14% when the tower's cross-sectional area increased from 1 to 2 m2. It increases the air outlet temperature 
by about 17% due to increased air-water contact. A negative convective heat transfer in the air was obtained in the cooling 
tower´s bottom due to the large amount of energy required for the heat transfer by vaporization, which was much larger 
than the convective heat. The evaporative heat transfer is over 80% of the total heat transferred. 
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1. Introduction 
 
Heat transfer is a common transport phenomenon applied in 
most small and large scale industrial processes. When 
required to work with specific temperatures of high precision 
and high purity fluids, the most used equipment to take 
advantage of this phenomenon are the shell and tube heat 
exchangers, the plate heat exchangers, and the plate and fin 
heat exchangers. However, multiple cases are necessary to 
work on a large scale where direct gas-fluid contact increases 
heat exchange due to mass and energy transfer. This 
combined transport phenomenon shows the great importance 
of cooling towers since they can treat vast amounts of fluid, 
even water from a whole industrial processing plant such as 
chemical, petrochemical, thermoelectric plants, etc. The use 
of cooling towers also applies to large air conditioning units 
[1-3]. The dimensioning and handling of equipment that 
involve mass and energy transfer is one of the essential tasks 
that a chemical engineer performs in his professional 
performance [4]. Achieving an excellent performance of these 
columns is a challenge due to the many variables and 
equations involved. 
 The use of cooling towers has had a significant increase 
since 1918. These columns were built using a lot of empirical 
knowledge because there were not enough design equations 
that described all the phenomenological parts involved in 
these equipment's operation. Understanding the fundamental 
bases of all the phenomena involved to obtain results quickly 
has promoted the research and development of new robust 
mathematical models [5, 6]. The models can be used to make 
computer simulations that can predict the system's behavior 

and make optimizations [7] that help reduce the time to obtain 
results with high efficiency [8, 9]. 
 It takes a long time to make an experimental analysis of a 
cooling tower's performance because of the high number of 
variables to consider, such as liquid flow, gas flow, gas inlet 
temperature, liquid inlet temperature, humidity, tower area, 
packing types, etc., [10]. On the other hand, there are times 
when the equipment is not available due to the need for 
general maintenance.  Many expenses are required to obtain 
the best-operating conditions in a cooling tower, which is not 
economically feasible for companies. However, the need to 
understand phenomena in cooling towers makes it necessary 
to build new columns to do lots of experiments [11] to 
validate the theoretical models. 
 The technological development, mainly in the increase of 
computational power, has allowed the computational 
simulations to arise as a solution before this problem, making 
it possible to obtain results quickly and with high accuracy 
[12]. Besides, the simulations allow modifications to the 
towers' operating conditions in real-time, thus analyzing the 
performance and operation of these [13, 14]. With the 
development of more robust mathematical models, the quality 
of the simulations' results is improved. The use of the 
computational tools is promoted, saving time compared to the 
experimental tests. However, very little work is focused on 
coding algorithms that integrate the robust mathematical 
models and allow doing in a didactic way the analysis of the 
effect of the operating conditions and types of packaging on 
the output variables [9, 15]. 
 It is necessary to develop and implement a simulation 
code of cooling towers to help solve the exposed problem. It 
can analyze the operating conditions and other factors that 
affect these units' performance using realistic mathematical 
models that obtain a high degree of reliability [16].  
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 The gas entering the towers is usually the ambient air. For 
this reason, these heat transfer equipment are affected by 
environmental conditions, and their effect contributes to 
obtaining significant differences in the performance of these 
cooling systems [17]. Thus, it is essential to determine the 
optimal operating conditions and the variables that can have 
the highest effect on the towers' performance [18, 19]. 
 The following work presents a Matlab-coded algorithm of 
two mathematical models to simulate the behavior of cooling 
towers. The traditional MERKEL model and the CDAWC 
(Continuous Differential Air-Water Contactor) model were 
used. Both models, experimentally validated, were used to 
simulate a cooling tower's behavior under specific operating 
conditions. It helped to analyze output variables such as the 
liquid temperature at the tower outlet, heat transfer rate inside 
the tower height, gas outlet temperature, and humidity as a 
function of the tower area. It is an essential parameter due to 
its direct relationship with air-water contact. Understanding 
the obtained results helps decide about selecting the working 
area strictly related to the tower packing containing the value 
of the desired volumetric mass transfer coefficient (kya). 
 
