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Experimental and theoretical investigation of mass
transfer in a cooling tower

Igor Kuzmenko, The mass transfer coefficient for a cooling tower is determined experimentally and

theoretically. Contribution of a diffusion and convection component into mass trans-
Roman Prokopets fer is estimated. The assessment showed that the contribution of the convection com-
ponent into mass transfer can be neglected.
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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

Gedt=Gdh=B(h - h )df (1)

Equation (1) shows that the changes of heat in the film

Simulation of cooling towers requires the calculation of
the volume of the heat and the evaporated water. These
parameters 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:

rely on the evaporating water film. This equation gives good
results if temperature of the water film equals wet-bulb
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:
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Energy equation for air:

pzczWaizg }\‘2% . (3)
ox Oy oy [

Concentration:

ox Oy oy

The heat balance:

Q+Q=0Q, (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
coeflicients 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:

o 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
transfer is performed;

o Coeflicient of diffusion mass transfer is calculated
according 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

2w

Fig. 1. Mass exchange by diffusion and convection

open end of the tube the air with the certain share of mass
fraction of vapour w, [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 w, 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 v. The amount of vapour removed by
the flow from the tube’s area during the time span will be
p,v,, where v, equals the air velocity v calculated below.
Thus, the total amount of vapour through the section 1-1
will be determined by the following expression:

m+m,

. do
m, =—de—‘+p]vl- (6)
ly

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

dw,

dy

m, =—pD +p,0, =0.
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From the equation above the velocity value is

D do,
_002 dy

L,

The mass fraction of vapour in air will be expressed as

do do
o, =l-m; —%*=-—L.As a result, we have v, =v,= v

because the vapour is Created by the same air flow:

D d
v=—— (7)
-, dy
o PP
Taking into account P+ === vapour mass flow

through the tube, according to Eq} (6), is the following:

pdor 0
dy l-o dy p, dy
Dd(Dl

i = —pD L _P1 oy, ®)

If the equation v(l—m1)=— from (7) is put into
Eq. (6), the following expression is obtained:

. do
ml=—ngl+p11)=p(1—0)1)1)+p11)=p1), )

mm,
as poo, = 77—V = pv.

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
temperatures are fed to the scaled model of the cooling
tower with corrugated netting packing (see Fig. 3) and
countercurrent 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

Table 1. Main initial parameters

Drainage

/A

Water

Air

Fig. 2. The structure of experimental facility: 7, 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

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.

Input temperature " Corrugated netting packin
i P Input humidity Air velocity, o‘:l\ella\ﬁ;tcim e Eg' lent gl:l - htg e
o o G air, g/k m/s ; ette quivalen eight, ette
whisal e |l ki g/m/s perimeter, m | diameter,m m area, m’
85(63) 20 10 1.3+3 4 1.44 6.7-1073 0.1 0.144
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Table 2. The results of the experiment

No. | Water flow rate G,, kg/h | Air flow rate G,, m*/h | t ., °C | t ,°C | t ., °C | t .,°C
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 23.4 454 62 42.22
5 27.5 1243 23.6 47 64 454
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 22.2 534 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

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:

_ Gypyecy (timS_tuut, 3) -G,p,c, (tout,Z_ L, 2) —-Qy

Ul

G, . (10)

The output absolute and relative humidity is calculated
as follows:

G
dout = din +G_19 (p :pout/pmax’

2

(11)

whered, =0.01.

The output vapour pressure and maximum vapour
pressure in the air at the output air temperature were
calculated:

d
paut = B ol > pmax zf(tnut,27 (P = 1) [8]

0.622+d,

Whereas the heat balance cannot be verified (see
Eq. 10) we check the existing correlation between ¢ (from
Eq. 11) and W. The data that reduce the Pearson correlation
coeflicient 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 t,.,=85 °C have heat non-balance, which
explains why the relative humidity ¢ > 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.

