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computational efficiency, some transform methods (e.g. Laplace transformations) need to inverse the solution 57 

from the s-domain to the time domain, but the inversation may fail in some cases[21, 33]. In addition, the 58 

analytical models still require the details of geometric data, which hinders its engineering appliations. 59 

The lumped models utilize the enthalpy difference between air and coolant to simulate the heat and mass transfer 60 

process [23-35]. The lumped models are relatively accurate and computationally efficient [5, 8, 26]. However, 61 

the existing lumped models still require geometric data, specific heat transfer coefficients, and some operational 62 

data, which are difficult to obtain during the design phase.  63 

To improve the existing models for the water-to-air FTHE with wet-cooling conditions, current research 64 

proposes a new model with two innovations: 1) It adopts a wet-dry transformation method (WDTM) [27] so 65 

that a classic effectiveness-NTU method [25] can be applied in these equivalent dry-cooling processes of the 66 

wet-cooling conditions. As a result, the new model is faster than the numerical models and simpler than the 67 

analytical models; 2) The new model calculates the heat transfer using nominal data available in the design 68 

phase and does not require geometric data, specific heat transfer coefficients, and operational data. These 69 

characteristics of the new model will facilitate the optimal design of the air-conditioning system in the design 70 

phase. 71 

In the current paper, section 2 illustrates derivation of the new proposed water-to-air FTHE model and 72 

determinations of model parameters. Section 3 shows the implementation in Modelica. Then, experimental 73 

measurement is shown in section 4. Finally, the new model is evaluated by experimental data and an existing 74 

model in section 5. 75 

2. Mathematical Description  76 

The newly proposed water-to-air FTHE model is based on the wet-dry transformation method [27], utilizing a 77 

hypothetical equivalent dry-cooling condition to reflect the water-to-air FTHEs performance in the presence of 78 

wet-cooling condition. Then the classic effectiveness-NTU method [25] is applied in this equivalent dry-cooling 79 

process to calculate heat tranfer under wet-cooling condition. To simplify the model, several assumptions are 80 

adopted as follows: 1) The fouling and thermal resistances of different materials are neglected; 2) There is no 81 

water leakage or heat loss; 3) The air pressure is 1 bar; 4) The specific heat capacity and the overall fin efficiency 82 
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are constant values; 5) The model is applied in steady state. The following description of the new FTHE model 83 

summaries the main steps of mathematical derivation and the relevant detailes are provided in Appendix A. 84 

2.1. Equivalent Dry-cooling Condition 85 

Compared with a wet-cooling condition, the equivalent dry-cooling condition has the same mass flow rate 86 

(air/water), contact factor, inlet and outlet air enthalpies or water temperature [27]. The contact factor 𝜁𝜁 reflects 87 

the close extent of the final air state to its saturation state. According to the above definitions, the heat transfer 88 

rates of the wet-cooling condition and its equivalent dry-cooling condition are identical. 89 

Fig. 1 shows the wet-cooling process and its equivalent dry-cooling process on the air side [27]. Line “1-2” 90 

represents a wet-cooling process with moist air flowing through a FTHE. Line “1′-2′” is the equivalent dry-91 

cooling condition of process “1-2”. Line “1-1′” and “2-2′” are two constant enthalpy lines. Point 1 and point 2 92 

represent the inlet and outlet states in the wet-cooling process respectively. Similarly, point 1′ and point 2′ are 93 

the inlet and outlet states of the equivalent dry-cooling condition. Point 3 and point 3′ are the saturation states 94 

on the tube surface under the wet-cooling condition and its equivalent dry-cooling condition, respectively. Point 95 

3 and point 3′ are overlapped in the psychrometric chart.  96 

 97 

Fig. 1.  Wet-cooling condition and its equivalent dry-cooling condition in the psychrometric chart 98 

The relationship between the wet-cooling condition and its equivalent dry-cooling condition can be expressed 99 

as [27]: 100 
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𝑑𝑑�̇�𝑄 =
𝜂𝜂𝑜𝑜ℎ𝑎𝑎(𝐻𝐻 −  𝐻𝐻3)𝑑𝑑𝐴𝐴

