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A B S T R A C T   

In this study, the thermal properties of the operating fluid by replacing the fluid with better 
thermal properties and lower water loss in a cross-flow cooling tower (CFWCT) investigated. For 
this purpose, MWCNTs/H2O, MWCNTs-COOH/H2O, and MWCNTs-OH/H2O nanofluids were used 
instead of water, and the results were compared. The visual method and dynamic light scattering 
(DLS) were used to guarantee the stability of nanofluids and to determine the size distribution of 
the nanoparticles in the nanofluid. The influence of nanofluids concentration on cooling towers 
performance variables such as evaporation rate, performance characteristics, temperature drop, 
and tower efficiency were investigated. The results showed that the functionalized nanofluids 
with lower evaporation rates than water and the non-functionalized nanofluids with higher 
evaporation rates than water improved the thermal performance of CFWCT. For example, at a 
concentration of 0.1 wt% MWCNTs-COOH/H2O, MWCNTs-OH/H2O, and MWCNTs/H2O, the 
efficiency of the cooling tower was 46%, 45.3%, and 43.2%, and the performance characteristics 
were improved by 15.8%, 11.2%, and 6.1%, respectively, compared with water. Among the 
nanofluids, MWCNTs-COOH/H 2 O nanofluid had the best performance, in which the evaporation 
rate, performance characteristics, temperature drop, and efficiency were increased by about 
− 4.3%, 15.8%, 15.9%, and 8.7%, respectively, compared to water.  

Nomenclature 

afi Interfacial surface area between air and water per unit volume of fill zone(m− 1) 
Afi Frontal area of fill perpendicular to air flow direction(m2) 
C Evaporative capacity rate ratio (kg s− 1) 
Cp Specific heat at constant pressure (j kg− 1k− 1) 
CFWCT Cross flow wet cooling tower 
G Mass velocity (kg m− 2 s− 1) 
hd Mass transfer coefficient (m s-1) 
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I Specific enthalpy (j kg− 1) 
K Air flow rate (kg s− 1) 
m Mass flow rate (kg s− 1) 
M Calculated quantity from the measurable parameter 
Me Merkel number 
NTU Number of transfer units 
Lfi Fill length (m) 
Q Heat (W) 
T Temperature (◦C) 
TR Cooling range (◦C) 
U Maximum error 
wt Particle weight fraction (%) 
y Measurable parameters 
X Specific humidity of the air 

Greek symbols 
ϵ Effectiveness of the cooling tower 
λ Correction factor (pure number) 

Subscripts 
a Air 
bf Base fluid 
i Inlet 
ma Air-vapor (per kg dry air) 
min Minimum 
max Maximum 
p Particle 
o Outlet 
s Saturated 
w Water  

1. Introduction 

Cooling towers and other evaporative heat removal systems have traditionally been used in various applications, including power 
generation, refrigeration cycles, and industrial processes that require the removal of large amounts of waste heat. Evaporative cooling 
systems, such as cooling towers, operate on the principle of direct contact between water and unsaturated air. Mass transfer occurs in 
terms of the vapor pressure difference between the gaseous and liquid phases. The more water evaporates and cools, the more the air is 
humidified and heated [1,2]. Cooling towers have three categories of flow patterns: parallel flow, cross flow, and counter flow. The 
water spray, fill, and rain zones are all heat and mass transfer zones in wet cooling towers. In terms of using a fan, cooling systems are 
divided into natural draft and mechanical draft cooling towers [3,4]. 

Extensive research was conducted in the last decade to increase the efficiency of cooling towers. Most classical research on cooling 
towers falls into several categories. A number of studies examined the effects of process factors such as water and air flow rates and 
water inlet temperature in cooling towers. All of them concluded that as the air flow rate increases and the circulating water flow rate 
decreases, and the water inlet temperature increases, the cooling process of the tower increases, thus improving its performance. Other 
studies addressed the impact of environmental factors including temperature, humidity, and ambient wind speed, as well as the 
geometric shape and physical components of cooling towers, and several studies on the prediction of cooling tower performance under 
various conditions [5,6]. 

Lyu et al. [7] used a 3-D numerical model to investigate the effect of different packing arrangements on cooling tower performance. 
They found that the non-uniform arrangement can improve the performance of the cooling tower in both crosswind and windless 
states. Dmitriev et al. [8] created a novel inclined corrugated fill bed for use in an experimental cooling tower, complete with per-
forations and an inclined plate to ensure uniform distribution of the air-water contact zone. The effect of fill bed design on cooling 
tower thermal performance was studied, and four empirical correlations for pressure drop in dry fill beds were obtained. They 
concluded that the tower performs best with low humidification rates and that inclined plates with a perforation diameter of 6 mm 
provide the best mass and heat transfer performance as well as the lowest pressure drop. Ayoub et al. [9] evaluated the influence of 
external environmental factors on the wet cooling tower performance. Their results indicated that even a small increase in temperature 
above the design temperature of the cooling tower significantly impacts its efficiency. The ε-NTU method was used by Pandelidis [10] 
to perform a numerical study of the Maisotsenko cycle (M-cycle) cooling tower. The numerical study explored the most important 
factors for cooling tower efficiency and found that an M-cycle cooling tower can reduce the water temperature below the wet-bulb 
temperature of the air inlet. Jianhang et al. [11] studied a counter flow cooling tower including a coupling model in which the 
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performance of the cooling tower was based on packing analysis and the rain and spray zones. The results showed that by reducing the 
diameter of water droplets and increasing the ambient humidity, the efficiency of the cooling tower increased. Wang et al. [12] found 
that using an enclosure with an opening on the windward side increased the performance of the cooling tower in crosswind conditions. 

