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Cooling towers are important components within re-circulating cooling water sys-

tems. Due to a shortage of freshwater resources, seawater cooling towers are wide-

ly used both in manufacturing and everyday life. This paper researches the me-

chanical draft counterflow wet seawater cooling tower, and establishes and verifies
a detailed thermal performance calculation model. Referring to the Second law of
thermodynamics, the heat and mass transfer performance and exergy performance
of the seawater cooling tower were studied. The effects of salinity, inlet air speed,

and air wet-bulb temperature on the cooling efficiency, thermal efficiency, and ex-

ergy efficiency were analyzed. The results show that compared to the air wet-bulb
temperature, changes in air speed have more influence on cooling and thermal
efficiency under the study conditions. Moreover, the air wet-bulb temperature is
the significant parameter affecting exergy efficiency. With an increase in salini-
1y, the cooling, thermal, and exergy efficiency are about 2.40-8.25%, 1.06-3.09%,

and 2.47-7.73% lower than that of freshwater, respectively, within an air speed of
3.1-3.6 m/s. With an increase in salinity, the cooling, thermal, and exergy efficiency
are about 2.28-8.47%, 1.03-3.37%, and 2.44-7.99% lower than that of freshwater,

respectively, within an air wet-bulb temperature of 25-27 °C. Through the exergy
analysis of the seawater cooling tower, it is obvious that the heat and mass transfer
performance and exergy performance can be improved by selecting the optimum
operating conditions and appropriate packing specifications.

Key words: seawater cooling tower, heat and mass transfer, exergy analysis,
performance evaluation, modelling

Introduction

The shortage of freshwater resources is becoming increasingly serious, but the de-
mand for cooling water is increasing for production and everyday living purposes (such as
petrochemical and thermal power plants, and central air-conditioning systems). Therefore, sea-
water circulation cooling technology is currently attracting increased attention. In coastal areas,
using seawater instead of freshwater as circulating cooling water (including in seawater cooling
tower applications) cannot only relieve the pressure of marine thermal pollution but could also
be valuable in solving the freshwater shortage problem [1-4].

* Corresponding author, e-mail: bmjw@163.com
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Currently, thermal performance studies of cooling towers generally focus on fresh-
water towers and are primarily based on the First law of thermodynamics (energy analysis) [5-
10], with only a few studies existing on the Second law of thermodynamics (exergy analysis),
which are also based on freshwater towers. Muangnoi [11] and Muangnoi et al. [12] studied
the changes of water exergy, air exergy, and exergy destruction with different height cooling
towers. Qureshi and Zubair [13] analyzed the impact of inlet parameters on cooling tower
exergy performance, but all the inlet water chemical exergy (including the chemical exergy
of unevaporated water) was used as part of the input to evaluate the performance, resulting in
the exergy efficiency being close to 100%, therefore, overestimating the cooling tower exergy
performance. Consequently, there is comparatively little research, using the exergy analysis
method, to evaluate seawater cooling tower thermal performance. Sharqawy et al. [14, 15]
studied the effect of salinity on air and water effectiveness by developing a numerical model
for seawater cooling towers. They formulated a correction factor equation representing the ef-
fectiveness of seawater and freshwater cooling towers under the same operating conditions and
tower specifications. Qi et al. [16] studied a seawater shower cooling tower, without packing,
and established a complete mathematical model suitable for performance analysis. By estab-
lishing a 3-D numerical model, Sadafi ez al. [17] simulated the performance difference between
seawater and freshwater in a spray cooling system, Wan et al. [18] studied the cooling perfor-
mance of a natural draft wet cooling tower, and also analyzed the effects of salinity and ambient
crosswind on outlet water temperature, ventilation rate, and circulating water evaporation.

In this study, a detailed thermodynamic performance calculation model of the me-
chanical draft counterflow wet seawater cooling tower (MDCWSCT) based on the Poppe model
[19] was established to solve the outlet parameters of seawater and air numerically, which
was validated by comparison with the experimental results obtained from literature. The heat
and mass transfer performance and exergy performance of the seawater tower were evaluated
by using the performance evaluation index (cooling efficiency, thermal efficiency, and exergy
efficiency). The influences of salinity, inlet air speed, and inlet air wet-bulb temperature on the
performance evaluation index were analyzed, providing a reference for the actual operation of
seawater cooling towers.

