
ADVANCES in NATURAL and APPLIED 
SCIENCES 

 
ISSN: 1995-0772                                                                                                                                           Published BY AENSI Publication 

EISSN: 1998-1090                                                                                                                                        http://www.aensiweb.com/ANAS  

2017 February 11(2): pages 36-47                                                                                                    Open Access Journal 

 

To Cite This Article: Emad S. Mohammed, Qusay K. Jasim, Mustafa W. Kanbar.,  Experimental Study on Promoting The 
thermal Performance of a Forced Draft Counter Flow Evaporative Cooling Tower. Advances in Natural and Applied Sciences. 

11(2);Pages: 36-47 

 

Experimental Study on Promoting The 

thermal Performance of a Forced Draft 

Counter Flow Evaporative Cooling Tower 

 
1Emad S. Mohammed, 2Qusay K. Jasim, 3Mustafa W. Kanbar 

 
1Assistant Lecturer, Department of Mechanical Engineering, Faculty of Engineering, Kirkuk University, Kirkuk, Iraq. 
2Assistant Lecturer, Department of Machines & Equipment, Technical Institute of Haweeja, Haweeja, Kirkuk, Iraq.  
3Lecturer (PhD), Department of Mechanical Engineering, Faculty of Engineering, Kirkuk University, Kirkuk, Iraq. 
  

Received 18 December 2016; Accepted 12 February 2017; Available online 20 February 2017 

  
Address For Correspondence:  

Emad S. Mohammed, University of Kirkuk, Department of Mechanical Engineering, Faculty of Engineering, Kirkuk, Iraq. 

E–mail: emad.s.mohammeduokirkuk@gmail.com 

 
Copyright © 2017 by authors and American-Eurasian Network for Scientific Information (AENSI Publication).  

This work is licensed under the Creative Commons Attribution International License (CCBY). 

 http://creativecommons.org/licenses/by/4.0/ 

 

 

  

 

 
INTRODUCTION 

 
Cooling towers are an integral component of many refrigeration systems, providing comfort or process 

cooling across a broad range of applications. They are the point in the system where heat is dissipated to the 
atmosphere through the evaporative process, and are common in industries such as oil refining, chemical 
processing, power plants, steel mills, and many different manufacturing processes where process cooling is 
required. Cooling tower structures vary greatly in size and design, but they all function to provide the same 
thing, liberation of waste heat extracted from a process or building system through evaporation of water. 
Industrial cooling towers can be classified into two distinct categories according to the heat transfer mechanism 
between the hot water and coolant air. The first is direct contact or wet cooling towers (WCTs), and the second 
is indirect contact or dry cooling towers (DCTs). Especially, WCTs operate based on direct interface between 
the hot water and coolant air flow which is caused by the water flow over the packing. Indeed, the type of 
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packing used in cooling tower has an important role in the tower performance as it controls the heat and mass 
transfer processes between water and air. Thus, WCTs utilize evaporation as a latent heat transfer mechanism as 
well as the sensible heat transfer. Economically, it is encouraged to utilize WCTs in hot weather regions rather 
than DCTs where the performance of the first is better in such places. Consequently, it is preferable to employ 
dry cooling towers in areas suffering from lack of water. Operation of WCTs generally depends on many 
parameters such as water and inlet air flow rates, the temperature of hot water, packing type and arrangement, 
etc. Therefore, optimizing the mentioned parameters could lead to enhance the cooling tower performance.  