Few studies were conducted on replacing the working fluid of cooling towers with a fluid that has better thermal properties than 
ordinary water. Using such a working fluid improves the efficiency of the cooling tower. Many researchers have recently developed an 
interest in the colloidal suspension of nanoparticles in base fluids called nanofluids, which are employed as working fluids in various 
fields [13,14]. Nano-additives are used in various industrial fields, e.g. to optimize the efficiency of thermal systems, mass and heat 
transfer [15], or in the environmental field, e.g. as adsorbents [16] in water treatment and CO2 capture [17] for zero emissions. 
Nanofluids have been created using a range of nano additions, including metals and metal oxides [18,19] and carbon-based nano-
materials [20]. It was shown that the addition of nanoparticles to base fluids can significantly improve their thermal properties while 
reducing the pressure drop and sedimentation problems that are common with larger particles. However, the biggest challenge to using 
nanofluids in the industry is the stability of nanoparticles in base fluids. Researchers have used various methods in recent years to 
improve the stability of nanoparticles in base fluids. One of these methods involves using surfactants. Therefore, selecting the right 
surfactant and nanoparticle for each application is critical [21,22]. 

The following studies investigated the performance of a cooling tower using nanofluid as the working fluid. Imani Mofrad et al. [23] 
surveyed the effects of six different types of filled beds on cooling tower performance using nanofluid with ZnO nanoparticles as the 
operating fluid. They observed that the metal mesh bed performs the best. In another study, Imani Mofrad et al. [24] evaluate the 
effects of various nanoparticles on cooling tower performance, including graphene, ZnO, Al2O3, and SiO2. According to their results, 
the nanofluid containing graphene nanoparticles improves the cooling tower performance the most. Thus, the addition of 0.02 wt% 
graphene nanoparticles to the base fluid improves the cooling tower characteristic, volumetric heat transfer coefficient, and efficiency 
by 36%, 36.2%, and 8.3%, respectively. Elsaid [25] used magnesium oxide and titanium dioxide nanofluids for a feasibility study of a 
cooling tower with an air conditioning system. In this experimental study, various parameters such as the spacing of the filling blades, 
the type of filling, and the weight fraction of the nanofluid were investigated. The cooling tower with magnesium oxide nanofluid 
performed better than the cooling tower with titanium dioxide nanofluid, according to the results. Using copper oxide and aluminum 
oxide nanofluids, Amini et al. [26] studied the effects of parameters such as type and concentration of nanofluids, the mass flow ratio of 
working fluid to air, and inlet temperature of nanofluid on the performance of cooling towers. They found that the use of nanofluid 
improves the performance of cooling towers and that this improvement depends on the type, concentration, and inlet temperature of 
the nanofluid. Javadpour et al. [27] assessed the effects of packed beds for cross-flow cooling towers and concluded that the use of 
splash-type packed beds is more relevant when the working fluid is a nanofluid. In another investigation, Javadpour et al. [28] studied 
the effects of operating parameters on the performance of a cross-flow cooling tower using MWCNTs-water nanofluid as the working 
fluid. Their first result was the selection of gum arabic among three surfactants as the most suitable surfactant for use in the cooling 
tower. The nanofluids had a greater impact on cooling tower performance at lower flow rates, their research showed. They optimized 
operating conditions, including nanofluid concentration and flow rate, to reduce energy consumption and process costs. Rahmati [29] 
conducted an experiment to determine the effect of ZnO nanofluid on the thermal performance of a wet cooling tower at various 
concentrations and packing types. It was observed that adding ZnO nanoparticles to the water improves cooling efficiency. 

Carbon materials such as graphene, MWCCNT, and diamond play a vital role in boosting the efficiency of heat transfer systems. 
However, transferring the excellent intrinsic properties of carbon nanoparticles into real-world applications of the corresponding heat 
transfer fluids remains a challenge [30–32]. Among all other forms of nanoscale materials, carbon-based nanomaterials have the 
highest thermal conductivity in the literature [33]. The widespread use of these nanoparticles is seen in various fields to increase the 
performance of solar collectors or to increase the cooling capacity of refrigerators [34,35]. Jóźwiak et al. [36] investigated numerous 
effects of carbon-based nanoparticles (MWCNTs, SWCNTs) on thermal conductivity. The results show that the thermal conductivity 
could be improved by 43.9% and 67.8% for 1 wt% MWCNTs and SWCNTs nanoparticles, respectively. Another study examined the 
effects of graphene nanoplatelets as well as multi-walled carbon nanotubes to improve diesel oil performance. The result was an 
improvement in thermal conductivity and electrical conductivity of both nanofluids compared to the pure diesel oil [37]. Matsubara 
et al. [38] conducted that, by molecular dynamics simulation, the thermal conductivity of a single nanodiamond with 2.5 nm in 
diameter. the results showed that a nanodiamond with a larger diamond core tends to have a higher thermal conductivity. 

MWCNT nanofluids have shown significant improvement in thermophysical parameters such as thermal conductivity when 
evaluating the heat transfer properties of cooling systems and are about 5 times more useful than other conventional materials [39]. 
Thus, the development of heat transfer rate is influenced by the higher thermal properties of MWCNTs nanofluids [40]. The major 
problems with carbon nanotubes for use in various applications are insufficient dispersibility and stability in various organic and 
aqueous solvents. The second problem of carbon nanostructures is their poor interaction with other materials. Functionalization, a 
popular method proposed by many researchers, can be used to improve this property [41,42]. Although nanofluids containing 
MWCNTs have high conductivity, their functionalization significantly increases their conductivity and stability compared to con-
ventional nanofluids [43,44]. The application of MWCNTs in refrigeration systems is new. For instance, in a study that used R600a in 
MWCNT nano lubricant as a substitute for R134a refrigerant, the performance of household refrigerator systems was examined. Better 
cooling performance and lower power usage were the outcomes, due to the significant impact of MWCNTs nanoparticles, which were 
examined in another study [45]. The power consumption of the refrigerator compressor with MWCNT and TiO2 nano lubricants lowers 
within the range of 0.9–25.5% and 6.1–18.0%, respectively [46]. 

