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Abstract

This paper presents a simplified del to analyze the heat flow in Closed Wet Cooling Tower
(CWCT). Based on the existing ¢, §and some suitable assumed conditions, we develop
a model to simplify the hand e héafrejection rates under four different input parameters

eratures. The analytical results of the data from different
odel with the new parameters is accurate enough for the control
ion. After validating the accuracy of the model, we also describe

sources demonstrate th
and optimization of
the extension of th

Closed Wet Coo ower, Cooling Capacity, Thermal Modeling, Simplified Analysis

1. Introduction

In order to reduce energy consumptions for building and efficient use of energy, continuous energy audit and
performance monitoring of the operating parameters in installed systems are essential. The building sector alone
represents about 33% of electricity consumption of the total electricity consumption in India, with commercial
sectors and residential sectors accounting for 8% and 25% respectively [1]. Studies indicate that air-conditioning
is responsible for 10% to 60% of the total building energy consumption, depending on the building type [2]. In
developed countries, HVAC systems are the most energy consuming devices, accounting for about 10% - 20%
of final energy use [3]. As one of the two basic types of evaporative cooling devices, CWCT is essentially com-
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bining a heat exchanger and direct-contact evaporative cooling tower into one device [4]. With the advantages of
better thermal performance and lower energy consumption than traditional cooling towers, CWCTs plays an
important role in the heat rejection of residential and commercial buildings. Many literatures which are related
to the modeling and experiment of CWCT can be found. The mass and heat process cooling tower has always
been received much attention. In order to obtain experimental correlations for mass and heat transfer coefficients
of a new CWCT, Facao and Oliveira [5] present different thermal models to predict the performance of CWCT.
As is shown in Ref. [6], a detailed analysis of the mass transfer coefficient and spray heat transfer coefficient
correlations is made experimentally, including the effects of the errors in their evaluation on tower efficiency.
Beside the experimental method, the numerical simulation method is often used for the same purpose. A numer-
ical simulation of a CWCT with novel design is presented for the determination of heat and mass transfer coef-
ficients and the influence of Lewis number on the cooling tower performance [7]. To investigate the thermal
performance, a program is coded for the heat and mass transfer in CWCT whether the outlet air is supersaturated
or not [8].

As part of the heat and mass transfer characteristics, cooling capacity of CWCT has also got the same atten-
tion. The results of a theoretical investigation show that the highest fall of sepp water temperature and

ance and transfer equations, a simple model for indirect-c
developed [12].

Although there is a large amount of researches on th
of them are reported on the simplified analysis of its ¢
the energy flows in a typical cooling system, this paper
CWCT. Based on some additional assumptions,{t
the models with new parameters is validated by
ther analysis of the predictions of thesegmodels i

erived from an existing model. The accuracy of
etimental data from different sources. After this, fur-
ade”under specific operational conditions. In the end, we
ative further researches.

the heat and mass transfer processes of CWCT, such as the Merkel
-e method [7] [8] [12]. By applying these methods to get the expected

ydel of CWCT is derived from an existing model, as described below, and its main in-
put variables incl@ bient wet bulb temperature (Typ, “C), dry air flow rate (m,, kg/s), spray water flow rate
(msw, Kg/s), and inlet parameters of cooling water such as the temperature (Ty, °C) and the mass flow rate (my,
kg/s). The main assumptions of the modeling process are detailed in Refs. [7]-[9] [12]. Two CWCTs from two
different sources are selected for the verification of the model. Figure 1 and Figure 2 indicates the schematic
diagram of the three fluids in a cross-flow CWCT unit and a counter-flow CWCT unit, respectively.

The model for CWCT behavior adopted in this paper is the one developed by Stabat and Marchio [12]. In this
model, two undetermined coefficients could be determined by the analysis of input-output parameters from only
two operating conditions. Once parameterized, the model can be used for calculating the heat rejection rate of
the CWCT. The total heat rejection rate (Q, kW) is determined under the following conditions 1200 < Re, <
14000, 50 < Reg, <240, 12 < dgy < 40mm, 2500 < Re,, < 10000 and 3 < Pr <8 (15 < T, < 60°C), expressed as
follows (see detailed in Ref. [12]):

Q= —C,,/m,, (Tw,o _Tw,i ) =m, (hwb,o - hwb,i ) = mansat (wa,o _wa,i ) (1)

Q = UAATLM (2)
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Figure 1. Schematic diagrams of the three fluids in a cross-flow
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where, Re is Reynolds number; Pr is Prandtl nu ber dext lameter (m); c,, is specific heat of cooling wa-
ter at constant pressure (kJ-kg*-°C™Y); Cpsat 18 ious specific heat of moist air at constant pressure