1.6 :
0] Ot=285°C
At=63°C
14 =
a\@\ R=0.92
12 \\%
1.0 0
0.8 ~——
Fig. 4. Dependence of the output relative R =‘O'98 W, m/s
humidity on the air velocity and input water 0.6 '
temperature 1.0 1.5 2.0 2.5 3.0 3.5
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0.0006 The increase of input water temperature
G,, kg/s r[é] ‘J‘ increases the evaporation and saturation
3 - efficiency.
0.0005 £z -
Ot=285°C THE RESULTS OF RESEARCH OF
0.0004 A t=63°Cl MASS TRANSFER IN THE COOLING
TOWER
0.0003
A\ Figure 5 shows the dependence of the flow rate
0.0002 1 of the vapour G, kg/s on the air velocity and
input water temperature. In Fig. 5 it is shown
W, m/s hat the i h
0.0001 that the input water temperature growth from
1.0 15 20 25 3.0 35 63 to 85 °C gives the increase G, by 2.5 times.

However, the influence of the air velocity is
Fig. 5. Dependence of the flow rate of the vapour G,, kg/s on the air velocity and input air negligible (+5%) because the evaporation in
temperature the cooling tower depends on the water film
temperature that increases the gradient of

0.0030 T temperature and pressure.
v, m/s é___@, = Let us consider the theoretical description
of the mass transfer between the water and
0.0025 . . .
air. The obtained analytical dependences (6-
Ot=85°C 7) will be compared with the experimental
0.0020 At =863°CI data.
From Eq. (9) and considering the wet air
0.0015 density is almost equal to the air density p ~ p,,
; we have
_;A‘—'-’T-'—A-'
0.0010 Lam iy
. v=—. (12)
2
W, m/s
0.0005 Knowing the velocity let us calculate the
1.0 1.5 2.0 2.5 3.0 3.5 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

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

120 dw/dy, 1/m calculated by the formula:
100 — DZL(G_}E, (13)
p\f) s
80 - According to Fig. 6, at high velocities and
: 1;8311 Z 2:53 g temperatures v makes up to 3 mm/s and is
60 directly proportional to the water film temper-

ature as well as the flow rate of vapour G,.
__I-’—."_ From Eq. (7) we will determine the

mass content gradient in the scalar form

40 ———

20 %:1)(1%(»1 as the mass transfer driving
force.

0 W, mis Dependence on the air velocity and in-

1.0 1.5 20 25 3.0 put water temperature is shown in Fig. 7. Ac-

cording to Fig. 7, the mass content gradient

Fig. 7. Dependence of the mass content gradient on the air velocity and input water directly depends on the water temperature as

temperature well as the flow rate of vapour G.
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Hereby, the mass content calculation is performed as
follows: o, = % ~pp, where p, is the vapour density at the
water film temperature.

The first additive component can be calculated in
Eq. (6) by using do, (from Fig. 7) and the diffusion

. dy
coeflicient [8]:

1.8
D = 024610~ [2;37; IJ ms.

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

p-pdor
Py dy dy

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

o do, (14)

m, =—

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 p,v = ml—pD%
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 °C.
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:

0.004
Dm, m*/s
0.0035 T_/_/@/_/
0.003 E
Oot=285°C
0.0025 At =63°Cl
0.002
0.0015 y——A—
Fig. 8. Dependence of the diffusion mass transfer W, m/s
component on the air velocity and input water 0.001
1.0 1.5 2.0 25 3.0 3.5
temperature
0.00025 i
Dk, m%s Ot=85°C
At=863°C
0.0002 L
0.00015 \-@
0.0001
0.00005 A A . N
Ay = Ay A 1:\
Fig. 9. Dependence of the convection mass transfer W, m/s
component on the air velocity and input water 0
temperature 1.0 1.5 2.0 25 3.0 35
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w11
Aw, pD Ay 15
where Aw, =, -w, =p, -p;Ayisthe 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

m
BC = A_(,Ol, (16)
1 _ 1 1 . ,
or Bc p_D = E, where oD = const. That is, the coefficient
Bc 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:

V,X

6=175-.|—,
v

(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 °C
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 °C to 85 °C (by 25%) causes
the increase of the mass transfer coefficient from 2.75 to
4210 kg/s/m? (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 §

[302?