Classical research on cooling towers has addressed the process, environment, size, physical components of the tower, and numerical 
research, as indicated by previous research. Moreover, the most important research on cooling towers was conducted on counterflow 
cooling towers. The reason may be the complexity and difference in the calculation of cross-flow cooling towers in terms of the 
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temperature gradient in horizontal and vertical directions. In the majority of studies, heat transfer of water as an operating fluid to 
ambient air was performed. Considering part of the heat transfer in cooling towers is by conductive heat transfer and in terms of the 
low conductivity of water, it is reasonable to replace the working fluid with a fluid with higher conductivity and lower heat capacity. 
Recently, some studies have investigated the use of nanofluids in cooling towers. Nanofluids containing carbon nanoparticles such as 
carbon nanotubes and graphene performed best in the experiments. However, the stability of nanofluids containing carbon nanotubes 
and a water base stabilized by a surfactant is challenging. On the other hand, the use of surfactants weakens the thermal performance 
of nanoparticles and in some cases increases the evaporation rate by reducing the surface tension of water. Therefore, the use of 
functionalized carbon nanotubes, which have good stability in water without the use of surfactants, can be a good choice to improve 
the performance of operating fluid and thus the performance of the cooling tower with lower evaporation and water loss rates. In this 
study, the performance of a cross-flow wet cooling (CFWCT) tower was evaluated using four types of operating fluids including water, 
MWCNTs, MWCNTs-COOH, and MWCNTs-OH. The evaporation rates and process lost water for functionalized and conventional 
carbon nanotubes were measured and compared. The effects of the concentration of all three nanofluids on the evaluation factors of 
cooling tower performance such as temperature drop, efficiency, and performance characteristics were evaluated and compared. The 
best type of nanofluid was selected to improve the CFWCT performance. 

2. Material and method 

Thermophysical parameters such as thermal conductivity and convective heat transfer coefficient of nanofluids improve signifi-
cantly compared to base fluids with MWCNT [47]. For instance, compared to the base fluid, the use of MWCNT nanoparticles improves 
the thermophysical properties of the nanofluid by 1–9 times and the heat transfer rate by 1–3 times. In addition, the effective thermal 
conductivity and dynamic viscosity depend on the Brownian motion of the nanoparticles [48]. 

Furthermore, in evaluating the heat transfer properties of cooling systems, MWCNT nanofluids are approximately five times more 
useful than other conventional materials [39]. Consequently, the improved thermal properties of MWCNT nanofluids influence the 
development of heat transfer rate and thermal efficiency of devices [48,49]. 

Fig. 1. SEM images of a) MWCNTs, b) MWCNTs-OH c) MWCNTs-COOH.  
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2.1. Preparation and characterization of nanofluid 

MWCNTs, MWCNTs-COOH, and MWCNTs-OH nanoparticles were purchased from Sigma-Aldrich. SEM images as well as the 
nanomaterials properties are presented Fig. 1 in and Table 1, respectively. The gum arabic surfactant was purchased from Merck, 
Germany. 

The nanofluids were prepared by two-step method. The gum arabic was weighed in a 1:1 ratio to the MWCNTs and dissolved in 10 L 
of water with a mechanical stirrer at 1300 rpm for 30 min to prepare conventional MWCNTs. This step was skipped in preparing 
functionalized MWCNTs since they were dispersed without surfactants. Then, nanoparticles were added to the prepared solution or 
pure water at different concentrations (0.02, 0.04, 0.06, 0.08, and 0.1 wt%). The prepared nanofluid was sonicated in an ultrasonic 
bath for 4 h after being stirred with a mechanical stirrer at 1300 rpm for 3 h. The nanofluids preparation steps are exhibited in Fig. 2. A 
visual stability test was performed to investigate the stability of the prepared nanofluids. Fig. 3 shows the result of the performed 
stability test of the nanofluids MWCNTs, MWCNTs-COOH and MWCNTs-OH after one day, 3 days, one week, and one month. 

Dynamic light scattering (DLS) analysis is a physical method to determine the size distribution of particles in solutions and sus-
pensions, which not only analyzes the number of particles in each dimension, but also calculates the size of the particles. The average 
size of interconnected nanoparticles for nanofluids containing MWCNTs-COOH, MWCNTs-OH and MWCNTs nanoparticles was 
approximately 35–100 nm. Because nanoparticles tend to agglomerate at higher concentrations, the diameter of nanoparticles in the 
base fluid rises as the number of nanoparticles added to the base fluid increases. Comparing of the results showed that the func-
tionalized nanoparticles (MWCNTs-COOH and MWCNTs-OH) had a smaller size distribution than the MWCNTs nanoparticles in the 
base fluid (water). As the diameter of the nanoparticles increases, the stability of nanofluid decreases, the stability of prepared 
nanofluid samples shows the same results. 

The dynamic light scattering (DLS) diagram of the nanofluids MWCNTs-COOH/H2O, MWCNTs-OH/H2O, and MWCNTs/H2O with 
0.1 wt% nanoparticles is shown in Fig. 4. The DLS test for nanofluids was performed after the preparation of the nanofluids (before the 
test) and after the test to determine if the nanofluid maintained its characteristics after the cycle. 

DLS analysis was used to assess the nanofluids MWCNTs-COOH/H2O, MWCNTs-OH/H2O, and MWCNTs/H2O, illustrating the 
change in the size of nanoparticle aggregations at 25 ◦C after the preparation of the nanofluids (before the test) and after the test to 
determine if the nanofluid maintained its characteristics after the cycle. The most concentrated sample of MWCNT and TiO2 nanofluids 
(0.1 wt%) was selected as the sample most prone to instability. It can be derived from Fig. 4 that the change in the size distribution of 
the nanoparticles in all nanofluids was not very significant before and after the test, indicating maintaining the stability of the 
nanofluid during the process. 

Table 2 illustrates the average nanoparticle size distribution and zeta potential of the nanofluids at their natural pH according to 
Fig. 4. The average nanoparticle size distribution also showed that the particle size distribution for MWCNTs-COOH, MWCNTs-OH and 
MWCNTs nanofluids hardly changed over the process. 

