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 : الخلاصت

45 ُلانمت انصافُح .P.V.C ) ثشض ذثشَذ رو ظشَان  ما  مرعاكس تاسرعمال حشىج )ندا  الأ حسادسهزا انثحس ذم فٍ   
o

عه 

. ٌِ حُس وظذ إن .ح مخرهف ثشَذ نىسَِةِ ذذفقِ ما ِ انعلاقح انرعشَثُح وانىظشَح تُه ذثَشَذ انحممِ ومذي انر وقذ ذم ذحهُمانمحىسانعمىد

دسظح حشاسَح(  11شا( كان معذل انرثشَذ )\كغم  3,0ذذفق انما )  كانصَادج ذذفقانما  ذؤدٌ إنً وقصان مذي انرثشَذ تحُس عىذما 

, 3.17أستعح اسذفاعاخ مخرهفحِ نهحشىج  ).ذم اخرثاس دسظاخ حشاسَح( 6ل انرثشَذ )شا( كان معذ\كغم  3,5رذفق انما ) كاوعىذما و

,ووظذ إن عذد (مرش ترغَُُش وسَِةِ ذذفقِ انهىا ، ووسة ذذفق انما  فٍ شلاز خطىاخِ نكُمّ مِهْ الاسذفاعاخ الأستعح3.48, 3.06, 3.74

وسة )( (L/G مَع الاورقال انعلاقح نعذدِ وحذاخذضداد تضَادج ذذفق انهىا .إن    (KaV/L)أو NTU وحذاذالاورقال)معامم الأدا (

انحساتاخ  ذهك تالإضافح إنًسسدْ ذعشَثُا ووظشَا. ( دوسة ذذفق انهىا  تىحذج انمساحح ذذفقانما  تىحذج انمساحح إنً

( نشَتْظ انىرَائطِِ least square methodطشَقح)اسرعمهد و Tchebycheff,وظشَاً تاسرعمال طشَقح   (KaV/L),ذمحساب

فٍ هزا انثحس وظذ أن الأدا  الأفضم نثشض انرثشَذ َرمصم فٍ ذعهُض اقم وسثح مه .L/G مَع وسثحِ  NTU))نهعذد انرعشَثُحِ 

L/G)), عىذما  1,9إن عذد وحذاخ الاورقال ذصم   ذذفق انهىا  تىحذج انمساحححُس نىحظعىذ شثاخ وسثح L/G))  ٌ3,405ذساو 

دسظح حشاسج انما  انذاخم أرا صادخ فان عذد وحذاخ  أن  .ووظذ3,78ذساوٌ  ((L/G عىذ 3,47وعذد وحذاذالاورقال ذصم  

 .مرىافقح تصىسج معقىنح مع انىرائط انىظشَحذقم وانعكس تانعكس .انىرائط انعمهُح انمسرحصهح فٍ هزا انثحس NTUالاورقال 

 

ABSTRACT: 
 

    In this paper we study the performance of a counter flow water cooling tower  by employing 

(clear PVC ) packing with inclined 45
o
 from the vertical axis. For different flow rate of water the 

cooling load are studied experimentally and theoretically .It is found that an increase in water flow 

rate leads to a decrease in cooling range, whereas when the water flow rate was (0.3kg/s) the 

cooling range was (11 C
o
) and  when the water flow rate was (0.5kg/s) the cooling range was (6 

C
o
).Four different  packing  heights  (0.12, 0.24, 0.36 , 0.48)m  are tested by varying the air flow 

rates, and the water flow rates in three steps for each of the four  packing  heights, it is observed 

that the number of transfer units (performance coefficient) (NTU) or (KaV/L) increases by 

increasing air flow rate. The  relation of NTU with (L/G) (water flow rate per unit area to  air flow 

rate per unit area) are studied  experimentally and theoretically. Moreover, the calculation for 

(KaV/L) is theoretically computed  by using Tchebycheff  method, and the least square method is 

used to correlate the experimental results for  NTU in terms of (L/G).  We conclude that  best 

performance for tower packing is represented in providing minimum water to air ratio (L/G),where 

it is noticed that when the air flow rate per  unit area  constant then the NTU reaches to 1.9 with 

(L/G) equals 0.435 and NTU reaches to 0.42 with    ( L/G) equals 0.87.We also conclude that when 

the inlet water temperature increases the (NTU) decreases and vice versa. The experimental results 

obtained in this paper reasonably agree with the theoretical results. 
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Nomenclature 
                                                                       

NTU               Number of transfer units 

K                    Mass transfer coefficient per unit plan area(kg/ m
3
.s).  

a                     Surface area per unit volume (m
-1

). 