Huge numbers of studies have been performed recently to investigate and optimize the thermal performance 
of wet cooling towers. Goshayshi and Missenden [1] researched experimentally the effect of filling arrangement 
on mass transfer and pressure drop in atmospheric cooling towers. The experiments were conducted in a counter 
flow cooling tower with 0.15 m × 0.15 m sectional test area and 1.60 m packing height. They detected that the 
distance and pitch of packings have a significant influence on the coefficient of mass transfer. Additionally,       
a correlation between the mass transfer coefficient and pressure loss was deduced by them. Elsarrag [2] studied 
experimentally the performance of an induced draft wet cooling tower using ceramic tile packing, or long life 
burned clay. He investigated the influences of packing and evaluated the heat and mass transfer coefficients. He 
also developed a correlation to predict the mass transfer coefficient within an error of ±10%. Moreover, he 
employed the developed correlation for foreseeing the cooling tower outlet conditions such as cooled water and 
exiting air temperatures within an error of ±5%. Also, experiments were conducted by Lemouari et al. [3] to 
investigate the thermal performance of a forced draft counter flow wet cooling tower using a 'VGA' (Vertical 
Grid Apparatus) type packing with cross sectional test area of 0.0222 m2 (0.15 m × 0.148 m) and 0.42 m height. 
The packing consists of four galvanized sheets having a zigzag form arranged between three metallic vertical 
grids in parallel and walls of the tower column. They carried out diverse parametric studies, including the effect 
of water and air flow rates on the water temperature difference and tower characteristic, for several inlet water 
temperatures. They also introduced a model similar to that given by Gharagheizi et al. [4].  

Muangnoi et al. [5] studied variations of air temperature and humidity at the entry of a counter flow wet 
cooling tower and their influences on the tower performance. They utilized exergy analysis and the second law 
of thermodynamics for this purpose. Heidarinejad et al. [6] used a model of counter flow and direct contact 
cooling tower for numerical investigation. Their results showed a good agreement with those presented in 
previous experimental works. Also, they deduced by case studies that the consideration of rain zones and spray 
is highly necessary to include in analysis for improving results accuracy. Heyns and kröger [7] carried out 
studies on the characteristics of heat transfer and fluid flow of an evaporative cooler. They asserted through their 
empirical results that the coefficient of thermal energy for water film is in direct relation with the mass flow rate 
of air and water as well as inlet water temperature. Lemouari and Boumaza [8] accomplished an experimental 
investigation of the performance characteristics of a counter flow wet cooling tower by estimating the tower 
heat rejection and its thermal effectiveness. They used the same apparatus described in their previous conducted 
work [3]. They concluded that the rate of heat rejection enhances with increasing the flow rates of water and air 
in the PD Regime as in the BDR Regime, whereas the effectiveness was observed in reverse relation with water 
to air mass flow ratio and increases with the hot water temperature rise. Papaefthimiou et al. [9] researched 
influences of outside air or weather conditions on the thermal properties of wet cooling towers. They submitted 
a thermodynamic model for emulating the processes occurred in the cooling tower. A good convention was 
obtained between the theoretical results given by the simulation model and the experimental outcomes.  

The possibility of using oval tubes in wet cooling towers was investigated by Zheng et al. [10], and some 
useful correlations regarding optimal operating conditions were also proposed. A cross-flow closed wet cooling 
tower unit based on the plate-fin heat exchanger was designed and tested under various conditions in an 
environmental chamber by Jiang et al. [11]. They achieved their work experimentally and numerically, and the 
test results suggest that the heat and mass transfer coefficients and cooling efficiency are remarkably affected by 
the process water temperature and the flow rates of air, spray and process water. In addition, Lavasani et al. [12] 
did an experimental investigation of thermal performance of a forced draft counter flow wet cooling tower filled 
with a rotational splash type packing. Their results showed that the thermal characteristics of cooling tower are 
affected by packing's rotation, and that the higher rotational velocity of splash type packing improves the heat 
transfer process. Gao et al. [13] investigated effects of layout style of fillings on the thermal performance of wet 
cooling towers. Five types of layout patterns of fillings, one uniform and four non-uniform, were utilized for this 
purpose. The work was conducted by thermal-state model experiment and depending on the similarity theory. 
They concluded that the thermal performance of wet cooling tower with fillings of non-uniform layout patterns 
is outstanding in comparison with the uniform one so that the thermal performance of the optimal layout pattern 
can be enhanced by 30% at maximum within the scope of the test. Singh and Das [14] fulfilled experimentally 
an investigation of performance of a forced draft WCT with trickle, film and splash fills. During their work, 
relevant correlations were developed for performance parameters by considering mass flow rates of water and 
air as design variables. The performance parameters were simultaneously optimized for maximizing the tower 
performance using elitist Non-Dominated Sorting Genetic Algorithm (NSGAII). Rahmati et al. [15] evaluated 
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experimentally effects of various input parameters such as air and water flow rates on the performance of a wet 
cooling tower. They investigated captured thermal images and relevant temperature histograms to visualize and 
determine temperature distribution within the cooling tower. They also suggested a guideline for attaining the 
optimal operating conditions of cooling tower by means of regression analysis. Lyu et al. [16] studied the impact 
mechanism of various fill layout patterns on the cooling performance of wet cooling tower with water collecting 
devices (WCTWCD). Their work was carried out via founding and validating a 3D numerical model for the 
WCTWCD. The results demonstrated the superiority of the non-uniform layout fill over the uniform one due to 
the enhancement detected in the tower cooling performance in both windless and crosswind conditions. 