The stabilization theory states that when the zeta potential is high (positive or negative), the electrostatic repulsions between 
particles increase, resulting in good suspension stability. Since the contact is opposite, particles with a high surface charge do not 
agglomerate. The generally accepted zeta potential values were summarized by Ghadimi et al. [50]. The zeta potential is commonly 
used to index the extent of electrostatic interaction between colloidal particles. It can therefore be considered a measure of the colloidal 
stability of the solution [51]. The zeta potential results for MWCNTs-COOH, MWCNTs-OH and MWCNTs nanofluids confirmed an 
average value of about 44, 42, and 33 respectively, before the test. Meanwhile, the outputs for the nanofluids after the experiments 
were about 45, 41 and 34 respectively, indicating sustainable stability of all suspensions during the cycle. In summary, it is worth 
mentioning that all nanofluids were stable before and after the experiments were performed. 

The density of the nanofluids in all five concentrations prepared was measured and compared before and after the experiments to 
confirm that the weight percentage of nanoparticles remained constant after the experiment. The results are listed in Table 3. Due to 
the evaporation that took place in the system and was replaced by water, the density of the nanoparticles did not change noticeably 
before and after the experiments. To clarify, at lower concentrations the density of the nanofluids was the same before and after the 
experiment, while at higher concentrations it was slightly lower. The cause is likely because some of the nanofluids were replaced by 
pure water after becoming trapped in the dead zones of the filled bed or water distribution system. Inferring a constant total con-
centration of circulating fluid during the experiment is possible from the findings that the density of the nanofluids remained roughly 
constant both before and after the experiment. This is because the weight of the nanoparticles per unit volume of fluid also remained 
constant. 

Since the thermophysical properties of the nanofluid strongly depend on the particle concentration and stability, the sustainability 
of thermophysical properties such as conductivity during the process can be one of the results. 

Table 1 
Properties of nanomaterials.  

Nanomaterial MWCNTs MWCNTs-COOH MWCNTs-OH 

Color Black Black Black 
Purity >99% >99% >99% 
Average diameter (nm) 15 55–65 50–80 
Morphology Multi-walled hollow tubes Multi-walled hollow tubes Multi-walled hollow tubes 
Special area (m2/g) >200 >200 >200 
Density (g/cm3) 2.1 2.1 2.1  
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2.2. Experimental setup 

The schematic diagram and components of experimental CFWCT are illustrated in Fig. 5. Also, an exterior view of the assembled 
experimental cross-flow wet cooling tower is depicted in Fig. 6. The heating tank has the dimensions (40 * 13 * 30 cm3) on which the 
other heating components were installed. The hot fluid leaving the heating tank is transferred to the upper part of the tower by a 
centrifugal pump. After passing via filled bed, the temperature drops and moves to the bottom of the tower. The fluid at the bottom of 
the tower re-enters the heating tank after the cooling cycle, heats up which is again conveyed to the upper part of the tower. This cycle 
continues until the process reaches steady state. A pressurized water distribution system is designed and built to achieve a more 
uniform distribution of the hot fluid on the filled bed. To induce air flow and direct it through the filled bed, an axial fan was installed at 
the exit of the tower. The filled bed plays an important role to increase the heat and mass transfer and improving the efficiency of the 
tower. 

In this setup, a kind of splash-filled bed (mesh) was used, which is shown in Fig. 7. An aluminum droplet eliminator was added in 
the intake path of the fan to prevent water droplets from floating into the air and entering the ambient. During the procedure, the 
evaporated water must be refilled. For this purpose, a water stream with a flow rate equal to the evaporation rate in the tower, called 
make-up water, was used. Resistance thermocouples (RTD) type Pt-100 were installed to measure the temperatures (dry and wet bulb 
temperatures at the inlet and outlet, temperatures of the hot inlet and cold outlet fluid, the temperature of the fluid inside the heater 
and the temperature of the fluid in different parts of the bed). 

In addition, the technical specifications of the instrument or device used to collect the reading and measurement are listed in 
Table 4. 

3. Formulation 

This section contains equations for some critical cooling tower parameters such as evaporation rate, temperature drop, efficiency, 
and performance characteristics (PC). 

The theoretical evaporation rate can be specified using following equation [52]: 

M=K(Xo − Xi) (1) 

The specific humidity of air at the outlet and inlet of the CFWCT is represented in this equation by Xo and Xi, respectively and K is 
the Air flow rate.In this CFWCT, the measured evaporation rate is obtained as follows: 

Mev =
0.0521Δhmake up − 0.0429Δhheater

t
(2)  

Where Δhheater ، Δhmake up , t, are respectively the change of water level in the heating tank, the change of water level in the makeup 
tank, and the time to measure the evaporation rate. The water level in the heating tank must remain constant throughout the test, and 
the change of the water level is in terms of minor changes of the water level in the heating tank during the measurement interval. 

The temperature drop (ΔT), defined as the temperature difference between hot inlet fluid (Tw,i) and cold outlet fluid (Tw,o), is 
calculated using following equation [24]. 

ΔT =Tw,i − Tw,o (3) 

The efficiency of CFWCT (ϵ) is calculated by Equation (4), which is defined as the ratio of the temperature difference between cold 
and hot fluid to the maximum possible temperature difference [24]. 

ε= Tw,i − Tw,o

Tw,i − Ta,wet,i
(4)  

Where Ta,wet,i is the wet bulb temperature of the entering air (ambient), Tw,o, is the temperature of the exiting fluid, and Tw,i is the 
temperature of entering fluid. 

Fig. 2. The nanofluids preparation steps.  
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The CFWCT performance characteristic (PC) used to evaluate the thermal performance of the fill is defined as follows [53]: 

PC=
hdafiAfrLfi

mw
=

hdafiLfi

Gw
=

∫Twi

Two

CpwdTw

(Imasw − Ima)
(5)  

Where afi is the interfacial surface area between air and water per unit volume of fill zone (m− 1), hd is the mass transfer coefficient (m/ 
s), Lfi is the fill length (m), mw is the mass flow rate of water (kg/s), Afr is the frontal area of fill perpendicular to air flow direction (m2), 
Gw is the mass velocity of water (kg.m− 2.s− 1), Tw is the temperature (◦C), Cpw is the specific heat at constant pressure (J/kg.K), Ima is the 
specific enthalpy of air-vapor (per kg dry air) (J/kg), Imasw is the specific enthalpy of saturated of air-vapor (per kg dry air) (J/kg). 