V                    Cooling tower volume(m
3
). 

L                    Water flux( kg/ m
2
. s).  

G                    Air flux( kg/ m
2
. s). 

P                    Power(W). 

                 Enthalpy  rate(W).                                                                                     H     

h                    Specific enthalpy(J/kg). 

w                   Specific humidity(kg. kg
-1

). 

t                     Temperature (K). 

                     Orifice differential (mm H2O) 

                     Specific volume (m3/kg). 

Z                    Packed height(m). 

Inlet low humidity air (figures 1,2)                                                                  A                                     

                                                                                                                       B                    Leave high 

humidity air (figures 1,2)                                                             C                   Inlet warm water 

(figure 2)                                                                          

                    Leave cool water (figures 2)                                                                   D                                                                    

E                     Make up (figures 1,2) 

Cp                  Specific heat( kJ / kg. K). 

Cw                  Specific heat of water( kJ / kg. K). 

 ̇                  Mass flow rate(kg/ s).       

 ̇                    Heat transfer rate(W). 

 

1.   Introduction 
Cooling towers are commonly used to dissipate heat from water needed for condensers, and 

other process equipments. Economic and safety operations for an unit is greatly influenced by outlet 

water temperature of cooling tower. Thermal efficiency of the unit is increased because of the outlet 

water temperature of cooling tower is decreased. 

The water consumption rate is only about 5% from that which is used, and making the 

cooling tower least expensive system to operate with purchased  water supply[1]. It is used in power 

stations, chemical engineering processes and air conditioning equipments. Many theories have been 

developed to describe the heat and mass transfer phenomenon, which is take place in water cooling 

towers. Jaber and Webb [2] they develops the effectiveness NTU design method for cooling towers. 

The definitions effectiveness and NTU are totally consistent with the fundamental definitions used 

in heat exchanger design. Hasan [3] studied the theoretical and experimental parameters that effect 

on the performance of cooling tower such as air flow rate, water flow rate , inlet water temperature 

and height of packing. 

The e-NTU method is based on the same critical assumptions as the Merkel method. Due to 

its simplicity, the e-NTU is especially useful in the solution of the cross flow cooling tower fills [4] 

where the heat and mass transfer problem is described by partial differential equations. Bedekar et 

 al, [5] studied experimentally the performance of a counter  flow packed bed mechanical cooling 

tower, using a film type packing. Their results were presented in terms of tower characteristics, 

water outlet temperature and efficiency as functions of the water-to-air flow rate ratio, L/G.       

They concluded that the tower performance decrease with an increase in the L/G ratio, however 

they did not suggest any correlation in their work. 

 

cooling%20tower/cool/science51.htm#bib11
cooling%20tower/imp/science7.htm#bib21
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Söylemez [6] performed theoretical and experimental analyses of cooling towers. He 

presented a method for estimating the size and performance of forced draft counter flow cooling 

towers. The author used an iterative technique for the calculation and compared the theoretical 

results with experimental results obtained for this purpose. Goshayshi et al. [7] presented an 

investigation using measurements of the mass transfer rates and pressure drops for a comprehensive 

range of PVC plastic packing. In order to produce an economic comparison to find the best 

geometry and range, mass transfer and pressure drop for turbulent conditions in fills used in the 

modern cooling tower had been studied. The authors introduced a new method of comparison of 

existing cooling tower packing. It was also indicated that the mass transfer coefficients of 

corrugated packing vary in proportion to the 0.41 power of pressure drop per unit height. Goshayshi 

and Missenden [8] studied experimentally the mass transfer and the pressure drop characteristics of 

many types of corrugated packing, including smooth and rough surface corrugated packing in 

atmospheric cooling towers. Kloppers and Kröger [9] studied experimentally the transfer 

characteristics of wet cooling tower fills. They reported that the transfer characteristic correlations 

for wet cooling tower fills are functions of the air and water mass flow rates, the inlet water 

temperature and fill height but not of the air dry bulb and wet bulb temperatures.  