 
2. Description of the computational coding. 
 
A well-structured Graphical User Interface (GUI) was 
designed to make the Matlab coding of the algorithm to 

simulate cooling towers easily. The GUI allows the system to 
be easily visualized and understood while enabling results to 
be obtained quickly. The organization of the GUI helps you 
to compare multiple variables of the mathematical models 
used. The Merkel model and the CDAWC (Continuous 
Differential Air-Water Contactor) model were coded for 
simulation of induced draft cooling towers, allowing analysis 
of operating conditions' effect on cooling tower 
performances. 
 The code, along with the GUI, was designed for engineers 
to perform cooling tower designs and simulations. However, 
it can also be used by teachers of chemical, mechanical, and 
process engineering at the graduate level due to the level of 
complexity. The code could help teachers improve the 
methodology of theory and practice in advanced mass transfer 
courses by implementing a virtual laboratory where students 
can study different operating conditions and configurations of 
cooling towers quickly. It allows students to develop critical 
thinking [20, 21] and in-depth analysis skills about the 
phenomena that govern cooling towers' operation [9]. The 
algorithm lets determine four variables: water flow, tower 
height, final water temperature, and volumetric mass transfer 
coefficient. For each of the calculation sequences, several 
graphs are obtained to analyze the cooling towers, such as the 
operating line, the equilibrium curve, the air temperature 
profile, and the air humidity profile. 
 

 

Fig. 1. Main view of the Graphical User Interface. 
 
 Fig. 1 shows the main view of the graphical user interface 
(GUI), highlighting its easy understanding and operation, 
with the possibility of using the International System of Units 
or the English system of units. 
 The coding of the two models used performs iterative 
processes until finding the correct solution to the studied 
problem. Fig. 2 shows one of the many algorithms used to 
perform the calculations. 
 

3. Equations 
 
The new code allows the use of two mathematical models, the 
Merkel model and the CDAWC model. The latter was 
developed by Llano et al. (2017) [1] at the Universidad del 
Valle, Colombia. It is a model that consists of 4 differential 
equations that do not neglect the evaporated water and are 
used in countercurrent cooling towers.  
 For the CDAWC model, an infinitesimal section of the 
tower was used to perform the mass and energy balances. 
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Each differential equation is obtained from mass and energy 
balances in the gas phase and the liquid phase, resulting in the 
system of equations presented below: 
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 Eq. (1) refers to the variation of absolute humidity along 
with the height of the tower, where 𝑌- is the absolute 
humidity of the air in the gas phase,  𝑌-,/ is the absolute 
humidity of the air at the liquid-gas interface, 𝑘+𝑎, is the 
volumetric mass transfer coefficient and 𝐺;  is the mass flux 
of dry air. Eq. (2) refers to the variation of mass flux of water 
through the tower, where 𝐿 is the mass flux of water. Eq. (3) 
refers to the variation of dry bulb temperature of the air 
through the tower, where 𝑇) is the dry bulb temperature of the 
air, ℎ)𝑎: is the volumetric convective heat transfer 
coefficient, 𝑇* is the liquid water temperature, 𝐶<,-

(=)  is the heat 
capacity of water vapor and 𝐶<,; is the heat capacity of dry 
air. Finally, Eq. (4) refers to the variation of water temperature 
through the cooling tower, where ∆𝐻>%?,-(0)) is the enthalpy 
of water vaporization evaluated at liquid phase temperature 
and 𝐶<,-

(*)  is the heat capacity of water in the liquid phase. 
 The Merkel model is shown in Eq. (5). 
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𝐶<,-
(*) (𝑇*)𝑑𝑇*

[𝐻)@%A(𝑇*) − 𝐻)(𝑇) , 𝑌-)]

0)2

0)3
																									(5) 

 
 It is also necessary to know important properties of the air 
such as absolute humidity (𝑌-), air enthalpy (𝐻)), dry-bulb 
temperature (𝑇)) and wet bulb temperature (𝑇-;), which are 
found knowing only two properties.  
The wet saturation pressure must be determined with 
Antoine's equation, see Eq. (6): 
 

log(𝑃0!&+ = 𝐴 −
𝐵

𝐶 + 𝑇-;
																																																						(6) 

 
where 𝑃0!& is the saturation pressure evaluated at wet air 
temperature, A, B, and C are Antoine's constants for air. 
 The Eq. (7) shows the saturation humidity: 
 

𝑌-B%A =
0.621945𝑃0!&

101.325 − 𝑃0!&

																																																										(7) 

 
where 𝑌-B%A is the absolute humidity of air saturation. The 
absolute air humidity can be determined using Eq. (8). 
𝑌-

=
(∆𝐻>%?,- − 2326𝑇-+𝑌-B%A − 𝐶<,;(𝑇) − 𝑇-)
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																		(8) 

 
 The heat capacities can be determined according to the 
empirical expression shown in Eq.(9). 