 
1.1. The importance of the present work and avail: 

The current study represents a complementary effort to that formerly listed for the sake of enhancing the 
thermal performance of wet cooling towers via investigating effects of dominant operating parameters and 
determining their optimal values that indicate better estimate of the tower performance. The distinction here is 
that the experiments are performed at operating conditions differ from that of previously mentioned in literatures 
especially concerning the filling type and temperatures and humidity content of the inlet air. Therefore, an 
experimental investigation in the influence of coolant air flow rate, inlet water flow rate and temperature, and 
type of utilized packing has been accomplished. Firstly, the testing apparatus is prepared as well as the setup of 
measuring parameters and trial conditions. After that, data are measured and linked into relevant relations for 
assessing the performance characteristics which are identified by parameters such as cooling range, cooling 
efficiency, and approach to wet bulb temperature. Finally, the empirical findings are discussed and evaluated 
and thus the optimum conditions of cooling tower operation could be detected. 

 
2. Experimental apparatus and testing procedures: 

The evaporative cooling tower employed in the experiments is shown in Figures 1 and 3, respectively. It 
consists of various components all mounted on a robust G.R.P. base plate with integral instrument panel. 
Components include: air distribution chamber (1), a water tank (2) with embedded electrical heaters (3) to 
simulate cooling loads of 0.5, 1.0, and 1.5 kW. The water tank is also provided with a drain valve installed in the 
rear of tank. The apparatus also comprises a make-up tank with gage mark and float operated control valve (4), a 
thermostat in load tank (5) to adjust and fixing the hot water temperature precisely, a bronze and stainless steel 
glandless water pump (6), a centrifugal fan with intake damper (7), and water collecting basin (8). The  
experimental setup also contains packing (9) in two different types, water recirculation system (by-pass pipe) to 
returning the excess water to the water tank (10), inclined tube manometer (11), flow meter with flow control 
valve (12), a spray nozzle (13) to distribute water onto the packing, and moisture eliminator or droplet arrester 
(14). The cooling tower is supplied with two packed columns (Fig. 2) with VGA (vertical grid apparatus) 
packings. Each column has dimensions of 150 mm × 150 mm × 600 mm (L×W×H), and fabricated from clear 
P.V.C. The columns have pressure tapping points and each contain eight decks of inclined, wettable, and 
laminated plastic plates retained by water distribution troughs. Two different quantities of tested packings are 
used, first one has a density (the ratio of packing surface area to its arranged volume) of 77 m2 per m3, and the 
second has 110 m2 / m3 density, and the cross section of their test area is 150 mm × 150 mm.  

For more clarification, to describe how the cooling tower works; warm water is pumped from the load tank 
through the flow meter to the column cap where its temperature is measured. The water is uniformly distributed 
over the top packing deck and as it spreads over the plates, a large thin film of water is exposed to the air stream. 
The cooled water falls from the lowest packing deck into the basin, from where it flows past a thermocouple and 
into the load tank where it is reheated for recirculation. Due to evaporation, the level of the water in the load 
tank slowly falls. This causes the float operated needle valve to open and transfer water from the make-up tank 
into the load tank. On the other side, air from the atmosphere enters the fan at a rate, which is controlled by the 
intake damper setting. The fan discharges into the distribution chamber and the air passes wet and dry bulb 
thermocouples before it enters the packed column. As the air stream flows through the packings, its moisture 
content increases and the water is cooled. On leaving the top of the column the air passes through the droplet 
arrester which traps most of the entrained droplets and returns them to the packings. The air is then discharged 
to the atmosphere via the air measuring orifice and further wet and dry bulb thermocouples. 