Air outlet 4 Physical model

Fan —] _— i Cooling towers are used to dissipate waste
Drift = ¥ seawaterinlet  eat from hot circulating cooling water into the
eliminator environment. The schematic diagram of the MD-
Water spray CWSCT is shown in fig. 1. Seawater is the given
device i circulating cooling water, carrying waste heat,
Packing falling from the top to the bottom of the tow-
er. Ambient air enters at the bottom and escapes
H from the top of the tower through the packing
zone. The water temperature is gradually de-
creased along with evaporation and increasing

Air inlet “ Airinlet i 1di liaui
z i 2o Sy —— air temperature and humidity. The gas-liquid
Louvers two-phase heating and mass transfer process
, , occurs in the packing zone. During actual oper-

Water collecting basin Seawater outlet

ation a significant part (more than 80%) of the
Figure 1. Schematic diagram of total heat and mass transfer in cooling towers
the MDCWSCT occurs in the packing zone [20]. Consequently
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the packing zone is the main research object of this paper. A mathematical co-ordinate system
was established for the packing zone, taking the vertical downward as the positive direction.
The co-ordinate origin is located at the inlet of the packing zone (z = 0), and the outlet of the
packing zone is z = H.

factor variation, Ley, are all accounted for in the
mathematical model. The main assumptions of m

Mathematical model TSZT‘ZZTHZ:W“:*S;]' e hmf:: N l:i];d;;v)
To establish the heat and mass transfer ?*':5‘“””5 Ena

governing equations and the exergy analysis - 4

equations, a control volume was considered as Z //// |

shown in fig. 2. The impact of water mass-flow o| O ' Z o

loss, due to evaporation, on the air physical pa- é Water side 24— dQ Air side

rameters, along with the tower and the Lewis v /////\L//// / A

. swik+1) m,(1 + w(m))
the model are given below [10, 14]: gww B
k1) E.

malk+1)

— The physical values at any cross-section of
the tower are uniform, which only changes
along the z-axis.

— The air and water contact process in the packing zone can be regarded as a steady-state pro-
cess so that the mathematical model is a 1-D steady-state model.

— The heat and mass transfer between air and water occurs in the direction perpendicular to the
tower wall, the resistance of heat transfer in the water film is negligible (i.e. the internal and
external temperature of the water film is consistent during heat and mass transfer).

— Droplets of seawater drifting into the environment through a drift eliminator are ignored.

— There is no energy or mass exchange to the environment, and only negligible heat and mass
transfer from the fan to air or water streams.

— The atmospheric pressure in the tower remains constant (101325 Pa).

swik1)

Figure 2. Control volume of the packing zone

The governing equations of heat and mass transfer

According to the control volume in fig. 2, the mass and energy balance of the seawa-
ter-side and air-side on the differential height, dz, can be written as eqs. (1)-(3), which describes
the change rate of seawater mass-flow rate, 7, air humidity ratiom, @, and seawater tempera-
ture, T, along the z-axis [6, 20]:

dmg,
el KDA(wS’W —a)) (1)
do Kp4
oo
d7, m 1 dh dw
W2 M (7. —273.15)—
T A e ©

where Kp, 4, ws,, 1, and c,,, are the volumetric mass transfer coefficient, packing cross-
section area, saturated moist air humidity ratio at water temperature, air mass-flow rate, and
seawater specific heat, respectively.

The energy balance at the interface between the water-side and the air-side can be
expressed as eq. (4), which describes the change rate of air specific enthalpy, /.., along the
z-axis [6, 20]:
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dh,, KpA

dz m

a

[Lef (hmas’w —ha )+(1—Lef)(a)s,w —a)) hv:| 4)

where /.5, and A, are the saturated moist air specific enthalpy at water temperature and wa-
ter vapor specific enthalpy, respectively. The Le; is a non-dimensional value representing the
relative rate of heat transfer and mass transfer between the gas-liquid two-phase, which can be
calculated by using the empirical formula given by Bosnjakovic [21]:

o, +0.622 o, +0.622
Le; =0.86577 | =Y——— 1 |/In| —>——— (5)
w+0.622 w+0.622
The change rate of seawater salinity, S, along the z-axis can be presented [14, 22]:
ds m, do —SKpA4
—=-85—"—= P (o, —@
dz g, dz ) ( =Y ) ©)

SW SW
When the /,,, and @ are determined, the air dry-bulb temperature, 7,, and air wet-bulb
temperature, 7., at any control volume along the tower height can be calculated [6]:

ha = Cpa (T, —273.15)+a)[hfw0 +e,. (T —273.15)] = Cpma (T, —273.15)+ gy, 7)
~ 2501.6-2.3263(T,, —273.15) 0.62509p,
| 2501.6+1.8577(T —273.15) - 4.184(T,, —273.15) |\ p, —1.005p,

