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The mass transfer coefficient for a cooling tower is determined experimentally and 
theoretically. Contribution of a diffusion and convection component into mass trans­
fer is estimated. The assessment showed that the contribution of the convection com­
ponent into mass transfer can be neglected.

Thickness of the diffusion layer was experimentally measured and compared 
with the theoretically obtained hydrodynamic displacement layer. The calculation of 
the mass transfer coefficient uses the displacement layer. It is demonstrated that the 
difference between experimental data and simulation results does not exceed 33% in 
the range of air velocity of (1.3–3.0) m/s.
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INTRODUCTION AND PROBLEM 
FORMULATION

Simulation of cooling towers requires the calculation of 
the volume of the heat and the evaporated water. These 
pa rameters depend on the consumption of water and air, 
their relative velocities, contact surface, input water and air 
temperatures.

Studies of the heat and mass transfer during the eva­
porative cooling of the liquid film in the gas flow should be 
divided into two groups.

The first group is based on the liquid heat balance 
equation (Merkel’s Equation) and suggests that the Lewis 
analogy [1–4] exists:

G3c3dt = G2dh = β(hs – hw)df. (1)

Equation (1) shows that the changes of heat in the film 
rely on the evaporating water film. This equation gives good 
results if temperature of the water film equals wet­bulb 
temperature [5].

The second group of studies on the heat and mass 
transfer during the evaporative cooling of the liquid film is 
based on the heat transfer equations for the liquid film and 
air. Next equations describe cooling and humidification of 
air at concurrent coolant flow [6, 7].

Energy equations for the water film:

; (2)
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Energy equation for air:

; (3)

Concentration:

; (4)

The heat balance:

Q3 + Q1 = Q2. (5)

After specifying the thermal and concentration boun­
dary conditions, the system (2–5) is solved numerically.

In the studies [11, 12] the system (2–5) is supplemented 
by the equations, which take into account the reduction of 
the film thickness during the evaporation in the cooling 
tower. However, it complicates the model and increases the 
deviation from the experimental results.

Another system of ordinary differential equations with 
known values of the heat and mass transfer coefficients 
has the analytical solution [8–10], which provides the final 
temperatures of water and air as well as partial pressure of 
vapour in the air.

A generalized model of hydrodynamics, heat and mass 
transfer in the concurrent flow is specified in [13–16]. 
For this model the deviation is up to 33% of the output 
temperatures values, however, the model enables the ana­
lytical description of mass transfer in the cooling tower.

There are some disadvantages of the methods described 
above. The experimental value of the heat and mass transfer 
coefficients gives a variety of output temperatures and a 
partial pressure of vapour in the air. The Lewis analogy for 
determining the mass transfer coefficient can be fulfilled 
or not. So, the objective of the paper is investigation of 
principles of calculation of the mass transfer coefficient in 
a cooling tower. The following tasks are performed:

• Values of the diffusion and convection mass transfer 
are found experimentally and checked by theory. The com­
parison of the value of diffusion and convection mass 
trans fer is performed;

•  Coefficient of diffusion mass transfer is calculated 
ac cording to the boundary layer theory. The experimental 
results were compared with simulation results.

THEORY OF MASS EXCHANGE BETWEEN 
WATER AND AIR

Let us assume that the mass transfer is carried out by 
the diffusion as the analogy of thermal conductivity and 
convection. Let us consider theoretically the combination 
of diffusion and convection mass transfers. There is water 
on the bottom of the glass tube (Fig.  1) and above the 

open end of the tube the air with the certain share of mass 
fraction of vapour ω1s [17] is moving.

The process in the tube takes place at the atmospheric 
pressure. Let us assume that the temperature in the tube 
is stable, the mass fraction of vapour ω1s outside the tube 
and above the surface is different. It is because the partial 
pressure of the vapour outside the tube and above the 
surface of water is different. Partial pressure of vapour 
above the water surface is equal to the saturation pressure 
according to the water temperature and the mass fraction 
of vapour  corresponds to the saturated vapour 
with the temperature of water.

In the tube according to the Fick’s first law there is a 
difference in the mass shares nearby the film and in the air 
and diffusion flow of the vapour.