During the experiments, dry and wet bulb air temperatures, water temperature, air humidity, water mass 
flow rate and air velocity, and hence air flow rate, are measured using copper-constantan thermocouple (type K), 
thermo hygrometer (Humidity Meter) Lutron AM-4205A, Rotameter (flow meter with 0 to 50 g/s reading 
range), and digital anemometer DA40, respectively. All air and water temperatures are indicated by a digital 
temperature indicator and thermocouple selector switch. The estimated accuracies of these mensuration devices 
are listed in Table 1. 
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Fig. 1: External view of the utilized wet cooling tower in the heat transfer laboratory. 
Fig. 2: The two types of packing employed during the study. Type (A) with 77 m2/m3 density, and type (B) has 

a density of 110 m2/m3. 
 

 
 

 

Fig. 3: Schematic of the experimental setup of the cooling tower. 
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Table 1: Data regarding accuracy of measurement instruments utilized in the experimental tests. 
Sensor Parameter Accuracy 

Copper-constantan thermocouple 
Dry/wet bulb temperature of air 
Water temperature 

± 0.3 oC 

Thermo hygrometer Lutron, AM-4205A Air humidity For ≧ 70% RH ± (3% reading + 1% RH) 
For < 70% RH (± 3% RH) 

Rotameter Water mass flow rate ± 2.0 % 
Digital Anemometer Model DA40 Air velocity (± 1.0% of reading ± 1 digit) 
Manometer Pressure difference ± 8.0 Pa 

 
 
 
The present work includes many separate experimental studies in order to estimate the impact of various 

parameters on the cooling tower performance. The variation effect of three major quantities is evaluated during 
this research, these parameters are the mass flow rates of water and air flowing across the packing and the 
temperature of hot water that designated for cooling. Moreover, the variation of packing type has also been 
considered according to its density. Thus, the current study comprises: 

1) Varying the air flow rate in the range of 104.7 to 272.22 kg/hr with fixing the entering (hot) water 
temperature at 36 oC. The other quantities are kept constant. This is done for four values of water flow rate (18, 
36, 54, and 72 kg/hr, respectively). 

2) Changing water mass flow rate from 18 to 72 kg/hr, retaining the hot water temperature at 36 oC, and 
fixing the other quantities. This is achieved for two values of air flow rate (146.58 and 272.22 kg/hr). 

3) The variation of air flow rate is also considered one more time (104.7 to 272.22 kg/hr), with keeping 
water flow rate at 54 kg/hr. This is repeated for three inlet water temperatures, 29, 36, and 43 oC, respectively. 

4) Altering the hot water temperature from 29 oC to 43 oC, retaining the flow rate of water at 54 kg/hr and 
packing density at 110 m2/m3. This is done for five values of air flow rate, 104.7, 146.58, 188.46, 230.34, and 
272.22 kg/hr respectively. 

It is worth mentioning that the aforesaid experiments in the parts 1, 2, and 3 have been accomplished for 
two packing densities (77 and 110 m2/m3, respectively), since two types of packings are depended. The inlet air 
condition is retained at 29 oC (with ± 0.7 oC fluctuation) for the dry bulb temperature, and 16 oC (with ± 0.4 oC 
fluctuation) for the wet bulb. Eventually as aggregate, twenty three experiments are carried out during the study, 
each experiment includes the change of an influent parameter and fixation of others remaining. 

