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Predicting the Thermal Performance of a Mechanical Draft 
Counter Flow Cooling Tower of Closed Type 

 
 

            

            

            

            

            

            

            

            

            

     

Abstract 
 

In this work, the enthalpy potential theory is used in conjunction with a formula derived by 

Uchida and a set of data available on the cooling tower of Baghdad international airport to predict 

the thermal performance of a mechanical draft counter flow cooling tower of closed type. 

Computer calculations are made to determine the number of transfer units, water-cooling 

range and tower capacity. The computer results are presented in graphical form as performance 

curves showing the predictable thermal performance of the tower under different conditions of air 

inlet wet bulb temperature and water-to-air flow ratio, when the load on the tower, denoted by the 

water inlet temperature, remains unchanged.  

The results indicated that the performance of the tower and hence its capacity are affected by 

the air inlet wet bulb temperature and the water-to-air flow ratio. They face a considerable decline 

with increase of air inlet wet bulb temperature and with increase of   water-to-air flow ratio too. 

Then, the decline with increase of air inlet wet bulb temperature reduces with increase of water-to-

air flow ratio.  

The agreement of the present results with results of the others and with measurement would 

give a sufficient support to the analysis adopted in this work. 
 
 

  ةــــلاصـالخ

 ودجدوعثق دثح الدشمودثأ    Uchidaفً هذا البحث  مثن اخثمم ان ية ٌثق  ألاثق لبي ثألبً دثة دشأ لثق دقثم ق دثح لابث  البأحث 

 الح ا ي لب ج مب ٌ  د وحً دمشأكس الج ٌأح ودح اليوع الدغمق. الأ اءالدموف ة عح ب ج مب ٌ  د أ  بغ ا  ال ولً لميبؤ 
يمثأج  الحخثأبأ  مثن ع  ث أ  .ع   وح ا  ابيم ثأ  ودث ت مب ٌث  الدثأء و ألاثق البث ج  لإٌجأ  ًالإلكم ويمن اخمم ان الحأخب 

الح ا ي الدمولاة لمب ج مح  ة وف دمممفق دح   جق ح ا ة   بق لم واء  الأ اءوهذه مة    الأ اءبقك  دم  أ  مد   ديحيٌأ  
 ى الب ج دد لا ب  جق ح ا ة الدأء ال ام  إلى الب ج غٌ  دمغٌ .ال ام  ويخبق ج ٌأح لمدأء إلى ال واء وذلك عي دأ ٌكوح الحد  عم

ب  جق الح ا ة ال  بق لم واء ال ام  وكثذلك بيخثبق ج ٌثأح الدثأء إلثى ال ثواء  ممأ  الب ج و ألامه  ل اء لحإلى  لقأ  اليمأج  
ق لم ثواء الث ام  ودثة ةٌثأ ة يخثبق وال ألاق م يً دخمد  ودحخثوس فثً الدخثموت دثة ةٌثأ ة   جثق الحث ا ة ال  بث الأ اءحٌ  ٌواجه 

ابيح ا  دة ةٌأ ة   جق الح ا ة ال  بق لم ثواء الث ام  ٌم ثأء  دثة ةٌثأ ة يخثبق  لوج ٌأح الدأء إلى ال واء لٌ أ.  ن إح هذا الم يً 
 ج ٌأح الدأء إلى ال واء. 

 المحمٌ  الذي من مبيٌه فً هذا البح . الموافق الدوجو  بٌح اليمأج  الحألٌق ويمأج  الآم ٌح ٌش ً  عن وإخيأ  كأفً لأخموب

1. Introduction  
 

The condenser water of air conditioning systems is sometimes circulated between the 

condenser and the cooling tower through a closed circuit piping. 
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For the heat to be adequately absorbed from the condenser water in the tower, this water 

is being passed through a bundle of tubes inside the tower. Then, a stream of tower re-

circulated water is sprayed from above on the outside of the bundle tubes which serve too as a 

cooling tower packing, while a stream of air is passing over the tubes from the bottom 

(counter-flow) or the side (cross-flow). By this means heat is transferred from the condenser 

water to the water spray and then to the air stream as sensible and latent heats. The closed 

circuit evaporative cooling tower has the advantage of keeping the condenser of the air 

conditioning system clean and needs not to be serviced from time to time as in the open 

circuit case. 

In this work, a mechanical draft counter flow cooling tower of closed type is 

investigated. A schematic diagram of the tower is shown in Fig.(1). The enthalpy potential 

theory is used with a formula derived by Uchida 
(1) 

and a set of data available on the cooling 

tower of Baghdad international airport to predict the thermal performance of the tower.  