 
𝐶< 𝑅⁄ = 𝐴 + 𝐵𝑇 + 𝐶	𝑇'D																																																										(9) 
 
where R is the universal gas constant, T is the absolute 
temperature, and A, B, C, and D are constants. 
 

 
Fig. 2. Algorithm to determine the output temperature of the liquid. 
 
 
 The specific enthalpy of moist air can be obtained with 
Eq. (10). 
 
𝐻) = 𝐶<,;𝑇)𝑌-(∆𝐻>%?,- + 𝐶<,-

(C) 𝑇)+																																			(10) 
 
 Finally, the specific volume of wet air can be obtained 
with Eq. (11). 
 

𝑉 = M
1

𝑃𝑀%EF
+

𝑌-
𝑃𝑀G%AHF

O𝑅𝑇) 																																															(11) 

 
 Where 𝑉 is the specific volume of wet air, 𝑃𝑀%EF 
[kg/kmol] is the molecular weight of the air, 𝑃𝑀G%AHF is the 
molecular weight of the water, and 𝑅 is the Universal gas 
constant. 
 The efficiency of a cooling tower can be defined as the 
ratio of the operating range of temperatures to the ideal range., 
It is determined with Eq. (12), [22]: 
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%𝜀 =
𝑇*D − 𝑇*I
𝑇*D − 𝑇-;I

																																																																			(12) 

 
 The rate of heat transfer by convection is determined 
using the volumetric heat transfer coefficient and the 
temperature difference between air and water, as shown in Eq. 
(13): 
 
𝑄̇6JK> = ℎ)𝑎(𝑇* − 𝑇))																																																												(13) 
 
 The heat transfer rate by evaporation is determined using 
the volumetric mass transfer coefficient with the difference in 
humidity between the gas phase and the liquid-air interface, 
as shown in Eq. (14): 
 
𝑄̇L>%? = 𝑘𝑦𝑎(𝑌-,/ − 𝑌-+∆𝐻>%?(𝑇*)																																				(14) 
 
 
4. Validation of the mathematical models 
 

 The data reported by Simpson and Sherwood (1946) [3] 
were used to validate the mathematical models. They did 
experiments to measure the outlet temperature of water and 
air for different operating conditions in a laboratory-scale 
cooling tower. The authors used a 3.45 feet tower and 
reported 45 experiments to determine the volumetric mass 
transfer coefficient based on Merkel's model.  
 The mathematical models CDAWC and MERKEL were 
used with 40% of the entire data to find a new correlation of 
kya (volumetric mass transfer coefficient) as a function of the 
liquid flux, the gas flux, and the inlet liquid temperature, 
resulting in Eq. (15). 
 
𝑘+𝑎, = 𝐶I(𝐿)62(𝐺;)64(𝑇*D)65 																																														(15) 
 
 The regression analysis results are reported in Table 1, 
where the objective was to minimize the sum of squared error 
(SSE). 

 
Table 1. Results of regression analysis for the parameter kya for the Merkel and CDAWC models. 
  CDAWC Merkel 

C1 244.9461 215.1130 
C2 0.31407 0.29409 
C3 0.55411 0.63881 
C4 -1.17900 -1.27425 

SSE 7299.47 5931.98 
R2 0.983 0.984 

 
 
 The water outlet temperature is compared with the code 
using both mathematical models. The remaining 60% of the 
experimental data is used to compare the predictions, as 
shown in Fig. 3. 
 

 

Fig. 3. Comparison of prediction models for the outlet liquid temperature 
 As shown in Fig. 3, both models fit quite well to the 
experimental results; however, the CDAWC model has a 
coefficient of determination of 0.9967, while for the Merkel 
model, it is 0.9548.  
 T-student tests were performed with a 95% confidence 
level to check if there are significant differences between the 
experimental measurements' models. For the comparison of 
the models with the experimental data, the following 
hypotheses were considered: 
 
𝐻M:	𝑇𝐿1VVVVV,J!HC 	= 	𝑇𝐿1VVVVVLN? 
 