Because the sum of mass shares is 
= 1, the gradient of the vapour mass share along the tube 
complies with the gradient of the air mass share. Thus, 
simultaneously with the vapour flow upwards the flow 
of air in the reverse direction, i. e. downwards, exists. Air 
diffusion also complies with the Fick’s first law. That is 
why in order to compensate the diffusion movement of 
air downwards in the tube, the convection movement of 
air upwards appears.

Let us assume that the velocity of such convection 
vapour movement is υ. The amount of vapour removed by 
the flow from the tube’s area during the time span will be 
ρ1υ1, where υ1 equals the air velocity υ calculated below. 
Thus, the total amount of vapour through the section 1–1 
will be determined by the following expression:

. (6)

Let us derive an expression for air flow. As this flow is 
equal to zero, the expression for the air flow will be

.

Fig. 1. Mass exchange by diffusion and convection
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From the equation above the velocity value is

.

The mass fraction of vapour in air will be expressed as 
. As a result, we have υ1  =  υ2 =  υ 

because the vapour is created by the same air flow:

. (7)

Taking into account  vapour mass flow 
through the tube, according to Eq. (6), is the following:

. (8)

If the equation  from (7) is put into 
Eq. (6), the following expression is obtained:

, (9)

as .

In order to verify the dependencies (6–9) for mass 
transfer in the cooling tower, the experimental investigation 
was conducted.

EXPERIMENTAL FACILITY AND METHODS OF 
ANALYSIS

The processes of air humidification in the mode of hot 
water–cold air [18] in the cooling tower are conducted in 
the facility as shown in Fig. 2.

Water and air of constant humidity (see Table  1) and 
tem peratures are fed to the scaled model of the cooling 
tower with corrugated netting packing (see Fig.  3) and 
coun tercurrent flow. The mass fraction of vapour is cal­
culated from the heat balance.

The ranges of variation of the coolant flow and heat loss 
are defined during testing of the experimental facility. The 
heat loss was determined at a given volume of water and air.

The experiment was conducted varying air flow at a 
constant input temperature of water and air.

The main operating and geometrical parameters are 
specified in Table 1. The input temperature of the water film 
and the velocity of air changes in the range (63–85) °C and 
(1.3–3) m/s at the experiments. The maximum dispersion 

of the mass transfer coefficient does not exceed 5.7% at 
repeating experiments [18].

The mass transfer coefficient in the scaled model of 
the cooling tower can be determined, knowing the input 
and output parameters of water and air, wetted area of the 
corrugated netting packing.

As the water film temperature is higher than the air (see 
Table 1), the air is heated and moisturized because of the 
difference of partial pressures.

During the experiment the volume of water and air 
at the output (measured by rotameters), temperatures of 
water and air at the input and output (measured by dry 
thermocouples) are obtained. The thermocouple of output 
air can moisturize, thus it was protected by a screen. The 
results of the experiment are presented in Table 2.

Ta b l e  1 .  Main initial parameters

Input temperature
Input humidity 

air, g/kg
Air velocity, 

m/s

Water con-
centration, 

g/m/s

Corrugated netting packing

Water film, °С Air, °С Wetted 
perimeter, m

Equivalent 
diameter, m

Height, 
m

Wetted 
area, m2

85(63) 20 10 1.3÷3 4 1.44 6.7 ∙ 10–3 0.1 0.144

Fig. 2. The structure of experimental facility: 1, 3 – rotameters, 2, 4 – electrical 
heaters, 5 – a scaled model of the cooling tower, 6 – thermocouples

Fig. 3. Corrugated netting packing for a scaled model of the cooling tower
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The mass transfer coefficient that depends on the 
air velocity W is calculated. The flow rate of the vapour is 
determined from the heat balance:

. (10)

The output absolute and relative humidity is calculated 
as follows:

, (11)

where din = 0.01.
The output vapour pressure and maximum vapour 

pressure in the air at the output air temperature were 
calculated:

Ta b l e  2 .  The results of the experiment

No. Water flow rate G3, kg/h Air flow rate G2, m3/h tin 2, °С tout 2, °С tin 3, °С tout 3, °С
1 28 26.6 20.4 42.4 63.2 38.6
2 28 22.9 22.2 43.2 63.4 40.2
3 28 19.19 22.8 44 62.2 41.2
4 28.5 15.49 23.4 45.4 62 42.22
5 27.5 12.43 23.6 47 64 45.4
6 27.5 28.2 21 45.4 83.8 37
7 27.5 28.1 21.2 48.4 83.8 37
8 27.5 28.2 21.2 46.8 83.8 36.6
9 27.5 28.2 21.2 47.6 84.2 36.6

10 27.5 28.1 21.4 47 84.4 36.4
11 27.5 18.5 21.8 50.2 85.6 41.4
12 27.5 18.3 22 50.6 86.6 41
13 27.5 18.6 22 49.2 85.6 40.8
14 27.5 18.1 22 50.2 85.4 41
15 27.1 18.6 22 49.8 87 41
16 27.5 13.8 22.2 53.4 85.4 43.2
17 27.3 13.7 21.8 52.8 85 43.6
18 27.5 13.7 22 53.2 85.4 43.6
19 27.5 13.7 21.4 53.2 85.2 43.8
20 27.4 13.7 22 53 85.4 43

 [8].

Whereas the heat balance cannot be verified (see 
Eq. 10) we check the existing correlation between φ (from 
Eq. 11) and W. The data that reduce the Pearson correlation 
coefficient R were excluded.

In Fig. 4 the dependence between the air humidity at 
the experimental facility, the air velocity and input water 
temperature is illustrated. The results at the input water 
temperature of tin,3 = 85 °С have heat non­balance, which 
explains why the relative humidity φ > 1. The experimental 
data at the air velocity W  <  1.3  m/s are excluded as 
they reduce the Pearson correlation coefficient R. Also, 
according to Fig.  4, the increase of velocity reduces the 
relative humidity of air, which does not become saturated. 

Fig. 4. Dependence of the output relative 
humidity on the air velocity and input water 
temperature

φ
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The increase of input water temperature 
increases the evaporation and saturation 
efficiency.

THE RESULTS OF RESEARCH OF 
MASS TRANSFER IN THE COOLING 
TOWER

Figure 5 shows the dependence of the flow rate 
of the vapour G1, kg/s on the air velocity and 
input water temperature. In Fig. 5 it is shown 
that the input water temperature growth from 
63 to 85 °С gives the increase G1 by 2.5 times. 
However, the influence of the air velocity is 
negligible (±5%) because the evaporation in 
the cooling tower depends on the water film 
temperature that increases the gradient of 
temperature and pressure.

Let us consider the theoretical description 
of the mass transfer between the water and 
air. The obtained analytical dependences (6–
7) will be compared with the experimental 
data.

From Eq.  (9) and considering the wet air 
density is almost equal to the air density ρ ~ ρ2, 
we have

. (12)

Knowing the velocity let us calculate the 
flow rate of the vapour at the expense of the 
convection and diffusion transfer. The results 
are shown in Fig. 5.

Velocity of the convective flow of vapour 
from the water film is specified in Fig. 6 and 
calculated by the formula:

. (13)

According to Fig. 6, at high velocities and 
temperatures υ makes up to 3  mm/s and is 
directly proportional to the water film tem pe r­
ature as well as the flow rate of vapour G1.

From Eq.  (7) we will determine the 
mass content gradient in the scalar form 

 as the mass transfer driving 
force.

Dependence on the air velocity and in­
put water temperature is shown in Fig. 7. Ac­
cording to Fig.  7, the mass content gradient 
directly depends on the water temperature as 
well as the flow rate of vapour G1.

Fig. 5. Dependence of the flow rate of the vapour G1, kg/s on the air velocity and input air 
temperature

Fig. 6. Dependence of the velocity of the convection vapour flow from the water film surface 
on the air velocity and input air temperature

Fig. 7. Dependence of the mass content gradient on the air velocity and input water 
temperature
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Hereby, the mass content calculation is performed as 
follows: , where ρ1 is the vapour density at the 
water film temperature.