The main contribution of this paper is summarized in the following four points:- 

1- We develop  mathematical relationship between performance coefficient (NTU) and (L/G) (water 

flow rate per unit area to  air flow rate per unit area). furthermore, this relation was verified by the 

experimental results obtained in this paper. 

2-We find the relationship between the (NTU) and (L/G)for (clear P.V.C. ) packing. 

3- We present the relationship between the cooling range and cooling load for the same  (clear 

P.V.C. ) packing 

4- We find out the effect of the inlet water temperature on the (NTU). 

 

2. Analysis  and Formulation 
                 The  heat  and  mass  transfer  characteristics  of  the counter flow   water     cooling tower 

can be determined by the conservation equations of energy and mass. The mathematical model is 

based on the main following assumptions:-         

Assumption 1: Film type, counter flow, direct contact cooling tower of constant cross section.                                                                                                                               

Assumption 2:The air and water property are constant across any cross section but varies 

vertically.                                                            

Assumption 3:Heat and mass transfer coefficients are constant throughout the tower. 

Assumption 4:The liquid side heat transfer resistance is negligible then the interface condition will 

be considered saturated at the bulk water temperature. 

   2-1 Application of Steady Flow Energy Equation 

For the system shown in figure (1), which represent the model without outside system [10]. Heat 

(Q) is transferred at the load tank, i.e. the process load, and possibly a small quantity to 

surrounding. Work(P) is transferred at the pump. Low humidity air enters at (A).High humidity air 

leaves at (B).Make-up me (equal to the increase of moisture in the air stream) enters at E. 

 

cooling%20tower/imp/science7.htm#bib22
cooling%20tower/imp/science7.htm#bib24
cooling%20tower/imp/science7.htm#bib25
cooling%20tower/imp/science7.htm#bib26
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Figure (1).Model without outside system 

 

From the steady flow equation[10]: 

 ̇                                                                                                      (1) 

 ̇      ̇      ̇         ̇      ̇        ̇                                 (2) 

If the enthalpy of the air includes the enthalpy of the steam associated with it, and this    quantity  is  

expressed   per   unit   mass  of dry air  (2) may  be written  

  ̇     ̇           ̇                                                                               (3) 

Where the mass flow rate of dry air  ̇   through a cooling tower is a constant, whereas the mass 

flow rate of moisture air increases due to the evaporation of some of water. The term  ̇    is 

usually small compared with the other terms and is often neglected. 

 

2-2Mass Balance 
For the system shown in  figure (2), which represent the model with outside system [10]. by 

conservation of mass, under steady state conditions, the mass flow rate  of dry air and of   H2O (as 

liquid or vapor)  must be the same at inlet and outlet to any system. 

 

 
 

Figure (2).Model with outside system(pump work and heat) 
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Thus,   ̇      ̇                                                                                              (4) 

And       ̇     ̇    ̇                                                                                    (5) 

  ̇    ̇      ̇                                                                                              (6) 

The ratio of steam to air (w) is known for the initial and final state  points on the psychrometric 

charts. 

  ̇     ̇                                                                                                         (7) 

   ̇     ̇  
                                                                                                        (8) 

  ̇   ̇ (                                                                                                    (9)                                                                                 

In this  case  the  process  heat  and  pump  work does not cross  the boundary of the system, but we 

now have warm water entering the system at C and cool leaving at D. 

Applying the steady flow energy (1) [10], pump work P=0; may have a small value due to heat 

transfer between the unit and its surroundings. 

 ̇   ̇     ̇       ̇     ̇      ̇                                            (10)               

 ̇   ̇          ̇            ̇                                                  (11)               

 ̇   ̇          ̇              ̇                                               (12)               

As stated earlier the term  ̇    is usually small compared with the other terms . 