For this purpose, numerous computer calculations are made to determine the number of 

transfer units, the water cooling range and the tower capacity. 

The results in their graphical form indicated that the tower performance and therefore 

the tower capacity, under conditions of constant load on the tower which corresponds to 

constant water inlet temperature, are affected by the inlet wet bulb temperature of air and the 

water -to-air flow ratio. 
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Figure (1) A Schematic Diagram for the Counter Flow Cooling Tower  
of Closed Type 
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2. Theory 
 

2-1 Basic Equations 

In this paper, the calculations are principally based on the enthalpy potential theory, 

which considers the enthalpy difference between saturated air at bulk water temperature and 

bulk air as a driving Force; and the rate of water evaporation is ignored as in usual practice. 

Referring to the coordinates and flow directions shown in Fig.(2),
 
basic equations are written 

as follows: 

 

)hh(Ka)dz/dh)(A/G()dz/dt()A/L(C sLL  …………………………... (1) 

 

)hh(NTU)d/dh)(N/1()d/dt(C sLL  ………………………………... (2) 

 

 
2L

1L

t

t

sLL )hh(dtCNTU ……………………………………………………. (3) 

The total heat transferred from the circulating water to the air is given by:  

 

)hh(GtLC)tt(LCQ 12LL2L1LL  …………………………….. (4) 

 

That is,       

 

LL tNCh   …………………………………………………………….... (5) 

 

 

Figure (2) Coordinates and Flow Directions for Counter  
Flow Cooling Tower 
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According to psychometric tables, the enthalpy of saturated air within the temperature 

range, t = (20 - 40) ºC, can be expressed in the form:  

 

2

s t1063.0t009.160.34h   ………………………………………………… (6) 

 

Uchida 
[1] 

has derived the following expression:  

 

)C12(t2C

)2C1Ctt()tt())tC(2C(NTU1)21(N

LL

1Lm1LmLL




 ……………... (7) 

  

where,  
2tt2tt2)tt(t

CKgKJ1063.02C,CKgKJ009.1C

L2LL1L2L1LLm

1



 

 

 

Equation (7) was examined by the authors against equation (3) and data available on the 

cooling tower of Baghdad international airport which formed the case study, and was found to 

be suitable to use in this work.  

 

2-2 Method of Calculations 

A counter flow cooling diagram is illustrated in Fig.(3). The operating line connecting 

the air enthalpy and water temperature has a slope of )NC( L  . 

 

 
 

Figure (3) Temperature–Enthalpy Diagram for Counter  
Flow Cooling Tower 
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The vertical distance between the saturation curve and the operating line gives the 

driving force (hS – h). 

In calculating the number of transfer units (NTU), for a given set of conditions (N, tL1, 

tL2 and t′1), reciprocals 1/(hS–h) are computed at a sufficiently large number of discrete points 

on the operating line and the average is multiplied by the cooling range ΔtL  and also by the 

specific heat of water (CL ).  

The cooling tower institute, CTI 
[2]

 recommends a simple method for the integration of 

equation (3), according to which, the number of transfer units approximates to the cooling 

range (ΔtL) multiplied by CL) and also by the arithmetical mean of the reciprocals 1/(hS–h) 

which are evaluated at four points corresponding to the water temperatures of tL2 + 0.1 ΔtL, 

tL2+ 0.4 ΔtL , tL1 - 0.4 ΔtL , tL1 - 0.1 ΔtL. The authors chose to use the first method of calculation 

rather than the CTI method for better accuracy of integration, as the first method involves 

smaller temperature increments especially in case of wide cooling range ΔtL. . 

On the other hand, in calculating the exit water temperature tL2 for a given set of 

conditions (N, tL1 and t′1), a trial-and-error method is required: a value of tL2 is assumed 

iteratively until the value of NTU calculated by the above procedure coincides well with the 

value calculated by equation (7).  

Once, the right value of t L2 is determined, the tower cooling capacity for the condenser 

water can be calculated by equation (4).  

 

3. The Case Study  
 

The cooling tower data of Baghdad international airport formed the basis for the case 

study on mechanical draft counter flow cooling tower of closed type and are as follows:  
 

Inlet air wet bulb temperature (Cº)                                               25.5 

Outlet air wet bulb temperature (Cº)                                            30 

Inlet air humidity (kg water/kg dry air)                                       1.22E-2 

Outlet air humidity (kg water/kg dry air)                                    2.73E-2  

Inlet air enthalpy (kJ / kg)                                                            78 .64 

Outlet air enthalpy (kJ / kg)                                                         99.97 

Capacity of chiller / tower (ton- refrigeration)                            1000 

Condenser water temperature at inlet to tower (Cº)                    38 

Condenser water temperature at outlet of tower (Cº)                 32.3 

Air mass flow rate (kg / s)                                                             183 

Condenser water mass flow rate (kg/ s)                                       148 

Spray water volume flow rate (m
3 

/ hr)                                        250 
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4. Results and Discussion  
 

The results of computer calculations for a mechanical draft counter flow cooling tower 

of closed type, working under conditions of constant water inlet temperature, are presented in 

graphical form in Figures (4, 5, 6) and (7).  