PC is considered as a function of water mass flow rate (mw), number of transferred units (NTU), and minimum evaporative capacity 
rate (C min), and was determined by the ϵ-NTU method as follows [53]: 

Fig. 3. Visual stability test of the nanofluids.  
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PC=
NTU C min

mw
(6) 

The system of equations must be solved simultaneously using an iteration method to obtain NTU and C min . This system of equations 
is shown below [53,54]. 

ε=
[

1
1 − exp( − NTU)

+
C

1 − exp( − C.NTU)
−

1
NTU

]− 1

(7)  

Fig. 4. DLS data analysis for the nanofluids before and after the test: a-b) MWCNTs-COOH/H2O c-d) MWCNTs-OH/H2O e-f) MWCNTs/H2O.  

Table 2 
A summary of the zeta potential and DLS results.  

Nanoparticle Time (before or after the test cycle) Label in Fig. 4 Average particle size distributions (nm) Zeta potential (mV) 

MWCNT-COOH Before a 46.2 44.2 
After b 49.9 45.1 

MWCNT-OH Before c 48.4 41.9 
After d 46.8 41.6 

MWCNT Before e 73.2 33.1 
After f 74.6 34.7  
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ε= Q
Qmax

(8)  

Q=ma(Imao − Imai) (9)  

Qmax =Cmin(Imaswi − − Imai) (10)  

λ=
(Imaswo + Imaswi − 2Imasw)

4
(11)  

Cmin =min
(

mwCpw

/
dImasw

dTw
,ma

)

(12)  

Cmax =max
(

mwCpw

/
dImasw

dTw
,ma

)

(13) 

Table 3 
Change in density of nanofluids during the cooling process.  

Weight percent of nanoparticles Time (before or after the test cycle) MWCNTs-COOH (g/cm3) MWCNTs-OH (g/cm3) MWCNTs (g/cm3) 

0.02 wt% Before 0.9962 0.9962 0.9962 
After 0.9962 0.9962 0.9962 

0.04 wt% Before 0.9965 0.9965 0.9965 
After 0.9965 0.9965 0.9965 

0.06 wt% Before 0.9968 0.9968 0.9967 
After 0.9967 0.9967 0.9967 

0.08 wt% Before 0.9970 0.9970 0.9969 
After 0.9969 0.9968 0.9968 

0.1 wt% Before 0.9973 0.9973 0.9971 
After 0.9971 0.9972 0.9970  

Fig. 5. Schematic of experimental setup.  
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dImasw

dTw
=

Imasw − Imaswo

Tw,i − Tw,o
(14)  

Fig. 6. Exterior view of the assembled experimental cross-flow cooling tower.  

Fig. 7. The filled bed and its details.  
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C=
Cmin

Cmax
(15) 

In addition, the performance characteristics of tower (PC) under various operating conditions can be expressed in terms of the ratio 
between the flow rate of water and the air entering the tower [55]. 

PC= b
(m
K

)− n
(16)  

where m and K are the water and air flow rates, respectively, at the inlet. b and n are the cooling tower constants. 
When the working fluid is nanofluids, Equation (17) is used to estimate the specific heat of nanofluids [56,57]. 

(ρCP)nf =(1 − φ)(ρCP)bf +φ(ρCP)p ; (ρ)nf =(1 − φ)(ρ)bf + φ(ρ)p (17)  

Where, (CP)bf , (CP)nf , and (CP)p represent the specific heat of base fluid, the nanofluid, and nanoparticles, respectively. The volume 
concentration of nanofluids is φ. 

4. Uncertainty analysis 

Because the accuracy of the devices utilized in this investigation varied, the parameters measured with these devices had inac-
curacies as well. The effect of parameter measurement error on the obtained results was assessed. The following methods were used to 
calculate the uncertainty of the measured parameters [65]. 

M= f (y1, y2,…, yn) (18)  

UM = ±

{(
y1

M
∂M
∂y1

uy1

)2

+

(
y2

M
∂M
∂y2

uy2

)2

+ … +

(
yn
M

∂M
∂yn

uyn

)2
}1 /

2  

Where yi denotes the measurable parameter, uyi the measured error, and UM the maximum error of the parameter M. The maximum 
error of measured quantities is shown in Table 5. 

5. Results and discussion 

The effect of nanofluids MWCNTs/H2O, MWCNTs-COOH/H2O, and MWCNTs-OH/H2O was evaluated using a square splash bed in 
a CFWCT under nearly constant operating and ambient conditions (ambient temperature about 26 ◦C, inlet water flow rate of 3 kg/ 
min, and air flow rate of 8 kg/min). All three nanofluids were prepared at 5 different concentrations of 0.02 wt%, 0.04 wt%, 0.06 wt%, 
0.08 wt% and 0.1 wt%. Experiments were performed once with pure water and once with different concentrations of nanofluids. The 
results were recorded when the process reached steady state. 

Table 4 
The technical specifications of the instrument.  

Instrument Model Range Accuracy Application 

Water flow meter KYTOLA- A5AA 
Finland 

0.5–6 m/s 0.5 m/s Flow rate 

Laboratory balance GRAM- FS 
China 

0.0001–120 g 0.0001 g Particles weight 

Temperature controller Omron- E5CC 
Japan 

− 25 – 65 ◦C 0.1 ◦C Temperature display 

Anemometer MASTECH- MS6252B 
Germany 

0.8–30 m/s 0.01 m/s Air velocity  

Table 5 
The maximum uncertainty in the obtained characteristics.  

Characteristics Maximum inaccuracy (%) 

Efficiency (ϵ) 0.9 
Weight fraction (wt) 0.5 
Temperature drop 0.4 
Water Mass flow rate 3 
Evaporation rate 0.4 
Temperature (◦C) 0.05 
Air mass flow rate 0.3 
Mass of nanoparticle (mnp) 0.5  
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5.1. Effect of nanofluid concentration on evaporation rate 

Latent heat of evaporation plays an important role to lower water temperature in cooling towers. When the water evaporation rate 
in a cooling tower is higher, the thermal performance of tower improves. 