(kd-kg*-°C™); m is flow rate (kg/s); T i 1s temperat is enthalpy of moist air (kJ-kg™); U is heat transfer

i ic viscosity coefficient of spray water (kg-m*-s); AT,y is

a constant which is influenced by the coil’s geometry and

. depends on the thermal properties of air and on the coil’s

ooling water, spray water and dry air, respectively; Subscript wb
, Subscripts i, o stand for inlet and outlet.

f air-conditioning systems, the enthalpy of moist air is a single function

roximated by the following relation [13]:
=1.01xT,, +3.99431x e ***™ x (2.5+0.00184xT,,, ) (5)

geometry; Subscripts w, sw,
represents ambient wet-bul

an@¥ambient wet-bulb temperatures. When ambient wet bulb temperature is varied from
tion (5) can be then simplified as follows:

h, (T, ) = 3.9496xT,, —20.475 (6)

15.0°C to 30.0°C, ¥

When h, (Twp) from Equation (6) is substituted to Equation (1), the fictitious specific heat of moist air (Cpsa) iS
given as:

ha 0o ha i
Cpsat = ? =~ 3.9496 (7)

wh,0 wh,i

When AT a/ATmin <2, Equation (3) is modified and can be shown that [14] [15]:

AT, - AT, ;ATmm (T —Tns );(vai ~Tubo) ©

Assuming the dynamic viscosity coefficient of spray water is constant over small ranges of temperature, one

simplifies Equation (4) as:
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1 a a
UA e o ©

sw

where, a,, a; indicate two undetermined coefficients.
By substituting Equations (7)-(9) into Equation (2), we obtain the performance model of the CWCT (Equation

(10)):
Tw,i _wa,i 10
Q=52 : 1 (10)
— +
mg.s mg\nf5 Zcpsat ma 2Cw mw

In this section, a simplified model for the heat rejection rate of the CWCT is described based on relevant re-
search results and additional assumptions. The relation between its main input-output variables can be deter-
mined using Equation (10).

3. Model Verification
CWCT can be classified by the movement of spray water and air as countgg-flov -flow types. In order

termine undetermined coefficients of the model.
The model is validated experimentally on the studied of he

and quantitatively show the heat rejection rates of thefinodel prediction, an error index, Root-Mean-Square of
Relative Error (RMSRE), is adopted [16]:
]2
(11)

in-tube structure is employed to effectively enhance the heat transfer be-
ess water. The finned tubes are made of stainless steel.

The tests fo relevant data of the cross-flow CWCT unit were performed in an environmental
chamber. In orde udy the cooling capacity of the CWCT, 11 operating conditions and 46 sets were pro-
vided from the perfect experiment platform. As listed in Table 2, the main parameters are the inlet parameters of
process water and the ambient wet-bulb temperature etc. To verify the accuracy of the model, the experimental
data were adopted. The undetermined coefficients of the model is determined as a, = 0.350 and a; = 0.098 by
using the proposed method above. The relatively errors of the calculated and predicted heat rejection rate gener-
ally were within £10% and expressed in Table 2. The RMSRE for the model validation of 11 data points was
0.062, which means the model is reliable.

3.2. Validation Using a Counter-Flow CWCT

A counter-flow CWCT is selected from Ref. [18]. The size of the CWCT is 270 mm (Height) x 225 mm (Width)
x 550 mm (Length). As shown in Figure 2, the spray water flow is in counter flow with the air flow. In this
tower, padding upon the un-finned coil is employed to strengthen the heat and mass transfer between the spray
water and air. The coil is made of stainless steel to facilitate heat exchange between the spray water and the

process water.
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Figure 2. Schematic diagrams of the three fluids in a counter- T
unit.
Table 1. Designed parameters of the cross-flow CWCT [17].
Description A ) Value
Mass flow rate of circulating water (t/h) 63,500
Temperature drop of circulating water 9.47
Area of water drenching ( 6000
Elevation of the top of the towel 120
Elevation of the top of ill (m) 10.2
Height of cooling ) 1

eat (M 694

and predicted cooling capacity of the cross-flow CWCT test.