𝑐𝑐𝑝𝑝,𝑎𝑎𝐿𝐿𝐿𝐿𝑓𝑓
 , (5) 

where 𝑑𝑑𝐴𝐴 is a discretized heat transfer area; 𝑑𝑑�̇�𝑄 is the heat transfer rate in 𝑑𝑑𝐴𝐴; 𝜂𝜂𝑜𝑜 is overall fin efficiency [25]; 115 

ℎ𝑎𝑎 is sensible convective heat transfer coefficient; 𝑐𝑐𝑝𝑝,𝑎𝑎 is the specific heat capacity of the air; 𝐿𝐿𝐿𝐿𝑓𝑓 is Lewis factor 116 

that reflects the relative strength of heat transfer and mass transfer [40]. 𝐿𝐿𝐿𝐿𝑓𝑓 is a parameter given by users in 117 

this new model. The selection of  𝐿𝐿𝐿𝐿𝑓𝑓 is discussed in section 2.4.2. Based on Eqs. (1), (2) and (5), the contact 118 

factor 𝜁𝜁 can be derived as (details see Appendix A.1): 119 

𝜁𝜁 = 1 − 𝐿𝐿𝑚𝑚𝑒𝑒 �−
(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎
�̇�𝐶𝑎𝑎 𝐿𝐿𝐿𝐿𝑓𝑓

� = 1 − 𝐿𝐿𝑚𝑚𝑒𝑒 �−
(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎′

�̇�𝐶𝑎𝑎
� , (6) 

where 𝐴𝐴 is the total heat transfer area; �̇�𝐶𝑎𝑎 is the heat capacity rate of air flow, and �̇�𝐶 = �̇�𝑚𝑐𝑐𝑝𝑝. From Eq. (6), we 120 

can obtain the relationship between convective heat transfer coefficients in wet-cooling condition and 121 

equivalent dry-cooling condition on the air side: 122 

(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎′ = (𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎 𝐿𝐿𝐿𝐿𝑓𝑓−1. (7) 

In Eq. (7),  𝐿𝐿𝐿𝐿𝑓𝑓 is defined as a parameter in this new model. If the (𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎 is known, the heat conductivity 123 

(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎′  under its equivalent dry-cooling condition can be obtained. Then based on Eq. (6), the value of 𝜁𝜁 can 124 

be calculated. 125 

For the water side, the wet-cooling process and its equivalent dry-cooling process are the same. As a result, the 126 

relationship between convective heat transfer coefficients in the wet-cooling condition and its equivalent dry-127 

cooling condition at the water side is: 128 

(ℎ𝐴𝐴)𝑤𝑤′ = (ℎ𝐴𝐴)𝑤𝑤. (8) 

where, 𝑤𝑤  means water side; ℎ𝑤𝑤  and ℎ𝑤𝑤′  are the convective heat transfer coefficients of the wet-cooling 129 

condition and its equivalent dry-cooling condition on the water side respectively. 130 

The next step is solving (𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎 and (ℎ𝐴𝐴)𝑤𝑤 in the actual conditions. For the air side, the ℎ𝑎𝑎 is correlated with 131 

ℎ𝑎𝑎,0 [14]: 132 
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𝑑𝑑3 =
622

7.5B ∙ exp �−18.5916 + 3991.11
( 𝑇𝑇3 − 39.31)� − 1

,  (16) 

where B is local atmospheric pressure (101,325 Pa).  167 

As Fig. 1 shown, the enthalpy, humidity ratio and temperature of point 1′ are 𝐻𝐻𝑎𝑎,𝑖𝑖𝑖𝑖 , 𝑑𝑑3 and 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ , respectively. 168 

The relationship can be expressed as [43]: 169 

𝐻𝐻𝑎𝑎,𝑖𝑖𝑖𝑖 = 1006�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 273.15� + 1000 × �2501 + 1.86�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖

′ − 273.15��𝑑𝑑3. (17) 

According to Eqs. (15), (16) and (17), 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ , 𝑇𝑇3 and 𝑑𝑑3 can be obtained. 𝐻𝐻3 is calculated by using the function 170 

of the enthalpy, humidity ratio and temperature as Eq. (17). The 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
′  can be obtained according to Eq. (2). 171 

Finally, 𝐻𝐻𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜  and 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 are calculated by Eq. (3) and Eq. (4). 172 

2.4. Selection of Model Parameters 173 

According to the mathematical description of the newly proposed FTHE model, there are some model 174 

parameters to be defined by the users: �̇�𝑄𝑠𝑠,0, �̇�𝑚𝑎𝑎,0, �̇�𝑚𝑤𝑤,0, 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0, 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖,0 , 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜, 𝑟𝑟, 𝐿𝐿𝐿𝐿𝑓𝑓,0, 𝑖𝑖𝑎𝑎 and 175 

𝑖𝑖𝑤𝑤. The detailed definitions of these parameters are described above and their selections are discussed below. 176 

2.4.1. Selection of Nominal Parameters 177 

The nominal condition is decided by users during the design phase. It can be the design condition or the 178 

maximum load condition. The nominal parameters (�̇�𝑚𝑎𝑎,0 ,  �̇�𝑚𝑤𝑤,0 , 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0  and 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖,0 ) are selected from the 179 

nominal data of the water-to-air FTHE, which are often available from the manufacturers.  It is noticed that the 180 

heat transfer coefficients of this newly proposed model are derived from the nominal sensible heat transfer rate 181 

�̇�𝑄𝑠𝑠,0 rather than the nominal total heat transfer rate �̇�𝑄0. The �̇�𝑄𝑠𝑠,0 can be defined by users or calculated using  182 

�̇�𝑄𝑠𝑠,0 = �̇�𝑚𝑎𝑎,0(𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0 − 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜,0) (18) 

where 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜,0 is the outlet air temperature in the nominal condition. 183 

The selection of 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜 is determined by the configuration type of heat exchanger. There are six 184 

different flow arrangements of heat exchanger corresponding to six different equations for 𝜀𝜀 and 𝑁𝑁𝑇𝑇𝑈𝑈 [29]. In 185 
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(a) Wind tunnel (b) Control system 

    

(c) Fan (d)  Nozzles for air flow 
measurement 

(e) Air sampling 
apparatus 

 (f) Measuring device of 
dry-bulb and wet-bulb 

temperatures 

Fig. 6. Parts of experimental facilities 

4.2. Experimental Data  256 

Table 2 summaries the key parameters of the water-to-air FTHE experiments. Besides, the nominal data of this 257 

FTHE are:  �̇�𝑄0 = 86,040 W , �̇�𝑄𝑠𝑠0 = 35,562 W ,  �̇�𝑚𝑎𝑎,0 = 2.004 kg/s , �̇�𝑚𝑤𝑤,0 = 4.046 kg/s ,  𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0 = 308.13 K , 258 

𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖,0 = 280.13 K,  𝑋𝑋𝑖𝑖𝑖𝑖,0 = 0.0209, 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜,0 = 290.65 K, and 𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜,0 = 285.20 K. Based on these nominal 259 

data, (𝑈𝑈𝐴𝐴)0 = 2,084.21 W/K. These data are utilized to evaluate the performance of the newly proposed FTHE 260 

model. The main procedures and results are summarized in section 5. 261 

Table 2.  Experimental data of the water-to-air FTHE 262 

Case �̇�𝑚𝑎𝑎 
(kg/s) 

�̇�𝑚𝑤𝑤 
(kg/s) 

𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖 
(K)  𝑋𝑋𝑖𝑖𝑖𝑖 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 

(K) 
𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 

(K) 
𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 

(K) 
�̇�𝑄 

(W) 