𝐻%:	𝑇𝐿1VVVVV,J!HC ≠	𝑇𝐿1VVVVVLN? 
 
 The null hypothesis (Ho) states that the model's average 
temperature of the liquid outlet is equal to the experimental 
measurements' average. In contrast, the alternative hypothesis 
states that they are different. Therefore, it is a 2-tailed 
statistical test. Tables 2 and 3 show the statistical test results 
using the Merkel and CDAWC models, respectively. 
 

 
Table 2. Statistical test results for the Merkel model with a 95% confidence level. 

  TL1 Merkel TL1 Exp 
Mean 88.863 88.578 
Variance 17.519 13.805 
Count 23 23 
Pearson's correlation coefficient 0.955   
Degrees of freedom 22   
t-value 1.071   
P-value (one tail) 0.148   
t- critical value (one tail) 1.717   
P-value (two tails) 0.296   
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Table 3. Statistical test results for the CDAWC model with a 95% confidence level 

  TL1 CDAWC TL1 Exp 
Mean 88.569 88.448 
Variance 14.799 13.743 
Count 27 27 
Pearson's correlation coefficient 0.997   
Degrees of freedom 26   
t-value 1.868   
P-value (one tail) 0.037   
t- critical value (one tail) 1.706   
P-value (two tails) 0.073   
t- critical value (two tails) 2.056   

 
 
 Tables 2 and 3 show that the t-value is lower than the t-
critical value corresponding to the 2-tailed test. In both cases, 
the null hypothesis is accepted. It indicates no significant 
differences between the CDAWC and Merkel models' results 
with the experimental measurements' data.  
 
 
5. Results and Discussion 
 
A parametric analysis was performed to see the effect of the 
most critical variables on the cooling towers' performance to 
understand better the transport phenomena involved. 
Different plots are shown to analyze the area's impact on 
variables such as air temperature, air humidity, water 
temperature, and heat transfer rates in the tower. 
 
5.1. Effect of the cross-sectional area on the air 
humidity profile inside the cooling tower 
The effect of the tower cross-sectional area on the humidity 
profile was analyzed for both the Merkel and CDAWC 
models. The following operating conditions were used, air 
inlet volumetric flow rate of 150 m3/min, dry bulb 
temperature of 22°C, wet bulb temperature of 15°C, water 
inlet volumetric flow rate 0.13 m3/min, a water inlet 
temperature of 35°C, mass transfer volumetric coefficient of 
1200 kg/h.m3 in a cooling tower with a height of 10 m. The 
results are shown in Fig. 4. 
 Fig. 4 shows four curves with the same starting point (Z=0 
m) because the inlet air conditions are kept constant at that 
location. It can be seen that as the air rises, its humidity 
increases due to it has not reached its saturation point 
allowing the tower to be more efficient in its cooling. This 
effect is increased when increasing the cross-sectional area of 
the tower. It happens because as the cross-sectional area 
increases, the packing area increases, causing an increase in 
water-air contact. It enhances the mass transfer rate producing 
more evaporated water resulting in higher air humidity. 
  It is also observed that the humidity profiles obtained 
with the Merkel model tend to be similar to a straight line than 
those obtained with the CDAWC model. It happens because 
the Merkel model's assumptions do not consider the amount 
of water evaporated or the variations of water properties as a 
function of temperature. However, the outlet humidity of the 
air using both models is very similar. It is necessary to 
highlight that the air tends to reach its saturation point when 
the cross-sectional area is increased. Thus, an increase of the 
area beyond this point would indicate that the heat transfer 
rate would be obtained only by convection, and the tower 
would lose efficiency [23]. Fig. 5 shows the different 
operating lines where the effect of air saturation can be better 
explained by increasing the area. 

 

 
Fig. 4. Moisture profile as a function of tower height for different cross-
sectional areas using CDAWC and Merkel models. 
  