Testho. oy wH O 8 T S o
1 0.19 21. 0.32 30.2 27.7 3.36 3.14 6.42
2 0.12 0.32 30.8 27.6 4.3 4.3 0.06
3 0.13 0.32 30.3 26.7 4.84 4.99 -3.06
4 0. 20.8 0.12 0.26 30.4 26.6 4.15 4.43 -6.88
5 0.35 20.9 0.12 0.32 32.9 28.8 5.51 5.77 -4.76
6 0.35 21.1 0.12 0.2 30.2 26.1 3.44 3.95 -14.78
7 0.35 22 0.12 0.32 36.6 31.2 7.26 7.02 3.23
8 0.35 22.6 0.06 0.29 30.2 27.6 3.17 3.02 451
9 0.35 22.6 0.13 0.3 29.9 27 3.65 3.53 3.51
10 0.35 22.8 0.09 0.3 30.2 27.4 3.53 3.3 6.44
11 0.35 22.9 0.12 0.31 30.2 275 3.52 3.49 0.68

Based on the operating processes of the counter-flow CWCT developed by You [18], this mathematical mod-
el has been validated with the relevant experimental data. Table 3 summarizes a set of 24 test data sets. The
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RMSRE is estimated as 0.040 (ap = 0.321; a; = 0.119) for the counter-flow CWCT and these are acceptable for
the purposes of control and optimization.

Figure 3 shows the result of a comparison between predicted and calculated results for heat rejection rates of
the CWCT. Three lines are showed in the figure to indicate cooling capacities. The middle line means the model
exactly predicts the calculation of cooling capacities. If the data points are located in the area under the line, it
means that the model under-predicts the cooling capacities. Conversely, the model over-predicts the cooling ca-
pacities. The model leads to a maximum relatively error in heat rejection rates of 7.9%, which means the predic-
tive model, is accurate.

4. Results and Discussion

4.1. Effect of Inlet Flow Rates

Two specific operating conditions of the counter-flow CWCT are selected for analyzing the cooling capacities
under different flow rates of three fluids, such as cooling water, spray water and air. When T,,; = 37.0°C,
Twni = 16.6°C, the predicted cooling load is expressed as follows:

o 204 .
=0321 0119 0127 01 (12)
mO.S + m0.8 + m +
a SW a

As shown in Figure 4, the cooling performance curves of

250 300 350 400 450 500
Calculated heat rejection rate (kW)

Figure 3. Comparison of the Predicted heat rejection rate
against experimental data of the counter-flow CWCT.

Table 3. The experimental data of the counter-flow CWCT test [17].

Test ma Mgy My Twi Two Tow,i Qcalcutated

no. (kgls) (kgls) (kgls) (0 q©) q©) (kw)

1-4 24.33 9.72 37.09£0.01 28.20 £ 0.06 17.34 +0.05 362.70 £ 2.55
5-12 20.00; 24.33 19.44; 22.78; 1111 37.20+0.15 28.49 £ 0.28 1555+ 1.41 406.70 £ 19.83
13-16 24.33 25.56; 28.89 12.5 37.14+0.11 29.20 £0.24 16.18 + 0.46 418.69 + 8.66
17-24 20.00; 24.33 13.89  38.61+1.59 31.21+1.57 18.93 + 3.50 397.83 +86.92
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Figure 4. The Predicted heat rejection rate of the counter-flow CWCT under different flow rages/0f three fluids. (a) Cooling
water flow rate of the counter-flow CWCT:11.11 kg/s; (b) Air flow rate of th f W\CWCT:24.33 kg/s.
followed the cooling water flow rate.

4.2. Effect of Inlet Temperatures

In this section, the predicted heat rejection rates of the(gross-flow )CWCT were calculated under different cool-
atures. When m, = 0.35 kg/s; mg, = 0.12 kg/s

and m,, = 0.30 kg/s, the correlation equation heat rejection rate of the cooling tower is ex-

pressed as follows:

T

W, i

~Tuni ) (13)

nder constant flow rates and variable inlet temperatures. As
ter inlet temperature can enhance the heat rejection. On the con-

large domain of op@Fation conditions. Meanwhile, input power model of CWCT is a function of spray water
flow rate and air flow rate [19]. In combination with the simplified model, the input power model should indi-
cate the quantitative relationship between energy flow rates and main input-output parameters of the tower. For
example, the input power (p, kW) of a CWCT is the objective function for minimizing the sum of the pump in-
put power (p,, kW) and the fan input power (pr, kW), expressed as follows:

Min}'p=p, +p; (14)
with the constraints:

pp,min < pp < pp,max

(15)
pf,min < pf s pf,max (16)
Q:Q(wa,i’Tw,i’mw'msw(pp)'ma(pf’ pp)) (17)
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The cross-flow CWCT under constant flow rates

Predicted heat rejection rate (kW)

Figure 5. The predicted heat rejectio
constant flow rates of three fluids.

5. Conclusion

The significance of this study is to promote C

given conditions (cooling water i
rates). The parameterization is
coefficient of spray water is
and predicted results are in

evenberg-Marquardt method. Assuming the dynamic viscosity
pall ranges of temperature, the heat rejection rates of the calculated

characteristic parameters of the tower should be updated periodically because of
the effect of negative
sumption and pr@igi
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