1 1.331 1.241 300.19 0.0109 280.13 286.46 285.12 26,535 

2 1.478 1.341 300.03 0.0110 280.11 286.68 285.15 28,815 
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Case �̇�𝑚𝑎𝑎 
(kg/s) 

�̇�𝑚𝑤𝑤 
(kg/s) 

𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖 
(K)  𝑋𝑋𝑖𝑖𝑖𝑖 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 

(K) 
𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 

(K) 
𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 

(K) 
�̇�𝑄 

(W) 

3 1.774 1.522 300.07 0.0110 280.11 287.03 285.2 32,940 

4 1.922 1.638 300.22 0.0109 280.12 287.36 285.16 35,115 

5 2.070 1.688 300.26 0.0109 280.11 287.42 285.19 36,555 

6 1.289 2.924 308.15 0.0209 280.12 288.89 285.16 61,960 

7 1.432 3.180 308.14 0.0209 280.13 289.23 285.14 67,110 

8 1.718 3.604 308.14 0.0209 280.18 289.92 285.23 76,515 

9 1.861 3.927 308.13 0.0209 280.14 290.39 285.17 82,870 

 263 

Uncertainty calculation is performed to analyze the measurement errors. In Table 2, the maximum measurement 264 

uncertainties of temperatures, water mass flow rates, air flow rates, water vapor mass fraction and heat transfer 265 

rates are within ±0.20 K, ±0.023 kg/s, ±0.016 kg/s, ±0.00023 and ±3.46%, respectively. 266 

5. Evaluation  267 

To evaluate the newly developed FTHE model, we compare the computed results of the new model with an 268 

existing model, WetCoilCounterFlow (WCCF) from the Modelica Buildings Library [14, 65]. Both models are 269 

adopted to simulate the cases listed in Table 2. Based on experimental results, the relative deviations of the 270 

results obtained by the two models are compared. In addition, the computing speed is also discussed. 271 

5.1. Reference Model: WCCF 272 

The WCCF model is used to simulate counter flow heat exchangers with water vapor condensation, and the 273 

two-flow paths are discretized into 𝑁𝑁 elements. Fig. 7 shows the top-level structure of the WCCF model in 274 

Modelica. In Fig. 7, the HADryCoil module has the similar function as the hA module in the new FTHE model. 275 

The difference between these two modules is that (𝑈𝑈𝐴𝐴)0 needs to be given by users directly in HADryCoil 276 

module while in the hA module, it is not needed. The WCCF model has a HexElementLatent module which 277 

models the heat and mass exchanges between the discretized elements in both sides. In this module, the 278 

condensate water �̇�𝑚𝑣𝑣,𝑖𝑖 is obtained by [66]: 279 

�̇�𝑚𝑣𝑣,𝑖𝑖 =
ℎ𝑎𝑎𝐴𝐴𝑖𝑖
𝑐𝑐𝑝𝑝,𝑎𝑎𝐿𝐿𝐿𝐿𝑓𝑓

(𝑋𝑋3,𝑖𝑖 − 𝑋𝑋𝑖𝑖). (22) 

javascript:void(0);
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where 𝐴𝐴𝑖𝑖 is the heat transfer area of each discretized element; 𝑋𝑋3,𝑖𝑖 and 𝑋𝑋𝑖𝑖 are the water vapor mass fractions in 280 

the boundary layer and in the bulk of the air respectively in each discretized element; 𝐿𝐿𝐿𝐿𝑓𝑓 = 𝐿𝐿𝐿𝐿(1−𝑏𝑏), 𝐿𝐿𝐿𝐿 is 281 