 
RESULTS AND DISCUSSIONS 

 
The performance of wet cooling tower is investigated via determining many parameters that specify the 

ability to cool hot water coming from heat liberation systems. The temperature of cooled water leaving the 
tower is described by an affecting variable called cooling range. It is defined as the difference between incoming 
water temperature and temperature of water leaving the tower, and is denoted by ∆T. It is determined as 
following: 
Cooling Range (∆T) =  T�� − T��                                                                                                                       (1) 

An important factor used to specify the effectiveness of cooling tower is also introduced, it is termed 
cooling efficiency and characterized by (ε). It is defined as [17],  

ε =  
��� � ���

��� � ����
                                                                                                                                                        (2) 

Where, Twi and Two denote temperatures of water at the inlet and exit of the cooling tower, respectively. 
And, Twbi is the wet-bulb temperature of the entered (forced) air.  

The purpose of designing cooling towers is to cool hot water to smallest possible temperature, which is the 
wet-bulb temperature of air at the entrance. Therefore, another effective parameter is considered for evaluating 
the WCT performance known as approach to wet bulb temperature. The approach temperature is indicated as the 
difference between the cold water temperature and the wet-bulb temperature of air entering, and is symbolized 
by (APT). It is also a measure indication for whether maximum cooling of water can be achieved. Thus,  
Approach Temperature (APT) =  T��  −  T�&�                                                                                                  (3) 

On the other hand, the type of packing is also an efficacious ingredient and worth to definition. Here, the 
packing type is specified by its density which is denoted by (PD). The packing density is defined as the ratio of 
total surface area of packing plates to its volume after arranging in its specified place (cooling tower column). 
Hence,  

Packing Density (PD) =  
+,-

+,. × 0,
                                                                                                                         (4) 
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Where, Aps is the total surface area of packing, Apc is the cross sectional area of packing column, and Hp is 
the packing height. It is worth to mention that the cross sectional area and height of packing remain constants 
during the study, and thus the packing density depends only on the surface area and eventually is determined 
directly by the Eq. (4). 
 
3.1. Effect of air flow rate on the cooling tower performance: 

In this section, the experimental investigation into the effect of coolant air flow rate on the performance 
parameters is presented by Figures 4 to 9. Fig. 4, 5, and 6 illustrate, respectively, the dependency of cooling 
range, cooling efficiency, and approach to wet bulb on air flow rate for two values of packing density and 
different amounts of circulated water. The temperature of hot water is kept at 36 oC over this investigation. As it 
is evident, the water temperature difference (cooling range) and efficiency are enhanced as the flow rate of air 
increases when fixing water flow rate. Also, they are degraded by increasing water flow rate at constant amount 
of air. The behavior of cooling range and efficiency curves is observed identical for all types of utilized fillings. 
The interpretation of this demeanor can be clarified as following; as the air flow rate increases, the ability of 
heat and mass exchange between water films and air stream will promote, leading to more evaporation of water 
droplets and hence further cooling of water. This enhancement involves both sensible and latent heat transfer, 
therefor, the effect of increasing air flow rate is obviously predominant. Also, as the hot water temperature and 
inlet air wet bulb temperature are remained almost constant during the experiments, this will lead up to the 
dependency of cooling efficiency just on the temperature difference of water, this what expounds the similar 
trend of the cooling range and efficiency curves. In addition, increasing of water flow rate minifies the range 
and efficiency, this is attributed to the fixed supplied heat in the load tank, and resulting constant temperature of 
water entering, thus, the temperature of leaving water will rise leading to diminish cooling range and efficiency. 

Furthermore, the larger amount of water may saturate the incoming air stream and hence lower the driving 
force of cooling (the heat and mass transfer potential), or it may be deteriorated. Hence, a clear positive 
(extrusive) relation of the cooling rang and efficiency is spotted with the air flow rate, and a reverse link with 
water flow rate is appeared. The results also indicate an improvement in values of cooling range and efficiency 
when increasing the packing density from 77 to 110 m2/m3. For instance, at flow rates of 188.46 and 36 kg/hr 
for air and water, respectively, the range and efficiency are enhanced by about 6.5%, while this rise is decreased 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Cooling range versus air mass flow rate for various water flow rates and different packing densities. 
Fig. 5: Cooling efficiency versus air mass flow rate for various water flow rates and different packing densities.  
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Fig. 6: Approach temperature versus air mass flow rate for different water flow rates and packing densities. 