2-3 The Heat Transfer Coefficient KaV/L 

The Tchebycheff method for numerically evaluating the integral ∫    
 

 
  uses values of y at 

predetermined values of x within interval (a) to (b). It can be selected that the sum of these values of 

y multiplied by a constant times the interval (b- a) gives the desired value of integral. In its four-

point form, the values of y are taken at selected values of x of 0.102673, 0.40620, 0.59379, and 

0.89732  of the interval (b-a). For the determination of KaV/L, rounding off these values to the 

nearest tenth is entirely adequate. The approximate formula becomes [11]: 

∫    
 

 
                                                                                     (13)               

Where              y1= value of y at x=a+0.1(b-a) 

                         y2= value of y at x=a+0.4(b-a) 

                        y3= value of y at x=a+0.6(b-a) 

                        y4= value of y at x=a+0.9(b-a) 

 The   water   temperatures   on   the   divided   cross   section   of   packing  can  be  calculated in 4 

positions. Each position can be determined from bottom to top of the  

packing as T2+0.1(T1-T2),T2+0.4(T1-T2), T2+0.6(T1-T2), and T2+0.9(T1- T2), 

respectively. So, the enthalpy difference at each position can be calculated and the value of KaV/L 

can be evaluated as  
   

 
 

         

 
[

 

   
 

 

   
 

 

   
 

 

   
                                (14)               

Where            Δh1=saturated air and moist air enthalpy difference at T2+0.1(T1-T2) 

                    Δh2 = saturated air and moist air enthalpy difference at T2+0.4(T1-T2) 

                    Δh3 = saturated air and moist air enthalpy difference at T2+0.6(T1-T2) 

                    Δh4 = saturated air and moist air enthalpy difference at T2+0.9(T1-T2) 

                    Cw = specific heat of water 

                     T1 = hot water temperature 

                     T2 = coldwater temperature 

3. EXPERIMENTAL  WORK 

Schematic diagram of the experimental set up is shown in Figure (3)[12].  The tower’s 

column has a parallel form of dimensions 150 mm × 150 mm × 600 mm, and manufactured from 

clear plastic to allow viewing of water flow through the system. It is filled with the (clear PVC). 

type packing having a surface area of 1.19 m
2
, height of 0.48 m and consists of (8) decks , every 

deck consists of 10 plates. The considered measurements which were taken consist of the 

temperatures increase (dry and wet) of the air at the entry and exit of the tower, as well as the inlet 

and outlet water temperatures. 

cooling%20tower/imp/science7.htm#bib17
file:///C:/Documents%20and%20Settings/h/Desktop/cooling%20tower/imp/science7.htm%23fig3
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The testing procedure is described:-        

Warm water is pumped from the lead tank through the control valve and water flow meter where its 

rate is adjusted and arrive to the top of the tower. After its temperature T5  (water entering tower)is 

measured, the water is uniformly distributed over the packing elements and exposed to the air 

stream. During its downward passage through the packing, the water is cooled largely by 

evaporation of a small portion of the total flow. The cooled water falls from the packing into the 

basin, where its temperature T6 (water leaving tower) is again measured and then passes into the 

load tank where it is reheated before recirculation. 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 sensors, where its wet and dry temperatures t1 (air inlet dry bulb) 

and t2 (air inlet wet bulb) are measured before entering the packing zone. As the air flows upward 

through the packing elements, its moisture contents increases and the water is cooled. On leaving 

the top of the tower, the air passes through the drift eliminator, which traps the entrained droplets 

and returns them to the packing zone. The air is then discharged to the atmosphere via the air 

Figure (3). schematic diagram for experimental counter flow cooling tower 
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measuring orifice and further wet and dry bulb sensors, where the wet and dry temperatures t3 (air 

outlet dry bulb)and t4 (air outlet wet bulb) are again measured.  

3-1 Air Mass Flow Rate  

Air mass flow rate passing through the packing inside the cooling tower was determined by 

measuring orifice differential in (mmH2O) with an inclined manometer, determining specific 

volume of the air at the exit of the tower utilizing dry temperature (t3) and specific humidity, and 

substituting them into the following equation [13]: 

 ̇        √              √                                                      (15)     

 ̇  = dry air mass flow rate (kg/s) 

  = orifice differential (mm H2O) 

   = specific volume of steam and air mixture leaving top of column (m
3
/kg) 

    = specific volume of dry air leaving top of column (m
3
/kg) 

    = specific humidity of air leaving top of column (kg water/kg dry air)                     

3.2. Performance characteristics of the cooling tower   
             In the present study, the important parameters are used in investigating  the   

performance characteristics of the cooling tower, namely the cooling load and number of transfer 

units (NTU) cooling tower.                                                                

3.2.1 Cooling Load and Cooling Range  
Cooling load where represent the rate at which heat is removed from the water cooling load we 

could got from apparatus directly. and cooling range  described the difference between the water 

temperature at entry to and exit from the tower. 