Lewis number and 𝑏𝑏 is a coefficient from the boundary layer analysis, typically 𝑏𝑏 = 1/3 [66]; the subscript “𝑖𝑖” 282 

represents the No. of microelement. The total condensate water �̇�𝑚𝑣𝑣 is the sum of all the �̇�𝑚𝑣𝑣,𝑖𝑖. More details about 283 

the WCCF model are summarized in the Modelica Buildings Library [14, 65]. 284 

 285 

Fig. 7. Top-level structure of WCCF model in Modelica 286 

5.2. Determination of Parameters 287 

Before using these two models, the parameters need to be determined in advance. We use the method described 288 

in section 3.2 to set the parameters for the newly proposed FTHE model. The 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓 in the WCCF model 289 

are used to minimize the relative deviation of �̇�𝑄 between the calculated and the measured values of heat transfer 290 

rate under nominal condition.  Besides, 𝑁𝑁 also needs to be determined by users in the WCCF model. The 291 

methods determining these parameters are described in the following paragraphs. For the remaining parameters, 292 

we obtain (𝑈𝑈𝐴𝐴)0 = 2,084.21 W/K based on the nominal data and the values adopted in the FTHE model. 293 

 294 
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The first step is determining the values of 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓. As mentioned above, the reasonable ranges for 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓 295 

under nominal condition are  𝑟𝑟 ∈ [0.1, 0.5] and 𝐿𝐿𝐿𝐿𝑓𝑓 ∈ [0.6,1.3], respectively. We conduct the comparison of 296 

the simulation results with different combinations of 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓  with 𝑁𝑁 = 30 . Fig. 8 shows the relative 297 

deviations (�̇�𝑄 ) of WCCF with various combinations of 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓  based on experimental data in nominal 298 

condition. The 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 and 𝑚𝑚𝐿𝐿𝑎𝑎𝑖𝑖 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 are calculated by: 299 

𝑅𝑅𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 =
|𝑟𝑟𝐿𝐿𝑠𝑠𝑜𝑜𝑓𝑓𝑜𝑜 𝑜𝑜𝑓𝑓 𝑠𝑠𝑖𝑖𝑚𝑚𝑜𝑜𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 − 𝑚𝑚𝐿𝐿𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜|

𝑚𝑚𝐿𝐿𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜
× 100%  (23) 

𝑀𝑀𝐿𝐿𝑎𝑎𝑖𝑖 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 =
𝑠𝑠𝑜𝑜𝑚𝑚 𝑜𝑜𝑓𝑓 𝑚𝑚𝐿𝐿𝑎𝑎𝑖𝑖 𝑅𝑅𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖  𝑎𝑎𝑜𝑜 𝐿𝐿𝑣𝑣𝐿𝐿𝑟𝑟𝑒𝑒 𝑐𝑐𝑎𝑎𝑠𝑠𝐿𝐿

𝑖𝑖𝑜𝑜𝑚𝑚𝑏𝑏𝐿𝐿𝑟𝑟 𝑜𝑜𝑓𝑓 𝑐𝑐𝑎𝑎𝑠𝑠𝐿𝐿𝑠𝑠
 (24) 

 300 

Fig. 8. Relative deviation of �̇�𝑄 between WCCF under different various combinations of 𝑟𝑟 and 𝐿𝐿𝐿𝐿𝑓𝑓 and 301 

experimental data  302 

Fig. 8 shows that the relative deviation of �̇�𝑄 increases when 𝐿𝐿𝐿𝐿𝑓𝑓 or 𝑟𝑟 increases. As a result, the combination of 303 

𝑟𝑟 = 0.1 and 𝐿𝐿𝐿𝐿𝑓𝑓 = 0.6 is selected to minimize the relative deviation of �̇�𝑄.  304 

The next step is selecting appropriate value of 𝑁𝑁. We use Case 1 in Table 2 to identify the minimum 𝑁𝑁 value,  305 

which could ensure the required accuracy. Fig. 9 shows the relative deviations of �̇�𝑄 and computing time over 306 

different values of 𝑁𝑁 (computer configuration: Inter® Xeon® CPU X-5675, 3.07GHz; 48GB memory). It 307 
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Eq. (23) is adopted to calculate the relative deviation of temperatures, its denominator is changed from 325 