Fig. 7: Cooling range versus air mass flow rate at different inlet water temperatures and packing densities.  
to 2.65% when doubling water flow rate. This enhancement is imputed to the increase happened in heat and 
mass transfer area when using the higher density of packing. It is worth to refer that the increase in range and 
efficiency becomes lesser when rising the air flow rate above 188.46 kg/hr. For example, for 54 kg/hr water 
flow rate and 110 m2/m3 packing density, the figures of range and efficacy improve by about 25.5% when rising 
air flow rate from 104.7 to 188.46 kg/hr, while the enhancement turns into almost 8.9% by increasing the flow 
rate to 272.2 kg/hr. This behavior is observed for almost all depended values of water flow rates and hot water 
temperatures, and the explanation concerning this trend is attributed to the decrease happened in driving force 
for heat and mass transfer where some air does not pass over the tower packing, i.e. air does not become in 
perfect contact with packing surfaces, due to the high velocity and hence the cooling effect will be reduced. 

It is worth mentioning that the behavior of range and efficiency curves is observed in a good agreement 
with which existent in previous works, as presented by Lemouari et al. [3] and Rahmati et al. [15]. The similar 
trend of curves is appeared although the controlled operating parameters, such as inlet air temperatures and the 
type of packing, are different with that considered in the present study. This what can prove that the relation 
demeanor of cooling range and efficiency with air flow rate is independent on the operating conditions. In this 
regard, Fig. 15 shows a comparison of results concerning the cooling efficiency given by Shahali et al. [18] and 
that obtained by the current study. An obvious conformance reveals between the two outcomes, as represented 
by the curves trend with airflow rate when fixing the water flow rate. The difference appeared between the two 
results is mainly ascribed to the disparity existing in inlet air temperatures. 

Meanwhile, the outcomes of approach temperature show exactly an opposite behavior, where the approach 
decreases (gets better) through increasing air flow rate and rises (becomes worse) when growing water flow rate. 
This is due to the better heat and mass exchange, as previously mentioned, when enhancing airflow rate and thus 
lower temperature of cooled water will be obtained at constant water flow rate. Consequently, a better approach 
to wet bulb will occur, where the wet bulb temperature of air entering is kept nearly constant. On the other hand, 
results of approach illustrate a direct relation with water flow rate and the cause is ascribed to the clarification 
related to Fig. 4 and 5 that was already mentioned. Moreover, the dependency of tower performance parameters 
on amount of coolant air at different inlet water temperatures and packing densities is illustrated by graphs 7, 8, 
and 9. The water flow rate is remained at 54 kg/hr. As it is obvious, the parameters are enhanced via increasing 
the air amount and hot water temperature as a result of reinforcing heat and mass transport. 
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Fig. 8: Cooling efficiency versus air mass flow rate at different inlet water temperatures and packing densities. 
Fig. 9: Approach temperature versus air flow rate at different inlet water temperatures and packing densities. 
 
3.2. Effect of water flow rate on the cooling tower performance: 

The flow rate of water wanted to cool has a substantial role in specifying the cooling capacity of the utilized 
apparatus. Figures 10, 11, and 12 clarify the subordination of cooling range, cooling efficiency, and approach 
temperature on water flow rate at different flow rates of air and the two packing densities. The investigation is 
done by keeping hot water temperature at 36 oC. Evidentiary reverse relations of cooling range and efficiency 
are seen with the water flow rate for fixed air flow rate, this is ascribed to the decrement happened in the mixing 
capability of water droplets with the air stream due to large amount of existent water that may saturate the air 
and hence reduce the aptitude of air to carry more water vapor while it is in contact with hot water. Since the 
cooling process of water depends on the evaporation of its drips, therefor, more vaporized water implies more 
diminishing in water temperature and thus better cooling effect. It is worth mentioning that the aforementioned 
curves have almost linear behavior for all air flow rate and packing density values, this what indicates that the 
deficiency occurred in heat and mass exchange is taking place gradually at nearly the same rate. Meanwhile, 
curves of approach temperature exhibit extrusive relations with flow rate of water, or quite opposite demeanor to 
the trend of range and efficiency curves, and also the linearity is a clear feature of the curves. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Cooling range versus water mass flow rate at different air flow rates and packing densities. 