Figure (4) shows the predictable effect of change of air inlet wet bulb temperature (t′1) 

and water-to-air flow ratio (N) on the number of transfer units (NTU). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure (4) Variation of the Number of Transfer Units with Inlet Wet Bulb 
temperature of Air for Different Water-to-Air Flow Ratios 

 
Two values for (NTU) appear on the diagram; one is calculated according to the 

enthalpy potential theory and the other is calculated from equation (7) which is derived by 

Uchida 
[1]

. 

They show a perfect agreement for N>1.0 and a good agreement with discrepancy of 

less than 6% for N ≤1.0.  

It is obvious that the (NTU) decreases with increase of t′1and with increase of N too. 

The decline in the NTU value with increase of t′1considerably reduces with increase of N. 

Points E&F on the diagram are obtained from the paper of Fujita and Tezuka 
[3]

. Point E 

corresponds to their calculations whereas point F corresponds to calculations made by the 

cooling tower institute, CTI
 [2]

.
 
The agreement with the present results is fairly good.  

Points B&B′ correspond to the case of the cooling tower of Baghdad international 

airport, based on the enthalpy potential theory and the equation of Uchida 
[1]

 respectively. 
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From Fig.(5), similar effect for t′1and N is predictable on ΔtL as that on NTU seen in 

Fig.(4); that is, the increase of t′1and /or N is accompanied by a drop in ΔtL. 
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Figure (5) Variation of the Water Cooling Range with Inlet Wet Bulb 

Temperature of Air for Different Water-to-Air Flow Ratios 

 
On the other hand, Fig.(6) predicts the value of N corresponding to the value t′1 that 

gives constant
 
ΔtL. This is useful when it is required to run the tower under conditions of 

constant ΔtL, whilst t′1 is variable.  

Figure (7) shows the predictable effect of change of t′1 and /or N on the tower cooling 

capacity per unit mass flow rate of the condenser water.  

It can be noted that the tower capacity is inversely proportional to t′1and N. Point B 

corresponds to the measured capacity of the cooling tower of Baghdad international airport. 

The evident agreement between the measured and the calculated values of tower capacity 

provides an additional and strong support to the analysis adopted in this work. 
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Figure (6) Variation of the Water Cooling Range with Water-to-air Flow 

Ratio for Different Air Inlet Wet Bulb Temperatures 
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Figure (7) Variation of the Cooling Tower Capacity with Inlet Wet Bulb 
Temperature of Air for Different Water-to-Air Flow Ratios 
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5. Conclusions 
 

From this work on the mechanical draft counter flow cooling tower of closed type, 

working under constant load, it is concluded that:  

1. The thermal performance of the tower can be well predicted by relying on the enthalpy 

potential theory
 
and the formula derived by Uchida 

[1].
 

2. The number of transfer units and water cooling range which are indicative of the thermal 

performance of the tower and of its cooling capacity are influenced by the air inlet wet 

bulb temperature and by the water-to-air flow ratio. They show a considerable decrease in 

their values with increase of the air inlet wet bulb temperature and with increase of the 

water-to- air flow ratio.  

3. The decline in number of transfer units and water cooling range and therefore in cooling 

tower capacity with increase of air inlet wet bulb temperature reduces with increase of 

water-to- air flow ratio.  
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Notations 
  

A 
Effective tower cross –sectional area normal to the direction of flow of water 
and air. 

C L Specific heat of water. 
G Mass flow rate of air. 
h Enthalpy of air. 
h S Enthalpy of saturated air. 
Ka Overall enthalpy transfer coefficient based on effective tower volume. 
L Mass flow rate of water. 
N Water -to-air flow ratio, = L/G. 
NTU Number of transfer units, = K a * V/L 
Q Rate of heat removal from tower. 
TC Cooling tower capacity. 
t ′ Air wet bulb temperature. 
t L Bulk water temperature. 
Δ t L Water cooling range, = (t L1 – t L2). 
V Effective tower volume, = (A * Z). 
Z Effective tower height. 

 

Subscripts 
 

1 Inlet of water or air 
2 Outlet of water or air 
 

 
  

 