2501.6+1.8577(T —273.15) - 4.184(T,,,, —273.15) ®

{ 1.00416(T ~ T,y ) }

The calculation equations of seawater and air thermophysical properties involved in
egs. (1)-(8) can be obtained from the literature [6, 14].
To solve the aforementioned governing equations, the following boundary conditions
are required:
— Atthe top of the cooling tower (z = 0): seawater inlet temperature, T, ;,, Seawater inlet mass-
flow rate, 71, S€awater inlet salinity, Si,.
— At the bottom of the cooling tower (z = H): air inlet dry-bulb temperature, 7, ;,, air inlet wet-
bulb temperature, Ty, air inlet mass-flow rate, 7, air inlet humidity ratio, w;,.

The tower characteristics equation

The number of cooling tasks based on the freshwater tower can be represented as
shown in eq. (9). The integral can be solved via the Simpson method, when the water tem-
perature difference between the tower inlet and outlet, AT, is less than 15 °C, it has attained
sufficient accuracy [23]:

7;w,in
I R T T T LT T
msw,in T has - ha ™ 6 has,wo - ha,in has,wm - ha,m has,wi - ha,out
where
—1_ T;W,out
586—0.56( T,y uc —20)
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is the evaporation correction factor. The /i, faswo, and /4 4m represent the saturated air en-
thalpy of the inlet water temperature, the saturated air enthalpy of the outlet water temperature,
and the saturated air enthalpy of the average water temperature, respectively. The /., /. ou, and
h,. represent the inlet air enthalpy, the outlet air enthalpy, and the average enthalpy of both,
respectively.

The number of cooling characteristics can be obtained from the freshwater tower ex-
perimental packing data [24]:

N'=Kx1”¥ (10)
where /4 is the air to water mass-flow ratio, and x and y are empirical constants. For the seawa-
ter cooling tower, eq. (10) needs to be multiplied by the corrected coefficient x,, with the [25],
indicating the influence of salt content on the thermal performance of the cooling tower. The
modified formula:

N' = KxxA” (1)
ot pGA

i, LA (12)
P2 3600

x, =1-1.97-107S,, (13)

The calculation formula of the volumetric mass transfer coefficient, Ky, of the seawa-
ter cooling tower packing zone can be obtained via egs. (9) and (11):

_ msw,in y
K = x,x STh A (14)

Exergy calculation

Exergy analysis is a useful method to complement energy analysis. Exergy analysis
can effectively identify any irreversible loss in the tower, and then direct subsequent system
improvements. Seawater and moist air are the steady flow working substances within the cool-
ing tower, of which the exergy can be divided into physical and chemical exergy. For steady
flow working substances, the kinetic energy and potential energy are often neglected, thus the
physical exergy is also called the enthalpy exergy and is composed of thermomechanical exer-
gy and mechanical exergy. The enthalpy exergy represents the maximum useful work that the
working substance can do when it changes state through a reversible process to being at thermal
and pressure equilibrium with the environmental state. Its characteristic is that the working
substance composition does not change, and the equilibrium state at this time is known as the
restricted dead state. Chemical exergy is the maximum useful work that the working substance
can do when it reaches the dead state through the reversible process from the restricted dead
state, and its characteristic is that the composition of the working substance changes [26, 27].

The working substance exergy is the relative value calculated based on the selected
dead state (environmental condition). The exergy of the working substance under the dead state
is 0. The dead state conditions used for exergy analysis in this paper are the average state of the
local outdoor environment during the summer; £, =27 °C, p,= 101325 Pa, and w,=0.0174 kg,/kg,
(RHy = 77%, tyo=23.84 °C).

Moist air can be considered as an ideal gas composed of dry air and water vapor. The
exergy of moist air can be expressed as [28]:
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Ey =11, 4(cp0 + 0, V)(T—TO -7, lnij+(l+1.608a))RaTo -2+
’ ’ Ty Do

1+1.608®, 0]
+R.7, | (1+1.6080)In————2 +1.608@ In —
: 0{( I 6080 @ }} (13)

where the first term in the bracket on the right-hand side denotes the thermomechanical exergy,
the second term in the bracket denotes the mechanical exergy, and the third term in the bracket
is the chemical exergy. Since the pressure of moist air is equal to the ambient pressure and
assuming that the pressure in the cooling tower does not change (p = p,), the eq. (15) can be
modified:

) T
E,. =m, {(cp’a -i-a)cp’v)[T—T0 =T, lnF]—i-
0

1+1,
+R, T, {(1 +1.6080)In 005 .608wln£}} (16)