“𝑚𝑚𝐿𝐿𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜” to “𝑚𝑚𝐿𝐿𝑎𝑎𝑠𝑠𝑜𝑜𝑟𝑟𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜 − 273.15”. In Fig.10, the new FTHE model has a better performance in 326 

prediction accuracy. Fig.10(a) shows that the m𝐿𝐿𝑎𝑎𝑖𝑖 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 is 5.20% for the new FTHE 327 

model and 16.85% for the existing WCCF model respectively. The maximum 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 is 328 

6.15% for the new FTHE model and 18.95% for the WCCF model. Fig.10(b) illustrates that the 329 

m𝐿𝐿𝑎𝑎𝑖𝑖 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of 𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 is 2.32% for the new FTHE model and 3.27% for the WCCF model while 330 

the maximum 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of 𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜  is 3.91% for the new FTHE model and 4.58% for the WCCF 331 

model. Fig.10(c) shows the m𝐿𝐿𝑎𝑎𝑖𝑖 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of �̇�𝑄 is 6.52% for the new FTHE model and 8.92% for 332 

the WCCF model, and the maximum 𝑟𝑟𝐿𝐿𝑓𝑓𝑎𝑎𝑜𝑜𝑖𝑖𝑣𝑣𝐿𝐿 𝑑𝑑𝐿𝐿𝑣𝑣𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑖𝑖 of �̇�𝑄 is 10.79% for the new FTHE model and 12.51% 333 

for the WCCF model.  334 

The new FTHE model has a better performance because it uses an indirect solution to determine the �̇�𝑚𝑣𝑣. This 335 

indirect solution avoids the inconvenience and errors caused by directly solving the condensate water and latent 336 

heat equations. On the contrary, the WCCF model uses a direct approach to derive the �̇�𝑚𝑣𝑣 as Eq. (22). In Eq. 337 

(22), the derivation of  𝑋𝑋3,𝑖𝑖 was based on an approximation correlating the partial pressure of saturation water 338 

vapor and saturation 𝑇𝑇3,𝑖𝑖 [14]. At the same time, 𝑋𝑋𝑖𝑖 in the bulk of air is replaced by the outlet water vapor mass 339 

fraction 𝑋𝑋𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜 to conduct the approximate calculation. These approximations inevitably lead to some errors. 340 

Moreover, discrepancies exist in the calculations of 𝑇𝑇3,𝑖𝑖  and 𝑋𝑋𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜 . The heat transfer and mass transfer are 341 

calculated simultaneously in the WCCF model. The errors of the mass transfer calculation inevitably influence 342 

the sensible heat transfer rate. Based on the discussions, it can be explained that the relative deviations of 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜, 343 

𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 and �̇�𝑄 in the new FTHE model are smaller than those in the WCCF model. 344 

5.4. Comparison of Computing Speed 345 

Fig.11 compares the computing time of the newly developed FTHE and existing WCCF models. In this figure, 346 

the convergence procedure of 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 corresponds to the case 1 in Table 2. It can be seen that after 15 s (physical 347 

time), the convergences of 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 of the two models are obtained perfectly. The new FTHE model takes about 348 

0.01 s CPU time to complete the simulation of a 15 s long heat transfer process, while the WCCF model needs 349 

about 10.47 s. Thus, the new FTHE model is about 1047 times faster than the WCCF model, due to the fact that 350 
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the WCCF model needs to solve additional 205 differential-algebraic equations for each discretized element. 351 

Totally, the WCCF model needs to solve about 6,776 equations for 32 elements, while the new FTHE model 352 

only needs to solve about 272 equations.  353 

  

(a) FTHE model   (b)  WCCF model  

Fig.11. Comparison of computing time of the new FTHE and WCCF models 354 

6 Conclusion 355 

This paper proposes a new water-to-air FTHE mathematical model for wet cooling conditions using wet-dry 356 

transformation method. The model only requires nominal data as inputs. The new model is implemented using 357 