 
Fig. 5. Effect of the cross-sectional area on the operating line of the 
cooling tower 
 
 
 Fig. 5 shows that the operating line approaches the 
equilibrium curve as the cooling tower's cross-sectional area 
increases. When the tower has an area of 2 m2, the air comes 
out completely saturated. Thus, the outlet water temperature 
difference is higher when the area is changed from 1 to 1.6 m2 
than when it is changed from 1.6 to 2 m2. When the air tends 
to approach its saturation point, the heat transfer rate is caused 
mainly by convection, which is lower than the heat transfer 
rate by evaporation, causing the behavior observed in Fig. 5. 
It happens because the water has a high latent heat of 
evaporation. 
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5.2. Effect of the cross-sectional area and volumetric 
flow rate of the air on the volumetric mass transfer 
coefficient (kya) 
The volumetric mass transfer coefficient was determined 
using both models with the following operating conditions: 
dry bulb temperature of 22°C, wet bulb temperature of 15°C, 
a water flow rate of 0.13 m3/min, a water inlet temperature of 
35°C, the water outlet temperature of 20°C in a cooling tower 
height of 10 m. The air's volumetric flow rate was ranged 
between 140 m3/min and 180 m3/min. The cross-sectional 
areas of the tower used were 1 m2 and 2 m2. Fig. 6 shows the 
behavior using the two models. 
 

 
Fig. 6. Volumetric mass transfer coefficient as a function of the 
volumetric airflow rate and the cross-sectional area of the tower. Models 
used: CDAWC and Merkel. 

 
 

 Because the inlet and outlet conditions of the water are 
kept constant in this case study, an increase or decrease in the 
volumetric mass transfer coefficient (kya) means that 
different types of tower packing are being used. For the given 
operating conditions, Fig. 6 shows that it is necessary to use 
tower packings with a lower volumetric mass transfer 
coefficient (kya) to increase the tower's cross-sectional area. 
To better understand this explanation, Eq. (16) was analyzed, 
which is the Design equation equivalent to Eq. (5): 
 

𝑍0 =
X𝑚*̇

𝐴Z [ 𝐶<,-
(*)

𝑘+𝑎,
7

𝑑𝑇*
[𝐻)@%A −𝐻)]

:'2

:'3
																															(16) 

 
where 𝑚*̇  is the liquid mass flow rate, and A is the cross-
sectional area of the cooling tower. A tower packing with a 
high mass transfer coefficient (kya) is required to work with 
a new tower with a smaller cross-sectional area and maintain 
the same cooling conditions. Eq. (16) shows that the cross-
sectional area is in the denominator of Eq. (16). It indicates 
that an increase in the volumetric mass transfer coefficient 
(kya), keeping the other variables constant, implies a decrease 
in the cross-sectional area. 
 On the other hand, Fig. 6 shows that as the volumetric 
airflow rate increases, the kya value decreases when the water 
temperature drops from 35 °C to 20 °C. This behavior can be 
explained with the help of Fig. 7, which shows different 
operating lines of the system, maintaining a constant sectional 
area of 2 m2 using multiple volumetric airflow rates. 
 Fig. 7 shows that as airflow increases, the operating line 
moves away from the equilibrium line. It causes an increase 
in the enthalpy gradient of the gas phase between the interface 

and the bulk, increasing the heat exchange driving force. It 
makes the denominator of the integral of Eq. (16) increase; 
hence the value of the total integral decreases. It causes kya 
to decrease to keep the height (z) constant. In summary, a 
reduction in kya is obtained when the airflow is increased. 
The same behavior was observed experimentally by Obregon 
et al. (2018), [24].  
 

 
Fig. 7. Effect of the airflow rate on the tower operating line for a fixed 
area of 2 m2. 

 
 When analyzing the two mathematical models' results, it 
can be seen that Merkel's model obtains lower kya values than 
the CDAWC model [1]. kya is a parameter that indicates how 
much water evaporates depending on the air-liquid contact on 
the surface of the tower packing. Hence, the higher the kya, 
the better the air-liquid contact in the packing resulting in 
higher evaporation. Working with the same operating 
conditions, when using the CDAWC model, the slope of the 
operating line in Fig. 8 tends to decrease because this model 
considers the evaporated liquid in both the mass balance and 
the energy balance. Therefore, LCDAWC<LMERKEL 
indicates that more evaporated water is obtained with the 
CDAWC model than with the Merkel model. It can happen 
while maintaining the same operating conditions and the same 
tower height by increasing the kya value in the CDAWC 
model. Therefore, the CDAWC model presents higher kya 
values than MERKEL's using the same operating conditions. 
 