Fig. 11: Cooling efficiency versus water mass flow rate at different air flow rates and packing densities. 
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Fig. 12: Approach temperature versus water mass flow rate at different air flow rates and packing densities. 
Fig. 13: Cooling Range versus inlet water temperature at various air mass flow rates. 

 
An important observation can be concluded from the mentioned figures, that is, for the packing type with 

77 m2/m3 density, the reduction in cooling range and efficiency is about 15.9% for 146.58 kg/hr air flow rate, 
while it is nearly 12.7% when increasing the flow rate of air to 272.2 kg/hr, this is for the total enhancement of 
water flow rate (i.e. 18 to 72 kg/hr). Moreover, when replacing the packing by another one, 110 m2/m3 density, 
about 12.2% and 11% degrading are observed for the range and efficiency for the same air flow rates, and for 
the total increase in water flow rate. Meanwhile, the approach with PD= 77 m2/m3  is increased by about 23.4% 
and 32% for 146.58 and 272.2 kg/hr air amount, respectively; while the increases are approximately 18.9% and 
30.8% when using 110 m2/m3 packing. This noting asserts that the increase in air flow rate and packing density 
leads in most cases to improve the heat and mass transfer and hence the cooling tower performance. 

The relation of cooling range and efficiency curves affined with the water flow rate is perceived in identical 
trends when comparing with results in former studies. In this regard, Lemouari and Boumaza [8] and Shahali et 
al. [18] investigated the effect of water flow rate on cooling towers performance and they all found out the same 
behaviors for the aforementioned parameters as presented here, although they carried out their researches in 
different operating conditions and different forms of fillings. Figures 14 and 15 illustrate the effect of water flow 
rate on the cooling efficiency for several hot water temperatures and air flow rates in comparison with the work 
executed by Shahali et al. [18]. It is evident that a good accordance seems between the two results. The 
mentioned researchers [18] performed their study on a wet cooling tower with specifications nearly similar to 
that presented in the current work. The operating conditions are almost identical and the distinction here in the 
inlet air temperatures which have a great influence on cooling towers operation. The figures reveal same trends 
and the extant variation in the wet bulb temperature is highly responsible on the contrast appeared in the 
efficiency outcomes, where the lower value of wet bulb temperature leads to higher cooling range which 
eventually affects the effectiveness of cooling and hence there appears this imparity among the two results. 

 
  
 

 
 
 
 
 
 
 
 
 
 
 
 
  
 

 

Fig. 14: Cooling efficiency versus water mass flow rate for several inlet water temperatures. Current results and 
Shahali et al. [18] results. 
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Fig. 15: Cooling efficiency versus water mass flow rate for various air mass flow rates. Current results and 
Shahali et al. [18] results. 

 
3.3. Effect of inlet (hot) water temperature on the cooling tower performance: 

Waters coming from heat dissipation systems have usually relatively high temperatures and the ability to 
cool such water is highly dependent on its temperature value. Therefore, an investigation of the influence of 
inlet water temperature on the cooling range, efficacy, and approach to wet bulb was accomplished as illustrated 
by figures 7, 8, 9, 13, 16, and 17. The performance parameters are enhanced when using hotter water and vice 
versa. For instance, with 54 and 188.46 kg/hr water and air flow rates, respectively, range is increased by about 
78.3% when rising water temperature from 29 oC to 36 oC, while a raise of nearly 53.7% is recorded when 
increasing the temperature from 36 to 43 oC, this is for 110 m2/m3 packing density. The figures of efficiency is 
aright different so that an increase of about 12.7% and 13.44% appears for the same increases in water 
temperature and similar conditions of flow rates and packing type. Generally, the range and efficiency are 
enhanced by about 174% and 27.83%, respectively, for the entire increase in hot water temperature. Also, the 
linearity is an obvious behavior for the range and efficacy relations with hot water temperature. 