Modelica. Experimental measurement is conducted for the model validation. The new FTHE model is then 358 

compared with an existing model and experimental data. The results show that the relative deviations of outlet 359 

temperatures between the modeled results and experimental data are within 7% for the new model and 19% for 360 

the existing model, respectively. The relative deviations of heat transfer rate are lower than 11% for the new 361 

model and 13% for the existing model. Meanwhile, the new model is about 1047 times faster than the existing 362 

model.  363 
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𝜁𝜁 = 1 − 𝐿𝐿𝑚𝑚𝑒𝑒 �−
(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎′

�̇�𝐶𝑎𝑎
� . (A.11) 

Based on Eq. (A.5) and Eq. (A.11), we can get the Eq. (6) shown in the main body. 504 

2. Calculation of (𝑼𝑼𝑼𝑼)𝟎𝟎  505 

In the assumed independent sensible heat transfer process, the heat flow rate is �̇�𝑄𝑠𝑠,0, the overall heat transfer 506 

coefficient is 𝑈𝑈0 and inlet temperatures and mass flow rates are �̇�𝑚𝑎𝑎,0, �̇�𝑚𝑤𝑤,0, 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0 and 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖,0. Then, the heat 507 

transfer effectiveness can be calculated by: 508 

𝜀𝜀0 =
�̇�𝑄𝑠𝑠,0

�̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚,0
 , (A.12) 

where �̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚,0 is the possibly maximum heat transfer rate: 509 

�̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚,0 = �̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖,0�𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖,0 − 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖,0�,     (A.13) 

and 510 

�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖,0 = 𝑚𝑚𝑖𝑖𝑖𝑖 (�̇�𝐶𝑎𝑎,0, �̇�𝐶𝑤𝑤,0), (A.14) 

where, �̇�𝐶𝑎𝑎,0 and �̇�𝐶𝑤𝑤,0 are the heat capacity rate of the air flow and water flow under nominal condition. 511 

The capacity rate ratio 𝑅𝑅𝐶𝐶,0 is defined as: 512 

𝑅𝑅𝐶𝐶,0 =
�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖,0

�̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚,0
 , (A.15) 

where, 513 

�̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚,0 = 𝑚𝑚𝑎𝑎𝑚𝑚 (�̇�𝐶𝑎𝑎,0, �̇�𝐶𝑤𝑤,0). (A.16) 

The number of heat transfer units 𝑁𝑁𝑇𝑇𝑈𝑈0 is: 514 

𝑁𝑁𝑇𝑇𝑈𝑈0 = 𝑓𝑓(𝜀𝜀0,𝑅𝑅𝐶𝐶,0, 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜), (A.17) 

where, 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜 is a parameter in this new FTHE model. It is associated with the structure of heat 515 

exchanger. Specific formulas of Eq. (A.17) for different heat exchanger flow arrangements are listed in Table 516 

A.1.  517 

Table A.1. Equations of ε and NTU for different heat exchanger flow arrangements [29] 518 

Flow arrangement 𝜀𝜀 = 𝑓𝑓(𝑁𝑁𝑇𝑇𝑈𝑈,𝑅𝑅𝐶𝐶 , 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜) 𝑁𝑁𝑇𝑇𝑈𝑈 = 𝑓𝑓(𝜀𝜀,𝑅𝑅𝐶𝐶 , 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜) 

counter flow heat exchanger 𝜀𝜀 =
1 − 𝐿𝐿𝑚𝑚𝑒𝑒[−𝑁𝑁𝑇𝑇𝑈𝑈(1− 𝑅𝑅𝐶𝐶)]

1 − 𝑅𝑅𝐶𝐶𝐿𝐿𝑚𝑚𝑒𝑒[−𝑁𝑁𝑇𝑇𝑈𝑈(1− 𝑅𝑅𝐶𝐶)] 𝑁𝑁𝑇𝑇𝑈𝑈(𝑅𝑅𝐶𝐶 ≠ 1) =
1

𝑅𝑅𝐶𝐶 − 1
ln (

1− 𝜀𝜀
1− 𝜀𝜀𝑅𝑅𝐶𝐶

) 
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𝑁𝑁𝑇𝑇𝑈𝑈(𝑅𝑅𝐶𝐶 = 1) =
𝜀𝜀

1 − 𝜀𝜀
 

parallel flow heat exchanger 𝜀𝜀 =
1 − 𝐿𝐿𝑚𝑚𝑒𝑒[−𝑁𝑁𝑇𝑇𝑈𝑈(1 + 𝑅𝑅𝐶𝐶)]