5.3. Effect of the area on the water temperature 
profile 
For the following analysis, cross-sectional areas of 1 m2 and 
2 m2 were used with the following operating conditions, inlet 
air volumetric flow of 150 m3/min, dry bulb temperature of 
22°C, wet bulb temperature of 15°C, water inlet flow of 0.13 
m3/min, an inlet water temperature of 35°C, mass transfer 
volumetric coefficient of 1200 kg/h.m3 and a tower height of 
10 m. The results are shown in Fig. 9. 
 Fig. 9 shows that all the curves converge at the same point 
(Z=10 m). This point is at the top of the tower, where the 
temperature is the same for all cases (TL=35 °C). When the 
water moves down inside the tower, its temperature decreases 
until reaching the bottom. It can be seen that the larger the 
cross-sectional area, the lower the outlet temperature of the 
water. It happens because, for a large cross-sectional area, it 
is needed a large volume of the tower for the same height. It 
indicates the use of more tower packing per unit of liquid and 
airflow rates. 
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Fig. 8. Behavior of the slope of the operating line using CDAWC and 
Merkel models. 
 
 

 
Fig. 9. Water temperature profile for different cross-sectional areas 
using CDAWC and Merkel models 

 
 

 It means a higher surface area of contact causes a high 
heat transfer by convection as well as a high evaporation rate, 
decreasing the liquid's temperature even more [22, 25, 26]. 
Area variations from 1 to 2 m2 reduce the final water 
temperature by approximately 14% and increase the tower 
efficiency from 61% to 77%. It shows the importance of 
determining the best cross-sectional area and choosing the 
best possible tower packing. This result indicates that the 
tower should be built with the highest cross-sectional area 
possible. It would involve a high initial construction expense 
counterbalanced over time with the tower's increased 
efficiency. It needs to be considered a limitation that avoids 
air saturation inside the tower to tap the heat transfer's full 
potential by vaporization. On the other hand, air saturation 
can cause high liquid losses due to entrainment. It involves 
using high surface water particle retainers to cause high gas 
pressure drops in the system, making it necessary to use more 
powerful fans that spend more energy. 
 
5.4. Effect of the area on the air temperature profile 
For the following analysis, the same tower size and operating 
conditions mentioned in section 5.3 were used. The results are 
shown in Fig. 10. 
 Fig. 10 shows that all curves start at 22 °C at the bottom 
of the tower, which is the inlet air's dry-bulb temperature. 
Using an area of 2 m2, the curves obtained with the Merkel 

and CDAWC models start with a decrease in the air 
temperature, reaching a minimum. Then, the temperature 
continues increasing to the top. When working with an area 
of 1 m2, the air temperature rises all the time. 
 

 
Fig. 10. Air temperature profile as a function of the tower height and 
cross-sectional area using Merkel and CDAWC models. 

 
 

 A considerable cooling is achieved when working with an 
area of 2 m2 due to the latent heat of water vaporization. When 
the water reaches the bottom, it acquires a lower temperature 
than the air's dry-bulb temperature entering the tower (TG1 > 
TL1). Hence, heat is transferred by convection from the gas 
to the water producing a decrease in the air temperature. 
However, the total heat of vaporization of the water is much 
larger than the air convective heat resulting in a reduction for 
both the air and water temperature in a given sector of the 
tower bottom [25]. Cooling towers aim to remove heat from 
the water; however, in this case, both air and water decrease 
their temperature in a sector of the tower bottom. To better 
understand this phenomenon of a decrease in air temperature 
in the first meters of packing, Fig. 11 is depicted. 
 It was decided to work additionally with a cross-sectional 
area of 3 m2 to observe the air temperature decrease in more 
detail (see Fig. 11). However, Fig. 11 shows that the air gets 
saturated faster for this area since the black line reaches the 
equilibrium curve before reaching the top of the tower. It is a 
negative effect since water entrainment can occur at the 
tower's exit, causing electrical equipment problems near the 
tower. Besides, the water loss would be immense. 
 In the case of 1 m2, the air temperature always increases 
and is lower than the water temperature throughout the 
tower's length. When working with a tower area of 2m2, Fig. 
10 shows negative convection because the air temperature 
decreases to a minimum around 2m of packing height 
(CDAWC model) and 1.5m (Merkel model). Then, the 
temperature increases as it rises through the tower. 
 Figs 10 and 11 show that as the cross-sectional area 
increases, the air leaves the tower at a higher temperature and 
the water at a lower temperature due to the high air-water 
contact improving the heat transfer rate [27]. Fig. 10 also 
shows a point where the curves of 1 m2 and 2 m2 are 
intercepted. It happens between the heights of 7m and 8m for 
the CDAWC model and between 6 m and 7 m for the Merkel 
model. Figs 12 and 13 help in the explanation of this 
phenomenon by analyzing the heat transfer behavior inside 
the tower 
 Fig. 12 shows convection and evaporative heat transfer 
rates through the tower for the area of 2 m2, using the 
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CDAWC and Merkel models. Heat transfer by evaporation, 
representing the majority of the total energy transferred with 
an average of approximately 80%, is maintained almost 
constant up to about 7 m in height using the CDAWC model 
and up to 6 m using the Merkel model. For heights higher than 
7 m using the CDAWC model and 6 m with the Merkel 
model, a high increase in heat transfer rate by evaporation is 
observed, which means that this is the area where the air 
temperature increases more significantly. 
 