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

0.0016 :
8,m A ot=85C
y At=63°C
0.0014 \Q
0.0012 \A\‘N
~—
Hydraulic
displacement
0.001 A \ layer |
o
0.0008 BT
W, mis Fig. 10. Dependence of the thickness of the hydraulic
0.0006 } } displacement layer and diffusion layer on the air velocity
1.0 1.5 2.0 2.5 3.0 3.5 and input water temperature
0.046
B
kg/s/m?
0.041 Cl /.(
N\
0.036 N
Theoretical
0.031 pd calculation |
A Oot=285°C
0.026 ///r,-/f netee
/ 7
A W, m/s
0.021 Fig. 11. Dependence of the mass transfer coefficient on
1.0 1.5 2.0 25 3.0 3.5 the air velocity and the input water temperature
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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 values
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 °C 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 °C and the water
film temperatures 63 °C and 85 °C. 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 °C.

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
difference 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,

v, m/s - velocity,

p, kg/m® - density,

D, m?/s — mass diffusion coefficient,
t,C — temperature,

a, Pc - heat and mass transfer coeflicients,
G, kg/s - flow rate,

¢, J/kg/K - heat capacity,

v, m*/s — viscosity,

m, kg — mass,

¢ - relative humidity,

d, kg/kg - absolute humidity,

W, U, m/s — air and water film velocity,
B, Pa — atmospheric pressure,

w - mass fraction of vapour,

ri1, kg/m?*/s — specific flow rate,

f, m* - contact area,

Q, Wt - heat power,

R - Pearson correlation coefficient,
Dm, kg/m?/s — mass diffusion flow,

Dk, kg/m?/s — mass convection flow,

§, m - hydraulic displacement layer thickness,

Ay - diffusion layer thickness,
V,m? - volume,
x, ¥, 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,
Is - loss,

in, out — input and output, respectively.
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MASES MAINU AUSINIMO BOKSTE TEORINIAI IR
EKSPERIMENTINIAI TYRIMAI

Santrauka

Straipsnyje pateikiami eksperimentiskai ir teoriSkai au$inimo
bokstuose nustatyti masés mainy rezultatai. Apskaiciuota difuzi-
jos ir konvekcijos komponenciy jtaka masés mainams. Palygini-
mas atskleidé, kad konvekcijos komponentés jtaka masés mainams
au$inimo bokste yra nereik§minga.

Difuzijos sluoksnio storis apskai¢iuotas ir palygintas su teoris-
kai gautu i$stamimo sluoksnio storiu. Masés mainy koeficientas
nustatytas vadovaujantis i$stdmimo sluoksnio storiu. Parodyta, kad
skirtumas tarp skai¢iavimo rezultaty ir eksperimentiniy duomeny
sudaro ne daugiau 33 % oro greicio (1,3-3,0) m/s intervale.

Raktazodziai: ausinimo bokstas, masés mainai, i$stamimo

sluoksnis, Merkel lygtis

HUropsb Kysbmenko, Poman IIpokomner

TEOPETMYECKUE U1 9KCITEPUMEHTAJIbHBIE
MNCCIHEJOBAHMA MACCOOBMEHA B I'PAIVIPHE

Pesrome
B paHHOI cTaThe NpefCTaBIeHbI KCIIEPUMEHTA/IbHbIE U Teope-
TIYeCKNe Pe3ynbTaThl Koad@MuieHTa MaccooOMeHa B TPafyp-
He. Paccunran BKmap AuQYy3MOHHOTO M KOHBEKTUBHOTO Mac-
C000MeHa, YCTaHOBIIEHO, YTO BK/IaJ] KOHBEKTUBHOTO MaccooOMeHa
B IPafiiipHE He3HAYUTETICH.

Ha ocHOBe NaHHBIX SKCIEpVMEHTa OIpefeNieHa TOMIINHA
11 QysNOHHOTO €105 1 CONOCTAB/IEHA TEOPETUYECKU PACCIUTAH-
HOIT TONMIUHON cos BbITecHeHNA. Koapdumment maccoobmena
PACCYNTaH 110 BETMYMHE CJIOS BBITECHEHIS U TIOKA3aHO, YTO pas-
HUI[A MEX[TY 9KCTIePMMEHTATbHBIMI 1 PACYETHBIMI BETMYMHAMY
He mpeBbIuIaet 33 % B AuamnasoHe ckopocTi Bosayxa (1,3-3,0) m/c.

KmoueBble coBa: rpafiupHs:, MaccooOMeH, CT0if BhITeCHEHA,

ypaBHeH1e Mepkerns



