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ABSTRACT 

In this paper the cross flow cooling tower in DCW Limited was studied. The performance factors of the 

cooling tower analyzed by experimental data’s and the thermodynamic analysis of it by using the first law of 

thermodynamics is carried out. Mathematical model based on heat and mass transfer principle is solved using 

stepwise integration method. The mathematical model is used to find the outlet condition of water and air, 

which will be further used in Energy analysis. Simulation on the tower is carried out to investigate its 

performance on variable conditions which not possible in experimental analysis in the plant. The model is 

validated with experimental results and error is within 3.6%. From this paper one can easily understand how 

to analyse the performance of cross flow cooling tower in industries using data recorded and by mathematical 

model. 

Keywords: cross flow cooling tower; stepwise integration method; mathematical model; Energy analysis; 

experimental analysis. 

 

INTRODUCTION  

In Diesel power plant, the mechanical components in the engine section will damage due to high 

temperature at the working condition. This heat can be removed from this system. It will be done 

using oils. The heat extracted by the oil will also removed to the environment then only it will 

circulates again and cools the engine parts. To remove the heat from the oil, heat exchangers are 

used. In the heat exchanger, the water gains the removed heat from the oil. This water liberates its 

heat into the environment by direct contact with the air in the cooling tower. So many types of 

cooling tower available but here we see near by the description of cross flow mechanical induced 

draught cooling tower. In which the water spread on the splash fill material at the upper surface of 

the tower by means of nozzles, and the air contact with the water comes between louvers of the 

cooling tower so the water and air meet at right angles to each other. For induced draught system, the 

fan is located at the highest point of the tower. Ebrahim Hajidavalloo reference [1] predicts the 

thermal behavior of an existing cross flow tower under variable wet bulb temperature by a 

conventional mathematical model and the available fill characteristic curve of the tower.  According 

to his prediction, the wet bulb temperature increases means the come near range of evaporation loss 

are decreases at constant dry bulb temperature. Montri Pirunkaset [2] in his studies he applied the 

stepwise integration method for two conditions.  In first condition if we have in the mind of the inlet 
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and outlet temperatures of water, flow rates of the entering water and air, and the inlet wet bulb 

temperature are known means it is possible to calculate the value of the volumetric heat transfer co-

efficient.  In the second condition if we know the volumetric heat transfer co-efficient for the entire 

fill, the flow rates of the entering air and water, the inlet dry bulb and inlet wet bulb temperatures 

and the hot water temperature are known.  We can predict the outlet water temperature and the outlet 

air temperature. Tawsif Mahmud [3] studied experimentally the heat transfer phenomena between 

water and air by direct contact in a cross flow cooling tower model.  Their experiments were 

conducted in a splash type packing of 10inch high and consist of four stages.  Each packing provides 

11.5inch x 1.75inch cross section area.  He gives the experimental setup and procedure to support 

out the analysis.  From his observations the range of the cooling tower increases with the increase of 

air velocity approach decreases with the raise in air velocity.  Evaporation loss increases with the 

increase of air velocity.  Cooling capacity increased slowly with the increase in air velocity. Xiantai 

wen [4] develops a correlation expression of the heat transfer co-efficient by regression method 

using experimental study of cross flow heat source tower. At validation of this correlation, which 

gives only 3% of error according to his studies both airflow and liquid flow rate have significant 

effect on heat transfer co-efficient, however the influence of inlet air temperature and inlet liquid 

temperature is small. A.S. Pushnov [5] determines the effect of the pressure drop coefficient of 

regular film – droplet – film and droplet type packing has on the efficiency of the return water-

cooling process in cooling tower. According to the Sunil [6] studies, a suitable water distribution 

across the plane area of the cooling tower can increase efficiency of natural draft cooling towers in 

the performance of cooling tower increases when the packing is vertically oriented. M.Prasad [7] 

presented the method to take the place of the fill in cooling tower by economic way.  In his studies 

he analyze all the individual cell half in a multi-cell cross flow cooling tower and predicts its present 

fill characteristic’s then find the deviation between the fill characteristic’s at the design stage to 

present stage.  If the deviation is more the fill is replaced. Mushtaq Esmael Hassan [8] express 

similarities in the thermal performance of existing counter flow-cooling tower with the new design 

cross flow cooling tower.  This comparison evaluated at distinct operating conditions such as 

variation’s of weather, different water to air flow ratio.  The results show that the cross flow-cooling 

tower has high performance in the heat transfer process.  However, it requires large size compared 

with existing counter flow tower. Arash [9] studied a new type of cooling tower with rotational 

splash type packing. In which the thermal performance of cooling tower with and without rotational 

packing’s are compared according to this study when increasing packing rotational velocity cooling 

water range, heat rejected from water, tower characteristics are increases, but it does not attract the 

water evaporation rate significantly. Eitidal-Al-Bassam [10] studies the cooling tower present in the 

Airport commercial building at the Kuwait International Airport.  According to this variable 

frequency drive can satisfy the variable load requirements and thereby, consume minimum energy of 

the cooling tower fan motors. Fisenko [11] presented a new two dimensional mathematical model of 

the performance of a cross flow cooling tower.  From the analysis, it’s found that the main parameter 

which affects the thermal efficiency of cross flow cooling tower is the average droplet radius. 