3.2.2 Number of Transfer Units (NTU) 
Cooling tower data are most often plotted in the form of KaV/L versus L/G Common practice is to 

neglect the effect of air velocity and develop the tower correlation in the form of a power law 

relation: 

KaV/L =λ[L/G]
n
 

Where λ,
 
n are constants for a particular packing 

4.  Results  
The performance of a cooling tower depends on several parameters such as the range of 

cooling temperature, the inlet water temperature and the (L /G) variation ratio. Six cases are 

studied; three for air flow rate and three for water flow rate. The packing height is (600 mm) . The 

various affecting parameters are plotted in figures (4) to (12).In figures (4, 5, 6) a comparison is 

made between  cooling load and cooling range for different water flow rates[ ̇              
          ] and constant air flow rate  ̇           . These figures show that the influence of 

increase of the water mass flow rates leads to decreasing the cooling range with constant air mass 

flow rate. This behavior is attributed to the fact that the increase in water flow rate  leads to an 

increase in heat load. The theoretically calculated temperature values of  the water entering the 

tower , the water leaving tower and air inlet wet bulb are found to be close to the  experimental 

results with small deviations.  

Each figure(7, 8, 9)  represents the performance (NTU) with height of packing; each one 

corresponds to one value of air mass flow rate. Four heights of packing were investigated (0.12, 

0.24, 0.36 , 0.48) m,  where  these values are measured from the top of tower. 

These figures show that for  each  fixed  height  of  packing,  when  the  water  flow  rate is  

increased  then the performance coefficient (NTU) is decreased. This is due to the decreasing of 

(K.a) (Volumetric mass transfer coefficient). In other words the performance coefficient definition 

is (K.a.z/L)( Performance coefficient (NTU) based on L), so it is inversely proportional with L. 

Physically, as the water flow rate increases the heat load increases. Therefore, the capability of the 

packing for dissipating heat load is decreased. That is the duty is become harder to be 

accomplished. It is also noted that as the packing height increases the performance coefficient 

increases approximately with the same slope.                                                                                                         

cooling%20tower/imp/science7.htm#bib37
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Figures. (10, 11, 12) showed a comparison between theoretical  NTU and experimental  

NTU ,where a good agreement between the experimental and theoretical results is observed . It is 

clear from the figures that as the water to air flux ratio (L/G) increases the performance coefficient 

decreases. This is due to the decreased of (K.a). By the least square method we can found the 

following equations:                                                                 

1. KaV/ ̇ =0.43[L/G]
-1.64 

,for inlet water temperature =34.4C°
          

(16)  
                     

              

2. KaV/ ̇ =0.48[L/G]
-0.81

 ,for inlet water temperature = 30C°          (17)                           

3. KaV/ ̇ =0.43[L/G]
-0.95  

,for inlet water temperature
    

= 27.9C°             (18)    

               
  

5. Conclusions and Scope for Future Work 
                Maximum performance in a given volume of tower packing may be obtained with 

minimum water to air ratio (L/G) .The cooling range is  increased by the addition of a cooling load , 

where it is noticed from figure (4) that  when cooling load is (0.5 Kw) the cooling range becomes 

about (4C
o
). But  when  a cooling load is (1.5 Kw) the cooling range is about (12C

o
). It is observed 

that the inlet water temperature has a significant effect on  performance coefficient, i.e, if inlet 

water temperature increases the (NTU) decreases. To correlate the results, using least square 

method, the independent variable (NTU) is  correlated primarily with water and air flow ratio (L/G). 

The theoretical and experimental results have a good agreement. For future work, researchers can 

study the performance of  a counter flow  cooling tower by using Aluminum packing .It is 

recommended to  use the (CFD) codes and compare these results with experimental data.                  

             .                                                                                                                                   
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Figure (5).relationship between cooling load and cooling range for water flow rate    ̇            
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Figure (6).relationship between cooling load and cooling range for water flow rate    ̇  
          

 

 
Figure (7). NTU with packing height for air flow rate                
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Figure (8). NTU with packing height for air flow rate                

 

Figure (9). NTU with packing height for air flow rate (  
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Figure (10). NTU with L/G for  (water entering tower)= 34.4C° 

 

 
Figure (11). NTU with L/G for  (water entering tower)= 30C° 
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Figure (12). NTU with L/G for  (water entering tower)= 27.9C° 
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