1+1.608w o8

The heat and mass transfer process in the cooling tower is directly related to the phase
change process of water. Ignoring the compressibility of water, the exergy of seawater can be
represented [29]:

. T.
Esw = Mgy |:cp,SW [T;W _TO - TE) In JS-,W j+ Vsw (psw ~ Psw,0 ) - RVTZ) ln(RHO ):| (17)
0
where the first term in the bracket on the right-hand side denotes the thermomechanical exergy,
the second term in the bracket denotes the mechanical exergy, and the third term in the bracket
is the chemical exergy. The mechanical exergy can be ignored, so the eq. (17) can be modified:

) T,
Esw = M, |:Cp,SW (Tsw _72) - 72) In %} RVTO ln(RHO ):l (18)
0

Cooling tower performance evaluation index
Cooling efficiency

The cooling efficiency describes the ratio of the real cooling capacity of the cooling
tower to the theoretical maximum cooling capacity. The greater the cooling efficiency, the clos-

er the cooling tower outlet water temperature to the theoretical limit cooling temperature (inlet
air wet-bulb temperature) [30]:

7, = T;W,in _Tsw,out (19)
¢ Tsw,in -T wb,in

Thermal efficiency

The thermal efficiency can be described as the ratio of the real heat transfer (enthalpy
change in the air-side) to the maximum heat transfer (maximum enthalpy change). The maxi-
mum heat transfer may occur when the outlet air is saturated and the air temperature is equal to
the inlet water temperature [31]:
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‘mas,w ! ‘ma,in
Exergy efficiency

The cooling tower is effectively an evaporative heat exchanger. Its main function is to
transfer the energy of the thermal fluid (seawater) to the cold fluid (moist air), and the effective
energy (exergy) is the portion that can be used or transferred. Therefore, the exergy efficiency
(second-low efficiency) reflects the degree of exergy transfer. The exergy efficiency of the cool-
ing tower can be expressed as the ratio of air exergy change to seawater exergy change [32]:

e = Ema,out _Ema,in (21)
: Esw,in - Esw,out
Solution and verification of the (SarD)
mathematical model /Known parameters .
Solution methodology £ Tog T T 5 /
The mathematical model solution process AU I T S s/

was developed independently using C language m
in the programming software. The mathemati- ' -
cal model was discretized into algebraic equa- Celeulatonof e e (19
tions by the finite difference method and then p———
solved by iterative principle. To facilitate itera- eqs. (1148)
tive calculation, it was necessary to normalize _ ey coculation eq. (16 and )]
the two-sided boundary conditions at the top o atoe , I [k=ks1]
(z = 0) and bottom (z = H) of the tower to the Mo S| [ (Tmpu T hea /

. . .. Z Maour D Swr Evsry Evvin/
single-sided boundary conditions at the bottom T
(z = H) of the tower. The solution starts from <Tkri<n Yes
the bottom (z = H) of the tower (i.e., at the air 7__/,@3\
inlet and water outlet) to the top along the tow- No //E_ L T‘;"L.%Zf’a‘\‘“ e
er height direction and the value of the next Tl s gq_m/-//
iteration step (k + 1) can be calculated from \IY:S
the known value of the current iteration step, Performance evaluation, eqs. (19+-21)
k. Since the unknown outlet water conditions r?%
at the bottom of the tower taken into account, —
it is necessary to properly estimate the mass- Figure 3. Flow chart of the solution procedure

flow rate, nigyon, temperature, Ty on, and salin-

ity, S,u, Of the seawater so that it can be successfully iteratively calculated until the calculated
values matched the actual values. The detailed solution methodology is explained by the flow
chart presented in fig. 3.

Mathematical model validation

Considering the calculation accuracy and computation cost, Az =0.01 m was selected
as the iteration step size. In this paper, the creditability of the calculation model and solution
method is determined by relative deviation:
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& = Fom ™ oel L 10004 (22)
X
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where x,,, 1s the experimental value at the outlet and x,. — the calculated value at the outlet.

Table 1 shows the four different operating conditions of the cooling tower experiment
in [33]. A comparison was made between the calculation results derived using the proposed
mathematical model and the corresponding experimental results obtained from the literature.
For each case, the relative deviations for the outlet water temperature, Z, .., outlet air dry-bulb
temperature, z, .., outlet air humidity ratio, w,,, outlet water exergy, Eq, .u» and outlet air exergy,
E, .u, between the predicted values and the corresponding experimental results are given in tab.
2. As observed, the calculated values are in good agreement with the literature experimental
values. The maximum relative deviations of . ou fo.outs @outs Eswouts AN E, oy are 4.62%, 1.36%,
4.00%, 3.99%, and 14.16%, respectively. Therefore, it can be considered that the calculation
model and solution method in this paper are reliable.