Fig. 8(a), (b), and (c) compare the theoretical and measured evaporation rates of MWCNTs-COOH/H2O, MWCNTs-OH/H2O, and 
MWCNTs/H2O nanofluids. At all concentrations, nanofluids had approximately similar results at all concentrations and showed 
acceptable agreement between the theoretical and measured evaporation rates. This was a proof of the accuracy of the information 
obtained from the experiments. In all experiments conducted, the theoretical evaporation rates were slightly lower than the measured 
evaporation rates. This was in terms of the low evaporation from the heating tank, which could not be measured. 

A comparison between functionalized (MWCNTs-COOH/H2O and MWCNTs-OH/H2O) and conventional MWCNTs/H2O nanofluids 
is illustrated in Fig. 9(a). The evaporation rate of MWCNTs-COOH/H2O and MWCNTs-OH/H2O nanofluids decreased with increasing 
concentration. However, the evaporation rate of MWCNTs/H2O increased by increasing concentration. This is because a surfactant was 
used for the stabilization in preparing the MWCNTs/H2O nanofluid, reducing the nanofluid’s surface tension, thereby increasing the 
evaporation rate. The nanofluids prepared with functionalized carbon nanotube nanoparticles (MWCNTs-COOH/H2O and MWCNTs- 
OH/H2O) are sufficiently stable in water without using a surfactant. The stability of carbon nanotube nanoparticles in water is 
enhanced by the covalent functionalities of carboxyl and hydroxyl groups. 

In MWCNTs-COOH/H2O nanofluid, the evaporation rate decreased by increasing concentration, the highest evaporation rate was 
71.7% at 0.01 wt%. The evaporation rate reduced at a concentration of 0.08 wt% in MWCNTs-OH/H2O nanofluid and the concen-
trations from 0.08 wt% to 0.1 wt% the evaporation rate slightly increased. For MWCNTs/H2O nanofluid, the evaporation rate was 
slightly higher than for water at all concentrations, which can be in terms of the presence of surfactant in the nanofluid. In some cases, 
using the surfactants to stabilize nanofluids reduces the surface tension, and thus the enthalpy of evaporation, which increases the 
evaporation rate [59–61]. 

Fig. 9(a) shows the evaporation rates of water and nanofluids at different concentrations. As well as, the percent change in the 
evaporation rates of nanofluids in the tower compared to water at different concentrations is shown in Fig. 9(b). The change in the 
evaporation rate of MWCNTs-COOH/H2O and MWCNTs-OH/H2O nanofluids was negative compared to water. This is because the 
nanoparticles in the nanofluids decrease the vapor pressure and thus the evaporation rate. In contrast, the change in the evaporation 
rate of MWCNTs/H2O nanofluids was positive compared to pure water. The percent change in evaporation rate by functionalized 
carbon nanotube nanoparticles was very similar. The highest change was due to the MWCNTs-COOH/H2O nanofluid at a concentration 
of 0.1 wt%, which corresponds to − 4.2% compared to water. However, at the same concentration of MWCNTs/H2O nanofluid, the 
evaporation rate increased by 1.4% compared to water. Thus, one of the positive effects of using functionalized nanotube nanoparticles 
compared to conventional carbon nanotubes stabilized by surfactants was reducing evaporation rate and lower water consumption in 
CFWCT. 

Fig. 8. Comparison of measured and theoretical evaporation rates of nanofluids at different concentrations: (a) MWCNTs-COOH/H2O, (b) MWCNTs-OH/H2O, and 
(c) MWCNTs. 
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5.2. Effect of nanofluid concentration on cooling performance characteristics (PC) 

The characteristics of the tower is one of the most important and significant parameters in the analysis of the cooling tower 
performance [23]. 

The performance characteristics of CFWCT was calculated by the system of equations (5- 17) for different concentrations of 
nanofluids. Fig. 10(a) exhibits the results of all nanofluids and Fig. 10(b) compares the performance characteristics of the CFWCT 
utilizing nanofluids compared to pure water. The performance of the CFWCT with MWCNTs-COOH/H2O nanofluid was improved by 
increasing the concentration. The addition of MWCNTs-COOH/H2O to pure water improved the performance characteristic of the 
CFWCT at all concentrations, and the highest characteristic value of the tower was equal to 0.338 at a concentration of 0.1 wt%. The 
graph’s steepest slope was found in the concentration range of 0 wt% to 0.02 wt%. The performance characteristic of the tower altered 
with a softer slope as the concentration was raised above 0.02 wt%. Moreover, the performance characteristics of CFWCT with 
MWCNTs-OH/H2O nanofluid were lower than those of the tower with MWCNTs-COOH/H2O nanofluid. At a concentration of 0 wt% to 
0.08 wt%, the CFWCT performance increased and then decreased from a concentration of 0.08 wt% to 0.1 wt%. On the other hand, the 
characteristics of the CFWCT depend on the fluid flow, the dimensions of the tower, and the mass and heat transfer coefficients. In the 
case study, the fluid flow and the dimensions of CFWCT were constant. Thus, the improvement in the characteristics of the CFWCT is in 
terms of the enhancement in the mass and heat transfer coefficients. MWCNTs/H2O nanofluids indicated the lowest performance 
characteristics compared to functionalized carbon nanotube nanofluids (MWCNTs-COOH/H2O and MWCNTs-OH/H2O). The differ-
ence in the performance characteristics of CFWCT is due to the lower stability of the MWCNTs/H2O nanofluid compared to the other 
two nanofluids, which not only reduces the heat and mass transfer coefficients, but also weakens the performance of the CFWCT. Up to 
a concentration of 0.06 wt% MWCNTs/H2O nanofluid, the characteristics of tower improved and then started to decrease. The highest 
characteristic of the tower with MWCNTs/H2O nanofluid was 0.316. According to Fig. 10(a), the obtained performance characteristics 
with nanofluids were better than with pure water at all concentrations of the nanofluids. The highest percent changes in MWCNTs- 
COOH/H2O nanofluid were 17.1%, in MWCNTs-OH/H2O nanofluid 11.7%, and in MWCNTs/H2O nanofluid 8.2%, compared with 
pure water. In the nanofluids, MWCNTs-OH/H2O and MWCNTs/H2O with a concentration of 0.08 wt%, the characteristics of CFWCT 
were reduced. The reduction in the characteristics of the tower in the MWCNTs nanofluid was greater than in the MWCNTs-OH/H2O. 
In other words, when the concentration of nanofluids was increased by 0.02 wt% (0.08 wt% to 0.1 wt%), the cooling performance 
characteristics of the CFWCT decreased by 0.6% with MWCNTs-OH/H2O nanofluid, while it fell more than 2% with the MWCNTs 
nanofluid. 