R.Shakeri [12] predicts the thermal behaviors at the cooling tower in Khuzestan steel company under 

the present operating conditions by using the two mathematical models. One is the conventional 

Merkel model and the other is Halasz’s model comparing the mathematical model results with the 
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experimental results, which shows that Halasz’s model gives more accurate predictions for high flow 

ratio cell half but the Merkel prediction for all cell half are reasonable. Thirapong Muangnoi [13] 

presented performance characteristics of a new type of water-jet cooling tower using experiments 

and numerical simulations. This characteristic predicts that the energy and second law efficiency are 

normally sensitive to reasonable variation in droplet diameter. Water to airflow rate ratio and tower 

spray zone neigh but do not respond greatly to reasonable variation in droplet velocity and air 

velocity.  This tower use a high pressure water spray nozzle to induce a co-current air steam into the 

tower so that neither fill nor fan are required. J.C. Kloppers [14] presented how to solve the 

governing equations of the cross flow evaporative process which are derived from first principles 

according to the Poppe, Merkel and e-NTU methods. Ravindra Kirar [15] presented a CFD analysis 

of induced draught cross flow cooling tower at three different inlet angles.  From this when the air 

inlet angle decreases the effectiveness will be decreases. Pushpa B [19] evaluates the performance of 

thermal power station cooling tower.  According to this if the inlet air temperature is higher means 

the evaporation rate will also increases and inlet water temperature increases the rate of heat loss will 

also increases. Lilian Mello [21] presented mass transfer coefficient as function of the air and water 

flow rates.  This correlation formed by using a pilot study of cross flow cooling tower with nominal 

capacity of 90kw and GRT package (polypropylene grid fill block).H. Inazumi[22] proposes the 

mean enthalpy driving force in a cross flow cooling tower calculated by a graphical method.  He also 

gives one numerical example of the calculation.  

DATA’S COLLECTED 

The site selected for this project is DCW limited Captive power plant, at Sahupuram in Tuticorin 

district of Tamilnadu in India. In this a Mechanical draught Cross flow cooling tower with two cells is 

present. So, data required for assessment of performance is taken from this tower. Data on inlet air 

temperature, inlet water temperature, airflow rate, water flow rate relative humidity were collected 

from the tower for calculation of range, approach, effectiveness, percentage of water loss. For this 

Calculations Formulae used from basic cooling tower formulae [26].Mass flow rate of water and air 

are 90 kgs
-1

,70kgs
-1 

respectively. 

 

Sr. No. DATE TIME (Twi)(°C) (Two)(°C) (Tdi)(°c) RH (%)  

01. 10/09/201

5 

11.00am 47 33 36 54 

02. 10/09/201

5 

02.00pm 48 33 36 53 

03. 10/09/201

5 

04.00pm 48 32 36 53 

04. 10/09/201

5 

08.00pm 46 32 34 60 

05. 15/09/201

5 

05.00am 52 33 27 71 

06. 15/09/201 10.00am 54 34 36 49 
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5 

07. 15/09/201

5 

04.00pm 56 34 35 51 

08. 15/09/201

5 

11.00pm 52 33 27 71 

09. 16/09/201

5 

11.00am 53 34 37 49 

10. 16/09/201

5 

02.00pm 53 34 38 45 

11. 16/09/201

5 

03.00pm 53 33 27 69 

12. 16/09/201

5 

05.00pm 53 33 27 70 

Table 1 Collected Data 

TOWER CHARACTERISTIC RATIO  

In general, the cooling tower performance assessed in terms of the Tower characteristic ratio [18]. 

For most of the cooling tower this ratio is given by its vendor. For this cooling tower this ratio is not 

present. If we know the tower characteristic ratio then only we can proceed into the mathematical 

modeling. Tower characteristic Ratio is determined from Tower Thermal Design formula using the 

present conditions mostly. From the [17] formulae the characteristic value find as KaV / L = 

1.96624.This Tower characteristic ratio value is for counter flow working at this configuration. To 

calculate cross flow tower characteristic from the counter flow characteristic using Fujita [24] 

relation, The cooling tower characteristic value as 2.2438.This value can be acceptable Range 

according to the Hasalaz [23] and Experimental Study of Mohamed [16][20]. 