Table 1. The operating conditions of the cooling tower experiment in the literature

SIEE") | gpecitiations (m] | (kgnss] | Menlkes'] | inalkes’] | 2ol°C) | taul°C] | tuial"C]
0 0.3x0.3x0.6 0.40 0.065 0.074 30.00 25.00 52.00
0 0.3x0.3x0.6 0.31 0.056 0.069 30.00 23.00 56.00
0 0.3x0.3x0.6 0.72 0.065 0.053 26.00 23.00 38.20
0 0.3x0.3x0.6 0.29 0.056 0.033 30.00 21.00 42.50

Table 2. Comparison of literature experimental results and numerical calculation results

Experimental value Calculated value Relative deviation

tsw,out ta,out wout Esw,out Ea,oul tsw,oul ta,out a)out Esw,out Ea,out 6tsw,out 6ta,oul 660011( 6Esw,out 6Ea,out
[°C] | [°C] |[kgwkg']| (RkWT | [kW] | [*CT | [°C] |[kgeke,'T| [kW]| [kW] | [%] | [%] | [%] | [%] | [%]

40.00(34.73| 0.031 |6.221 (0.224 | 41.822|34.331 | 0.03178 |6.218]0.204| 4.56 | 1.15|2.52| 0.05 |8.93
42.00(34.02| 0.029 |5.287(0.184|43.940 | 34.481 | 0.03009 |5.367|0.159| 4.62 |1.36|3.76 | 1.51 |13.59
31.00130.41| 0.027 |6.1830.113|32.060 |30.703 | 0.02751 |6.159|0.129 | 3.42 |0.96 | 1.89 | 0.39 |14.16
36.0033.36| 0.025 [4.757|0.069|37.183 |33.741 | 0.02600 |4.947|0.074 | 3.29 | 1.14|4.00| 3.99 |7.25

Analysis and discussion
Effect of different salinities

In this paper, four varieties of seawater salinity were selected to analyze the thermal
performance of the seawater cooling tower, including S = 0 g/kg (freshwater), S = 35 g/kg
(normal seawater), S = 70 g/kg (double concentration), and S = 105 g/kg (three times concen-
tration). The operational and design conditions of the study tower are 4 = 1.69 m?, H =1 m,
N=138 (1 =197 -103S)A%%, L;,= 13 m*/(m*h), G;, = 3.2 m/s, £, = 40 °C, t,;, = 30 °C,
twnin= 26 °C. Due to the constant inlet air temperature, the air density remains unchanged and
when the inlet air speed is 3.2 m/s, the air mass-flow rate is 6.301 kg/s. Due to different salini-
ties, the density of seawater varies, so the seawater mass-flow rate at the inlet is not consistent
when the water-spraying density is maintained at 13 m*/(m?h). The seawater density, mass-flow
rate, outlet temperature, temperature drop, relative humidity, and evaporation loss of the four
varieties of salinity previously mentioned is shown in tab. 3.
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Table 3. The influence of salinity on important tower parameters

S [gkg"] | o lkes'] | po kgm] | [APORNON | o] | TP | o ke '] | RH %]
0 6.055 992.182 0.088 30.501 9.499 33.643 97.370
35 6.215 1018.321 0.082 30.840 9.160 32.832 95.399
70 6.374 1044.460 0.077 31.209 8.791 32.003 93.303
105 6.534 1070.599 0.072 33.938 6.062 31.167 91.206

As shown in tab. 3, with an increase in salinity, the seawater density increases corre-
spondingly. When the inlet seawater temperature remains constant, the outlet temperature rises
with the increased salinity, and the size of the water temperature drop decreases. When the
salinity is 105 g/kg, the minimum temperature drop is 6.062 °C, which is 3.437 °C lower than
the maximum temperature drop (S = 0 g/kg). The variation in salinity has a similar influence on
the outlet air humidity ratio, relative humidity, and water evaporation loss, which all decrease
with increased salinity. This is due to the vapor pressure of seawater being lower than that of
freshwater, which reduces the potential for water evaporation. The evaporation loss is approxi-
mately 6.8-18.2% lower than that of freshwater. The air at the outlet is almost saturated, and the
maximum relative humidity is about 97.370% for freshwater, when the salinity is 105 g/kg, and
the minimum relative humidity is about 91.206% and a decrease of 6.164%.