5.3. Effect of nanofluid concentration on the temperature drop of CFWCT 

Equation (3) was used to calculate the temperature drop of CFWCT for water and different concentrations of the nanofluids, 
MWCNTs/H2O, MWCNTs-COOHs/H2O, and MWCNTs-OH/H2O; the results are shown in Fig. 11(a). Fig. 11(b) indicates the tem-
perature drop of the tower for each nanofluid compared to the temperature drop of water. The temperature drop of the tower rose as 
the concentration of MWCNTs-COOH/H2O nanofluid increased, as shown in Fig. 11(a). Regarding the proximity of the concentrations 
studied, the increase exhibited a gentle slope. The temperature drop of CFWCT utilizing MWCNTs-OH/H2O nanofluid was divided into 
three parts. It increased from 0 wt% to 0.06 wt%, was nearly constant from 0.06 wt% to 0.08 wt%, and exhibited an approximately 
decreasing trend from 0.08 wt% to 0.1 wt%. For MWCNTs/H2O nanofluid, the temperature drop of the CFWCT increased from 0 to 
0.06 wt% and decreased from 0.06 wt% to 0.1 wt%. The slope of the decrease in the temperature drop from 0.08 to 0.1 wt% was larger 
than that at 0.06 to 0.08 wt%. 

For all concentrations of nanofluids, the largest increase in the temperature drop was found in a concentration range from 0 wt% to 
0.02 wt%. This is due to the fact that the addition of carbon nanotubes to water affects the thermal conductivity of the CFWCT. On the 
other hand, the heat capacity of nanofluid is lower than that of water. Therefore, by the same energy input by the element, it led to a 
further increase in the temperature of the inlet fluid, which eventually increased the temperature drop of CFWCT. 

As the temperature drop of CFWCT increases, the cooling capacity of the tower increases, which means that the thermal 

Fig. 9. Evaporation rate comparison: (a) Evaporation rates of various nanofluids at different concentrations and (b) Percentage changes in evaporation rates of various 
nanofluids in the tower compared to water at different concentrations. 

N. Karimi Bakhtiyar et al.                                                                                                                                                                                           



Case Studies in Thermal Engineering 39 (2022) 102422

14

performance of the tower has improved. Brownian motion, i.e. the irregular and random movement of particles, is one of the decisive 
factors in the heat transfer of nanofluids. Brownian motion only occurs when there are very small particles in the fluid, so the effect of 
Brownian motion disappears with increasing particle size. In addition, nanoparticles significantly increase the transfer surface and 
convective heat transfer coefficient, which in turn improves heat transfer in nanofluids [62–64]. Thus, by increasing the conductive 
and convective heat transfer and reducing the heat capacity of nanofluids compared to the base fluid, the use of nanofluids improves 
the heat transfer in the cooling tower and consequently increases the temperature drop and cooling capacity. According to Fig. 11(b), 
among all nanofluids, MWCNTs-COOH/H2O had the highest cooling capacity of the CFWCT compared to water, 15.89% at 0.1 wt%. 
For the nanofluids (MWCNTs- OH/H2O and MWCNTs/H2O), the highest temperature drop was 11.9% and 7.28%, respectively, 
corresponding to 0.06 wt%. The difference may be explained by the fact that functionalized carbon nanotubes (without surfactant) 
have a higher stability than conventional carbon nanotubes. 

Fig. 10. Performance characteristics: (a) Using nanofluids at different concentrations and (b) Percentage changes using nanofluids compared to water at different 
concentrations. 

Fig. 11. Temperature drop: (a) At different concentrations and (b) Percentage changes using nanofluids compared to water at different concentrations.  

Fig. 12. Efficiency: (a) At different concentrations and (b) Percentage changes using nanofluids compared to water at different concentrations.  
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5.4. Effect of nanofluid concentration on CFWCT efficiency 

The efficiency of CFWCT was calculated using equation (4) for different concentrations of MWCNTs-COOH/H2O, MWCNTs-OH/ 
H2O, and MWCNTs/H2O nanofluids. The results are compared in Fig. 12(a) and the percent change compared to pure water is shown 
in Fig. 12(b). As Fig. 12(a) shows, as the concentration increased in all nanofluids, the efficiency of the tower improved compared to 
pure water. The highest efficiency of tower was observed with the nanofluid MWCNTs-COOH/H2O at a concentration limit of 0 wt% to 
0.02 wt%. The efficiency had a smoothly increasing trend in terms of the proximity of the concentrations studied. The efficiency of 
MWCNTs-OH/H2O nanofluid was very similar to that of the MWCNTs-COOH/H2O. At 0.08 wt% to 0.1 wt%, the efficiency of CFWCT 
was lower than that of MWCNTs-COOH/H2O when MWCNTs- OH/H2O nanofluid was used. As the concentration increases, the 
probability of nanoparticle agglomeration increases. 

The difference in the efficiency of CFWCT with functionalized and conventional carbon nanotube nanofluids is indicated in Fig. 12 
(a). The highest efficiency of the CFWCT with MWCNTs/H2O nanofluid was 43.86% at a concentration of 0.06٪, while the maximum 
efficiency of the CFWCT with MWCNTs-COOH/H2O and MWCNTs- OH/H2O nanofluids was about 46%. Due to the stability difficulty 
of the MWCNTs/H2O nanofluid, the efficiency of the CFWCT fell from 0.06 wt% to 0.1 wt%. Despite a drop in efficiency, the CFWCT 
was still more efficient than pure water. 