On the other hand, the figures of approach indicate different consequences, where about 31.6% and 8% 
raises were observed for the increases of 29 to 36 oC and 36 to 43 oC in water temperature, respectively, at the 
same already mentioned operating conditions. The improvement occurred in the cooling range and efficiency is 
ascribed to the fact that states that the capability of containing more water vapor is associated with the existence 
of large temperature difference between the two working fluids, water and air, and so is the ability to heat 
exchange. Thus, the heat and mass transport are enhanced resulting in more drop in the water temperature and 
subsequently more satisfying outcomes. 

 
  
 
 
 
 
 
 
 
 
 
 
 
       

 
Fig. 16: Cooling efficiency versus inlet water temperature at various air mass flow rates. 

Fig. 17: Approach temperature versus inlet water temperature at various air mass flow rates. 
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3.4. Effect of packing density on the cooling tower performance: 

The type of filling that is packed into the column of cooling tower has a paramount role in designating the 
apparatus performance. Therefore, the impact of packing type is investigated via varying its density, or its total 
surface area, and results of this consideration is presented in figures 4 to 12. It is straightforward to judge that 
the performance parameters are enhanced with higher packing density and the reason is so easy to identify. The 
main source is that the area of which the air and water are in direct contact is increased when rising the packing 
density, thus, the quantity of heat and mass transportation between the two working fluids will promote resulting 
in more cooling effect. Also, increasing the filling surface area will increase time available to make the water 
and air in perfect contact. Accordingly, we have seen that the range, efficiency, and approach are all improved. 
For example, for 188.46 and 54 kg/hr air and water flow rates, respectively, the water temperature difference 
and cooling efficiency are enhanced by about 4.3% while the improvement in approach is 6.25% when rising 
packing density from 77 to 110 m2/m3, this is for 36 oC hot water temperature. Generally, the figures of 
performance findings are ameliorated with increasing filling density at all operating conditions.  

 
Conclusions: 

The present work is an endeavor among many studies to investigate the effects of operating conditions on 
the thermal performance of a direct-contact forced-draft cooling tower. Influences of numerous parameters such 
as amount of working fluids, water temperature, and type of packing were considered during the experimental 
inquest. They were discussed and evaluated thereafter as indicated in previous sections. From the behavior of 
the obtained findings, we can deduce the following:  

1. The performance parameters, which are, cooling range, efficiency coefficient, and approach to wet bulb 
are all enhanced with increasing the flow rate of coolant air, temperature of hot water, and packing density. 
Therefore, a direct positive relation of water temperature difference and efficiency factor with the variables 
mentioned above has been found, and a reverse relation regarding approach temperature is appeared. 

2. The results prove that the performance indicators become better with minimizing the mass flow rate of 
circulated water to a specified limit.  

3. The improvements happened in performance parameters are weakened when increasing air flow rate 
above 188 kg/hr. 

4. Effects of coolant air flow rate and inlet (hot) water temperature on the cooling capacity have been 
detected predominant, and lesser impacts are perceived for the water flow rate and packing density.  

5. On the basis of outstanding effect, the highest rate of amelioration is observed affined with the water 
temperature difference amongst all above-mentioned performance indicators when using hotter inlet water. 
        Eventually, some suggestions for improving the performance of wet cooling towers can be recommended 
to futuristic works, which can be listed below:  

a. Making a sensible pre-cooling of entering air stream outside the cooling tower in order to minify the 
inlet air wet bulb temperature and hence increasing the cooling effect. 

b. Using fillings supplied with protrusions on their plates surfaces instead of increasing the packing 
density or number of plates. Furthermore, study the possibility of employing other types of fillings fabricated 
from different materials. 

c. Small apertures can be made on the surfaces of packing plates in various shapes and sizes to promote 
the heat and mass transfer effects and thus the cooling capacity. 

d. Doing an optimization of the water distribution system utilized in diffusing water droplets amidst 
packing surfaces which may perform an enhancing of heat and mass transfer between the two working fluids. 
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