Effect of inlet air speed

Figure 4 shows the inlet air speed, G;,, and tower efficiency (cooling efficiency #c,
thermal efficiency 7y, and exergy efficiency 7;) for different salinity values. This figure is gen-
erated from the following set of data: ¢, ;, = 40 °C, t,;, = 30 °C, t,pin = 26 °C, L;, = 13 m*/(m*h),
and the G;, varies from 3.1-3.6 m/s at an interval of 0.1 m/s.

As shown in fig. 4(a), the 7c increases linearly with the increase in G;,. This is due
to increased air speed resulting in a decrease in outlet water temperature, so the cooling range
(temperature drop, i, — fwou) increases, and the temperature difference between the inlet water
temperature and the inlet air wet-bulb temperature (£ — fyb.in) remains constant. These factors
together lead to an increase in 7¢. The maximum 7. is obtained at § = 0 g/kg and G;,= 3.6 m/s,
which is about 70.64%, a change of roughly 3.56%, for the measured G range. With the increase
in salinity, the 7 is reduced to roughly 2.40-8.25% lower than that of freshwater.

The increased air speed leads to the shortening of the contact time between the sea-
water and the air, which is embodied in the decrease in the outlet air enthalpy and resulting
in the decrease of 7. As shown in fig. 4(b), when S = 0 g/kg and G;,= 3.1 m/s, the maximum
nr is about 48.29%. With an increase of 0.5 m/s in air speed (G, = 3.6 m/s), the  decreases to
43.86%, a decrease of 4.43%. With increased salinity, the 7 is reduced to about 1.06-3.09%
lower than that of freshwater, indicating that changes in salinity have more effect on the 7 than
the 71, under the same working conditions.

Figure 4(c) shows the change in #g. It can be seen that 7 decreases with increasing
G, due to the outlet water exergy decrease, whilst the inlet water exergy and the exergy dif-
ference between the inlet and outlet air (Eyou— Emain) Stays constant. When G, = 3.1 m/s and
S =0 g/kg, the maximum 7, is approximately 56%, indicating that roughly 56% of the energy
can be effectively utilized and converted in the heat and mass transfer process between seawater
and air. In other words, about 44% of the energy is dissipated due to the irreversible exergy loss
during the heat and mass transfer process. When G;, is 3.6 m/s and the salinity is 0 g/kg, the
nE 18 54.10% and a 1.9% reduction. However, when the salinity increases to 35 g/kg, the 7 de-
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creases to 51.63% which affects the exergy performance of the cooling tower. Therefore, to pro-
vide the same efficiency under the new conditions, the G;, needs to be decreased to about 3 m/s.
The 7 decreases with a salinity range between 0 g/kg and 105 g/kg, which is about 2.47-7.73%
lower than freshwater.

72 49 58
—m— Freshwater, 5 = 0 g/kg _ . oo .
=y S ter, S = 35 grk( —®— Freshwater, S=0g/kg < L —_
£ 70 - e SZ:x:'Z;SZWZWZ — Lagl " - & - Seawater, S=35g/kg & 56 - -—
2 v Seawater, S=105gtka g = & Seawater, S=70g/kg < g4l ——
< - S 47F . v~ Seawater, 5 =105 gtkg = . -
T 68f — o] 3 e 2 521 e,
: .
S - I T 461 A - o o,
o - Y T, S 50t Aa,
= & 451 RS 5 “
o] .. - 1) . . ~ [ 48+ ¥
o . P T 44 R N N 3 M A S
2ot " £ T e w0 G 46[ v
8 ol = 2 a3t A e &
S 62 a . = . - 44 -
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Figure 4. The influence of inlet air speed onwer efficiency under different salinity;
(a) cooling efficiency, 7., (b) thermal efficiency, #1, and (c) exergy efficiency, g

Effect of inlet air wet-bulb temperature

Figure 5 is the plot between the inlet air wet-bulb temperature, #,,;, and tower effi-
ciency (cooling efficiency 7, thermal efficiency #r, and exergy efficiency #g) for different val-
ues of salinity. This figure is generated from the following set of data: #,;, = 40 °C, ¢,;, = 30 °C,
Li, =13 m¥/(m?h), G;, = 3.2 m/s, and t,4;, is selected from 25-27 °C at intervals of 0.5 °C, due to
the limitations of the inlet air dry-bulb temperature, and the reference environmental conditions
in the exergy calculation.