Fig. 12(b) dedicates that the efficiency of nanofluids increased at all concentrations compared to pure water. For all nanofluids, the 
lowest efficiency compared to water was at a concentration of 0.02 wt%, but the highest efficiency was different in terms of the effect of 
nanofluid stability. Compared to pure water, the maximum change in the efficiency of MWCNTs-COOH/H2O nanofluid was 8.74% at 
0.1 wt% and the lowest value was 4.42% at 0.02 wt%. moreover, the largest and lowest change in the efficiency of CFWCT with 
MWCNTs-OH/H2O nanofluid compared to pure water was 7.6% at 0.08 wt% and 3.4% at 0.02 wt%, respectively. For MWCNTs/H2O 
nanofluid, the maximum and minimum were 3.68% at 0.06 wt% and 1.32% at 0.02 wt%, respectively. 

6. Conclusion 

In this study, three nanofluids MWCNTs/H2O, MWCNTs-COOH/H2O, and MWCNTs- OH/H2O were substituted as working fluids 
instead of water in a laboratory CFWCT. The effects of three nanofluids on the critical operating factors of the CFWCT such as 
evaporation rate, performance characteristics, temperature drop, and tower efficiency were evaluated. In addition to the effect of the 
operating fluid type on the thermal performance of the CFWCT, the concentration effect of the individual nanofluids was analyzed. The 
following is a summary of some of the key findings:  

• Despite using gum arabic as a surfactant to stabilize the MWCNTs/H2O nanofluids, the results of the visual stability test and DLS 
showed that the stability of the functionalized nanofluids, MWCNTs-COOH/H2O and MWCNTs- OH/H2O, was better than that of 
the non-functionalized nanofluid.  

• Regardless of the type of nanofluid, adding a small amount of nanoparticles to the base fluid (water) improved CFWCT performance 
compared to water.  

• Evaporation rates with MWCNTs/H2O nanofluid are increased compared to water. While using MWCNTs-COOH/H2O and 
MWCNTs- OH/H2O nanofluids decreased the evaporation rate compared to water despite the better thermal performance of the 
tower. 

• As the concentration of nanofluids increased, the factors determining the thermal performance of tower always indicated an up-
ward trend for MWCNTs-COOH/H2O nanofluids, while they increased up to 0.06 wt% and 0.08 wt% for MWCNTs/H2O and 
MWCNTs-OH/H2O nanofluids, respectively. The upward trend then stopped with increasing concentration. The decreasing sta-
bility with increasing concentration may be one of the factors affecting the result.  

• The percent improvement in tower performance characteristics with MWCNTs/H2O, MWCNTs-COOH/H2O, and MWCNTs-OH/ 
H2O nanofluids at 0.1 wt% compared to water was 6.17%, 15.85, and 11.1%, respectively.  

• The major limitations of using nanofluids in the cooling tower were determined to be dead zones within the filled bed and the 
trapping of the nanofluid, resulting in its sedimentation in parts of the tower. Sediment transport by the working fluid can cause 
parts of the cooling tower, such as the water distribution system, to become blocked over time. Therefore, the use of nanofluids with 
higher concentrations that tend to agglomerate was avoided in this research to prevent changes in the concentration of circulating 
nanofluids and clogging.  

• The effects of nanofluid properties, such as thermal conductivity, viscosity, stability, and vaporization temperature, can be 
considered in the following studies. 
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[14] H. Alizadeh, H. Pourpasha, S. Zeinali Heris, P. Estellé, Experimental investigation on thermal performance of covalently functionalized hydroxylated and non- 

covalently functionalized multi-walled carbon nanotubes/transformer oil nanofluid, Case Stud. Therm. Eng. 31 (2022), https://doi.org/10.1016/j. 
csite.2021.101713. 

[15] H. Pourpasha, S. Zeinali Heris, Y. Mohammadfam, Comparison between multi-walled carbon nanotubes and titanium dioxide nanoparticles as additives on 
performance of turbine meter oil nano lubricant, Sci. Rep. 2021 11 (2021) 1–11, https://doi.org/10.1038/s41598-021-90625-5, 1–19. 

[16] S. Nejatbakhsh, H. Aghdasinia, M.E. Farshchi, B. Azimi, A. Karimi, Adsorptive desulfurization of liquid hydrocarbons utilizing granular Cu/Cr-BDC@γ-Al2O3 
bimetal-organic frameworks, Ind. Eng. Chem. Res. 61 (2022) 11617–11627, https://doi.org/10.1021/ACS.IECR.2C01491. 

[17] M.J. Nobarzad, M. Tahmasebpoor, M. Heidari, C. Pevida, Theoretical and experimental study on the fluidity performance of hard-to-fluidize carbon nanotubes- 
based CO2 capture sorbents, Front. Chem. Sci. Eng. (2022), https://doi.org/10.1007/S11705-022-2159-X. 

[18] M. Heidari, M. Tahmasebpoor, A. Antzaras, A.A. Lemonidou, CO2 capture and fluidity performance of CaO-based sorbents: effect of Zr, Al and Ce additives in 
tri-, bi- and mono-metallic configurations, Process Saf. Environ. Protect. 144 (2020) 349–365, https://doi.org/10.1016/j.psep.2020.07.041. 

[19] M. Heidari, M. Tahmasebpoor, S.B. Mousavi, C. Pevida, CO2 capture activity of a novel CaO adsorbent stabilized with (ZrO2+Al2O3+CeO2)-based additive 
under mild and realistic calcium looping conditions, J. CO2 Util. 53 (2021), https://doi.org/10.1016/j.jcou.2021.101747. 

[20] A. Aghaei Sarvari, S. Zeinali Heris, M. Mohammadpourfard, S.B. Mousavi, P. Estellé, Numerical investigation of TiO2 and MWCNTs turbine meter oil nanofluids: 
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