 
Fig. 11. Comparison of the air and liquid temperature profiles inside 
the tower using CDAWC and Merkel models for multiple cross-sectional 
areas. 
 

 
Fig. 12. Heat transfer rates inside the tower for a cross-sectional area 
of 2m2. Comparison of CDAWC model and Merkel model. 

 
 The same pattern can be seen in Fig. 13, using a cross-
sectional area of 1 m2. The temperature behaviors observed 
using both models are similar. The zone of the sudden 
increase in the total heat of vaporization explains the 
intersection of the two curves of Fig. 10 when using areas of 
1m2 and 2 m2. In this zone, the total heat transfer rate for an 
area of 2 m2 is higher than for 1 m2. 
 Figs. 12 and 13 show that no significant differences are 
observed between the models for the case of heat transfer by 
convection. Therefore, the difference obtained in gas and 
water temperature is due to heat by vaporization.  
 The small change in the vaporization heat transfer rate in 
the first few meters of tower packing is observed in Figs. 12 
and 13 for the two areas used can be explained in Fig. 14. The 
evaporation and convection potentials are depicted using the 
CDAWC and Merkel models. 

 Fig. 14 shows that the water vaporization potential profile 
has the same pattern as the vaporization heat shown in Fig. 
12. It is logical because the water vaporization is directly 
proportional to the total heat of vaporization. This potential 
tends to decrease and increase slightly in the first 6 meters of 
height and then increase suddenly to the top. Thus, the air 
temperature has its highest increase in the range from 7 meters 
to the tower's top. 
 

 
Fig. 13. Heat transfer rates inside the tower for a cross-sectional area 
of 1m2. Comparison of CDAWC model and Merkel model. 
 

 
Fig. 14. Vaporization and convection potentials in the cooling tower 
with a cross-sectional area of 2 m2 using the CDAWC and Merkel 
models. 
 
 
 It can also be observed that for tower areas of 2 m2, the 
convective heat transfer from the air to water occurs in the 2 
m of packing from the bottom. Then, the direction is changed, 
and the heat transfer by convection occurs from the water to 
the air, which explains the minimum air temperature in the 
height range from 0 to 2 m (see Fig. 10).  
 All these studied behaviors need to be done before making 
a cooling tower design to make the best possible economic 
and efficient decision. 
 
 
6. Conclusions 
 
A computer code was developed in Matlab to simulate 
cooling towers using two mathematical models, CDAWC and 
Merkel. It was analyzed the effect of the cross-sectional area 
in the performance of the cooling towers considering multiple 
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operation variables, demonstrating its great importance at the 
time of making tower designs. 
 When the cross-sectional area increases, the air-water 
contact is improved, which implies a higher mass transfer that 
results in a higher cooling of water. Increasing the area from 
1 m2 to 2 m2 reduces the water temperature by approximately 
14%. 
 It was shown that a smaller cross-sectional area could be 
used with a high-efficiency tower packing when cooling 
requirements remain constant. However, it is necessary to 
evaluate the costs of packing materials regarding the cooling 
tower dimensions. 
 The heat transfer phenomenon by vaporization is higher 
than the heat transfer by convection by approximately 80%, 
considering a small control volume in the tower. It happened 
because water has a high enthalpy of vaporization. This effect 
is higher for areas larger than 2m2, where the mass transfer 
rate is so effective that a negative heat transfer by convection 

in the air occurs. In this case, the vaporization heat transfer 
ratio causes both the air and water to lower their temperature. 
It occurs between the first and second meters of the tower. 
The evaporative heat transfer rate remains constant, while the 
convection rate increases until it exceeds the negative 
convection stage.  
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