The first additive component can be calculated in 
Eq.  (6) by using  (from Fig.  7) and the diffusion 
coefficient [8]:

.

Taking into account Eq. (8) in consideration of ρ ~ ρ2, 
we have

. (14)

This theoretical Eq.  (14) shows that we can ignore 
the convection mass transfer component in general mass 
flow. The experimental data in Figs. 8 and 9 demonstrate 
it – the diffusion mass transfer component much more than 
convection mass transfer.

Figure 8 shows Dm – the diffusion component of mass 
transfer depending on some parameters. According to 
Fig. 8, change of the diffusion mass transfer component was 

conditioned by the mass content gradient depending on 
the water temperature as well as the velocity of convection 
vapour flow.

The second additive component in Eq. (6) characterizes 
the convection mass transfer. The divergence of calculation 
of the right and left part of the equation  
does not exceed 2.4%. That is a good characteristic for this 
method of calculation. 

Figure  9 shows the dependence of the convection 
mass transfer component on the air velocity and water 
temperature. The comparison of Figs. 8 and 9 reveals that 
the diffusion mass transfer component is in one order 
higher than the convection mass transfer component and 
proves the theoretical equation (14) experimentally.

Figure 9 presents convective mass transfer reducing at 
the increasing air velocity in the water temperature of 85 °С. 
The growth of air velocity increases the heat transfer from 
water to air (see Fig. 9). This reduces the water temperature 
and the flow of vapour. Thus, the growth of air velocity 
increases heat transfer and subsequently reduces the latent 
heat vaporization and convective mass transfer.

Let us derive the dependence (14) in the scalar form:

Fig. 8. Dependence of the diffusion mass transfer 
component on the air velocity and input water 
temperature

Fig. 9. Dependence of the convection mass transfer 
component on the air velocity and input water 
temperature
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, (15)

where ∆ω1 = ω1w – ω1s = ρw – ρs; ∆y is the thickness of the 
diffusion layer, where the mass content gradient levelling is 
performed.

On the other hand, it is known that the mass transfer 
coefficient is

, (16)

or , where . That is, the coefficient 
βc is inversely proportional to the thickness of the diffusion 
layer.

The theoretical thickness of the diffusion layer is 
calculated according to the boundary layer theory [19] 
since the hydraulic displacement layer thickness does not 
depend on the water temperature:

, (17)

where x  = 0.05 m is the average value of the corrugated 
netting packing scaled model of the cooling tower.

On the other hand, the thickness of the diffusion layer is 
calculated by processing experimental results from Eq. (15). 
The theoretical and experimental thicknesses are presented 
in Fig. 10 and decrease with the growth of the input water 
temperature and air velocity. The thickness of the hydraulic 
displacement layer differs from the experimental thickness 
of the diffusion layer by up to 38%. However, the decrease 
of the thickness of the hydraulic displacement layer or 
the diffusion layer at the input water temperature 63  °С 
intensifies the mass transfer process as it is shown in Fig. 11.

According to Fig. 11, the main factor of influence is the 
temperature of input water. That is, the growth of the input 
water temperature from 63  °С to 85  °С (by 25%) causes 
the increase of the mass transfer coefficient from 2.75 to 
4.2 · 10–2 kg/s/m2 (by 50%).

The dependence of the mass transfer coefficient on the 
air velocity and input water temperature is calculated under 
the hydraulic displacement layer thickness δ

and compared with the experimental results (see Eq. (16)), 
as shown in Fig. 11.

Fig. 11. Dependence of the mass transfer coefficient on 
the air velocity and the input water temperature

Fig. 10. Dependence of the thickness of the hydraulic 
displacement layer and diffusion layer on the air velocity 
and input water temperature

δ, m

bc,
kg/s/m2
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As it is shown, in the range of high air velocities which 
are more than 2 m/s the deviation of the experimental val ues 
of the mass transfer coefficient from the theoretical ones is 
up to 30%. This is explained by increasing the temperature 
of water from 63 °C to 85 °С that intensifies heat transfer 
and that the thickness of the hydraulic displacement layer 
obtained theoretically does not take into consideration 
water film temperature.