Compared with the inlet air speed, the changes in the air inlet wet-bulb temperature
have little effect on the 7, but it does still slightly increase with increasing #,;,, as shown in fig.
5(a). When the #;, rose from 25-27 °C, the 7 increased by about 2.01%, 1.72%, 1.43%, and
1.13% for salinities of 0 g/kg, 35 g/kg, 70 g/kg, and 105 g/kg, respectively. The maximum 7c
was about 68.86% at S =0 g/kg and #,,;, = 27 °C. With the increase in salinity, the 5 was about
2.28-8.47% lower than freshwater.

As shown in fig. 5(b), when the salinity increases from 0 g/kg to 105 g/kg, the 7
reduces noticeably, and is about 1.03-3.37% lower than that of freshwater. However, when the
salinity remains unchanged, as the #,,;, rises from 25-27 °C, there is no appreciable change
in 7r. The #nr remains about 47.33%, 46.30%, 45.17%, and 43.96% for salinities of 0 g/kg,
35 g/kg, 70 g/kg, and 105 g/kg, respectively.

Figure 5(c) shows that when z,,,;, increases from 25-27 °C, the 7 increases noticeably.
This is because the outlet seawater exergy (... increases with increasing #,:,), and the inlet
and outlet air exergy (air temperature and humidity ratio increase with increasing ¢,,;,) are all
affected by the #,,:,. Changes in ¢,,,;, have more effect on #; compared to changes in G;,, with
the minimum #g about 50.39% at S’ = 0 g/kg and #,;, = 25 °C. With an increase of 2 °C in the
twbin (27 °C), the maximum 7 is about 60.41%, an increase of approximately 10.02%. When the
twbin 18 25 °C and the salinity is 35 g/kg, the #ris 47.76%. However, when the salinity increas-
es to 70 g/kg, the e decreases to 45.09%. This affects the exergy performance of the cooling
tower. Therefore, to provide the same efficiency under the new conditions, the 7.4, needs to be
increased by about 0.5 °C. With the increase in salinity, the 7 is about 2.44-7.99% lower than
that of freshwater.
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Figure 5. The influence of inlet air wet-bulb temperature onwer efficiency with different salinities;
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70 E—p— Tower performance improvement
& es|Tio_ —— a=225m:i=1m | based on exergy analysis
N 64.72 e —==-A=169m H=14m
g eor ) The reference operating conditions
g s are: 4 = 1.69 m?>, H=1m, L,= 13 m¥(m?h),
q; 50 Gin =32 m/s, tsw,in: 40 OC, ta,in: 30 OC, twb,in: 26 OC,
g sl and S;, = 35 g/kg. Furthermore, exergy analysis
B w0l can be used as a guideline to identify opportu-
sl nities to improve the performance of seawater
cooling towers. The distribution of the exer-
0T gy efficiency in the tower is plotted in fig. 6. It
»r can be seen that the exergy efficiency distribu-

o0l tion is high at the top (z = 0 m) and gradually
00 02 04 06 08 10 12 14 .
Height of the packing, H [m] reduces at the bottpm of the packing (z = 1 .m).
Figure 6. Exergy efficiency along the tower Hence, the potential for improvement is high-
for different packing types er at the bottom of the packing zone. When the
packing cross-sectional area, 4, increases from
1.69-2.25 m?, the exergy efficiency at the bottom increases to 29.84%, a rise of about 2.27%.
Under the conditions of 4 =2.25 m?and H = | m, the exergy efficiency distribution in the tower
improves compared to the reference condition. The cooling, thermal, and exergy efficiency of
the whole tower are increased by 6.76%, 4.86%, and 5.13%, respectively, as shown in tab. 4.
When the packing height, H, increases from 1-1.4 m, there is a significant improvement in
exergy efficiency distribution compared to the reference condition. The exergy efficiency at the
bottom increases to 30.05%, an increase of approximately 2.48%. The cooling, thermal, and
exergy efficiency of the whole tower are increased by 7.91%, 5.44%, and 6.03%, respectively.
The exergy analysis results, apart from the changes in packing specification, demon-
strate that it can improve the cooling tower’s performance, and a change in the cooling tower’s
operating conditions can also achieve the same result. The response surface in fig. 7 shows that
the exergy efficiency increases with increasing air wet-bulb temperature and decreasing air
speed. It can be seen from the contour plot in fig. 7 that the maximum exergy efficiency (62.40 %)
is achieved at G, = 1.7 m/s and #,,;,, = 27 °C. Compared with the reference conditions, the ther-
mal efficiency and exergy efficiency of the whole tower are increased by 19.19% and 9.33%,
respectively. However, the cooling efficiency decreased by 15.11%. Therefore, we need to com-
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prehensively consider the weight of every evaluation index to systematically improve the heat
and mass transfer performance and exergy performance of seawater cooling towers.