MATHEMATICAL MODELING 

Mathematical modeling for this cross flow tower is based on stepwise integration method [27]. For 

this analysis the Fill material is divided into number of cells according to number of water passages 

and air passages to the tower. When the value is known for KaV for the entire fill, the flow rates of 

the entering air and water, the inlet dry bulb and inlet wet bulb temperatures and the hot water 

temperature are given, it is possible to predict the outlet water temperature and the outlet air Enthalpy 

by the stepwise integration method. However, the procedure for prediction of the outlet temperatures 

of the water and air requires an iterative calculation. A cross-flow cooling tower can be divided into n 

cells. Water enters the top of the fill at an inlet temperature and flows through the nozzles, while air 

enters the left side of the fill.If the divided air passages (m) and the divided water passages (n) were 

known, a value of KaV for each cell can be calculated using Equation 4. For this tower the fill divided 

into four water passages and three air passages Therefore, the total number of cells present is twelve. 

nm

KaV
KaV cell

.
)( 

 
 (01)  

The energy balance in the first cell, 
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Water Side: )( 5,11 TTCLQ wcell    (02) 

Air Side:     )( 2,1 ainletcell hhGQ       (03)    








 





2

)(

2

)(
)( 2,1hhhh

KaVQ ainletsosi
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   (04) 

The enthalpy of the saturated air can be calculated from , 

hs   = 4.7926 + 2.568T – 0.029834 T
2
 + 0.0016657 T

3 
(05) 

Outlet air enthalpy of cell can be calculated from, 

GKaV

hhhKaVhG
h

cell

ainletsosicellainlet






)(5.0

)()(5.0
2,1  (06)  

The outlet water temperature of the first cell can be calculated from, 

w

ainlet

CL

hhG
TT






)( 2,1

15,1  (07) 

Using these formulae how to predict the outlet conditions of Water and air is given in the flow 

chart, using Excel spreadsheet follow the flow chart easily predicts the outlet conditions of water and 

air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 1 Flow Chart for Mathematical modeling 

Calculate tower Effectiveness, Range, Approach, Cooling capacity,% of loss 

Calculate Hsi and Hso according to inlet and outlet temperature of water Using Equation 

5 

Calculate T15 prediction Using Equation 7 

 

 Find the   Error = T15 assumed -T15prediction 

 

Iteration for correcting Error =zero, using solver option in Excel 

 

Calculate h12 Using Equation 6 

Using Equation 2 find Q 

Input Data G, L, 
dbT ,φ, Tw,i, Tw,o(Assumed value) ,KAV for the entire Cell 

 

start 

Figure 1 Flowchart for mathematical modeling 
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RESULTS AND DISCUSSION 

From the experimental analysis from figure 1, when the relative humidity increases the 

effectiveness decreases. Figure 2, shows that the variation of effectiveness according to inlet water 

temperature the randomness of the graph is due to the variation of the environmental condition at the 

site. In figure 3 shows that in most of the cases when the inlet air-dry bulb temperature increases the 

water, evaporation rate also increases, when the air relative humidity increases the water evaporation 

rate decreases. Figure 4 shows the results from mathematical model, which show the variation of 

outlet water temperature according to inlet water temperature at different flow ratio’s from this we 

can understand that at low flow ratio the outlet water temperature is low at higher flow ratio the outlet 

water temperature will be high. Figure 5 shows the variation of percent loss of water according to 

inlet water temperature it shows that at low flow ratio the percentage of loss of water lower compared 

to high flow ratio. When the inlet water temperature increases the percentage of water loss also 

increases. Figure that at low flow ratio, the cooling tower will give more effectiveness. When the inlet 

water temperature increases the effectiveness slightly increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Experimental analysis results between tower Effectiveness and 

Relative humidity 

Figure 4 Experimental analysis results between Inlet dry bulb 

temperature, Inlet air Relative humidity and percent of water loss 

 

Figure 3 Experimental analysis results between tower Effectiveness and 

Inlet water temperature 

 

Figure 5 Model Results between inlet water temperature and  

outlet water temperature at different flow ratio 
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CONCLUSIONS 

Performance of DCW limited power plant analyzed by experimental collected data at site 

operation. That shows that at the present condition it will give best effectiveness at low relative 

humidity, high wet bulb temperature and it slightly depends on inlet water temperature. To reduce the 

Water evaporation increase wet bulb temperature, at constant wet bulb decrease the dry bulb 

temperature, increase the relative humidity. From the collected data, the tower characteristic ratio 

calculated. Mathematical model is used to predict the performance of cooling tower, which cases not 

done in experimental analysis. That model is validated and it shows that only 3.6% Error occur. From 

that model, Outlet temperature decreases at low flow ratio and at low inlet water temperature, 

Percentage of water loss is decreases at low flow ratio and at low inlet water temperature and 

Effectiveness increases at low flow ratio and at high inlet water temperature are predicted. 
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