CONCLUSIONS

The mass transfer coefficient and factors influencing it are 
evaluated at the input air temperature 20 °С and the water 
film temperatures 63  °С and 85  °С. It was determined 
experimentally that the growth of the temperature of the 
input water film directly increases the mass transfer ef­
ficiency and the change of the air velocity practically does 
not influence it. The diffusion mass transfer component 
is found in one order higher than the convection mass 
transfer component at the input water film temperature 63 
and 85 °С.

The thickness of the diffusion layer was compared with 
the theoretically obtained hydrodynamic displacement 
layer. The mass transfer coefficient is found experimentally 
and calculated theoretically based on the thickness of the 
hydraulic displacement layer. It is demonstrated that the 
diff erence between experimental results and theoretical 
calculation does not exceed 30% in the range of the air 
velocities (2.0–3.0) m/s.

Abbreviations

h, J/kg – enthalpy,
υ, m/s – velocity,
ρ, kg/m3 – density,
D, m2/s – mass diffusion coefficient,
t, C – temperature,
α, βc – heat and mass transfer coefficients,
G, kg/s – flow rate,
с, J/kg/K – heat capacity,
υ, m2/s – viscosity,
m, kg – mass,
φ – relative humidity,
d, kg/kg – absolute humidity,
W, U, m/s – air and water film velocity,
B, Pa – atmospheric pressure,
ω – mass fraction of vapour,
m· , kg/m2/s – specific flow rate,
f, m2 – contact area,
Q, Wt – heat power,
R – Pearson correlation coefficient,
Dm, kg/m2/s – mass diffusion flow,
Dk, kg/m2/s – mass convection flow,
δ, m – hydraulic displacement layer thickness,

∆y – diffusion layer thickness,
V, m3 – volume,
x, y, m – longitudinal and transverse coordinates.

Indexes

1, 2, 3 – vapour, air and water film respectively,
s, w – humid air in stream and near the water film,
ls – loss,
in, out – input and output, respectively.
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MASėS MAINų AUšINIMO BOKšTE TEORINIAI IR 
EKSPERIMENTINIAI TYRIMAI

Santrauka
Straipsnyje pateikiami eksperimentiškai ir teoriškai aušinimo 
bokš tuose nustatyti masės mainų rezultatai. Apskaičiuota difuzi­
jos ir konvekcijos komponenčių įtaka masės mainams. Palygini­
mas atskleidė, kad konvekcijos komponentės įtaka masės mainams 
aušinimo bokšte yra nereikšminga.

Difuzijos sluoksnio storis apskaičiuotas ir palygintas su teoriš­
kai gautu išstūmimo sluoksnio storiu. Masės mainų koeficientas 
nustatytas vadovaujantis išstūmimo sluoksnio storiu. Parodyta, kad 
skirtumas tarp skaičiavimo rezultatų ir eksperimentinių duomenų 
sudaro ne daugiau 33 % oro greičio (1,3–3,0) m/s intervale.

Raktažodžiai: aušinimo bokštas, masės mainai, išstūmimo 
sluoksnis, Merkel lygtis

Игорь Кузьменко, Роман Прокопец

ТЕОРЕТИЧЕСКИЕ И ЭКСПЕРИМЕНТАЛЬНЫЕ 
ИССЛЕДОВАНИЯ МАССООБМЕНА В ГРАДИРНЕ

Резюме
В данной статье представлены экспериментальные и тео ре­
тические результаты коэффициента массообмена в гра дир­
не. Рассчитан вклад диффузионного и конвективного мас­
сообмена, установлено, что вклад конвективного массообмена 
в градирне незначителен.

На основе данных эксперимента определена толщина 
диффузионного слоя и сопоставлена теоретически рассчи тан­
ной толщиной слоя вытеснения. Коэффициент массообмена 
рассчитан по величине слоя вытеснения и показано, что раз­
ница между экспериментальными и расчетными вели чинами 
не превышает 33 % в диапазоне скорости воздуха (1,3–3,0) м/с.

Ключевые слова: градирня, массообмен, слой вытеснения, 
уравнение Меркеля