62.40 27 62.40
_ 65 aU
= 60 53.84 =26
< 55 = 5170
E 50 4528 g2
2 45 s
S 36.72 o}
£ 40 2 24 41.00
&35 28.16 g
2 30 2 23
25 727 19.60 2 3030
20 2 $ 24
151 24 |nlet air wet 5
. bulb temperature % 21 19.60

21 T [°C1

1.8 2.1 24 27 30 33 36 39 42 45
Inlet air speed, G,, [ms ]

Figure 7. The 3-D surface and contour maps showing the effect of operating
conditions on exergy efficiency

Table 4. Exergy analysis results

N [%] 1 [%0] 1 [%0]

Reference conditions 65.43 46.30 53.07
A=225m* H=1m 72.19 51.16 58.20
A=1.69m* H=14m 73.34 51.74 59.10
Gin=1.7m/s, tyim =27 °C 50.32 65.49 62.40

Conclusions

In this research, a detailed mathematical model for evaluating the heat and mass
transfer performance and exergy performance of MDCWSCT was established. The numerical
solution was implemented based on the computer program developed by the VC*™ framework.
Furthermore, the calculation model and solution method were validated by the experimental re-
sults reported by the literature. The calculated results correspond highly with the experimental
results. The influence of salinity, air speed, and air wet-bulb temperature on cooling efficiency,
thermal efficiency, and exergy efficiency were analyzed. The conclusions of this study are as
follows.

e Increases in salinity have a significant effect on the water density and outlet water tem-
perature under the study conditions. With increases in salinity, the evaporation of water, air
humidity ratio, and relative humidity are lower than that of freshwater, due to the decrease
in vapor pressure.

e When the air speed varies from 3.1-3.6 m/s and all other conditions remain unchanged, the
nc increases by 3.46%, the r decreases by 4.32 %, and the # decreases by 1.82% for normal
salt content seawater (35 g/kg). With increases in salinity, the #c, #r, and 5 are approximate-
ly 2.40-8.25%, 1.06-3.09%, and 2.47-7.73% lower than that of freshwater, respectively.

® When the air wet-bulb temperature varies from 25-27 °C and all other conditions remain
unchanged, the #¢ increases by 1.72% and the #g increases by 10.21% for normal salt con-
tent seawater (35 g/kg). There is no appreciable change in #r, and it remains around 47.33%,
46.30%, 45.17%, and 43.96% for salinities of 0 g/kg, 35 g/kg, 70 g/kg, and 105 g/kg, respec-
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tively. With increases in salinity, the #c, 71, and #; are around 2.28-8.47%, 1.03-3.37%, and
2.44-7.99% lower than that of freshwater, respectively.

Compared to air wet-bulb temperature, changes in air speed have more influence on 7 and
nrunder the study conditions. Moreover, the air wet-bulb temperature is the most significant
parameter affecting 7. The influence of seawater salinity on #c and #g is greater than on 7y
under the same conditions.

The seawater cooling tower exergy analysis, demonstrates that the heat and mass transfer
performance and exergy performance can be improved by selecting the optimum operating
conditions and appropriate packing specifications.
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Nomenclature
A — cross-sectional area of packing, [m?] z — vertical co-ordinate [m]
¢,  —specific heat at constant

pressure, [kJkg 'K'] Greek symbols
E —exergy, [kW] 0 — relative deviation, [%]
G —air speed, [ms™'] n — efficiency, [%]
H  —height of tower (packing), [m] A — air to water mass-flow ratio
h — specific enthalpy, [kJkg™'] p — density, [kgm™]

1)

N — latent heat of vaporization at 0 °C

— humidity ratio of moist air, [kg kg, ']

Ky,  — volumetric mass transfer .
coefficient, [kgms™'] Subscripts

L — water-spraying density, [m*m~2h'] 0 — dead state (environmental condition)

Le; — Lewis factor a — air/dry-bulb

i — mass-flow rate, [kgs™] in  —inlet of the tower

p — pressure, [Pa] ma —moist air

0 — heat dissipation, [kW] out — outlet of the tower

RH - relative humidity, [%] sw  — saturated moist air at the seawater

R,  —gas c onstant of dry air, 0.287, [kJkg K] temperature

R,  — gas constant of vapor, 0.461, [kJkg'K™'] S,w — seawater

S — salinity, [gkg™'] v — vapor dry

Tt —temperature, [K] [°C] wb  —wet-bulb
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