1 + 𝑅𝑅𝐶𝐶
 𝑁𝑁𝑇𝑇𝑈𝑈 =

ln (−𝜀𝜀 − 𝜀𝜀𝑅𝑅𝐶𝐶 + 1)
𝑅𝑅𝐶𝐶 + 1

 

cross flow heat exchanger with 

two streams unmixed 
𝜀𝜀 = 1 − 𝐿𝐿𝑚𝑚𝑒𝑒 �𝑁𝑁𝑇𝑇𝑁𝑁

0.22

𝑅𝑅𝐶𝐶
[𝐿𝐿𝑚𝑚𝑒𝑒(−𝑅𝑅𝐶𝐶𝑁𝑁𝑇𝑇𝑈𝑈0.78) − 1]�                     𝑁𝑁𝑇𝑇𝑈𝑈 = 𝑓𝑓(𝜀𝜀,𝑁𝑁𝑇𝑇𝑈𝑈,𝑅𝑅𝐶𝐶) 

cross flow heat exchanger with 

two streams mixed 
𝜀𝜀 = �

1
1− 𝐿𝐿𝑚𝑚𝑒𝑒(−𝑁𝑁𝑇𝑇𝑈𝑈) +

𝑅𝑅𝐶𝐶
1− 𝐿𝐿𝑚𝑚𝑒𝑒(−𝑅𝑅𝐶𝐶𝑁𝑁𝑇𝑇𝑈𝑈) −

1
𝑁𝑁𝑇𝑇𝑈𝑈

�
−1

 𝑁𝑁𝑇𝑇𝑈𝑈 = 𝑓𝑓(𝜀𝜀,𝑁𝑁𝑇𝑇𝑈𝑈,𝑅𝑅𝐶𝐶) 

 cross flow heat exchanger with 

the stream with the higher 

capacity mixed and the stream 

with the lower capacity unmixed 

𝜀𝜀 =
1
𝑅𝑅𝐶𝐶

{1 − 𝐿𝐿𝑚𝑚𝑒𝑒[𝑅𝑅𝐶𝐶(𝐿𝐿𝑚𝑚𝑒𝑒(−𝑁𝑁𝑇𝑇𝑈𝑈) − 1)]} 𝑁𝑁𝑇𝑇𝑈𝑈 = −ln �
ln (1− 𝜀𝜀𝑅𝑅𝐶𝐶)

𝑅𝑅𝐶𝐶
+ 1� 

cross flow heat exchanger with 

the stream with higher capacity 

unmixed and the stream with 

lower capacity mixed 

𝜀𝜀 = 1 − 𝐿𝐿𝑚𝑚𝑒𝑒 �−
1
𝑅𝑅𝐶𝐶

[1 − 𝐿𝐿𝑚𝑚𝑒𝑒(−𝑅𝑅𝐶𝐶𝑁𝑁𝑇𝑇𝑈𝑈)]� 𝑁𝑁𝑇𝑇𝑈𝑈 =
−ln[𝑅𝑅𝐶𝐶ln (1− 𝜀𝜀) + 1]

𝑅𝑅𝐶𝐶
 

(𝑈𝑈𝐴𝐴)0 is calculated by: 504 

(𝑈𝑈𝐴𝐴)0 = �̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖,0𝑁𝑁𝑇𝑇𝑈𝑈0. (A.18) 

3. Calculation of  𝜺𝜺′ and 𝑻𝑻𝒂𝒂,𝒊𝒊𝒊𝒊
′  505 

The overall heat transfer coefficient (𝑈𝑈𝐴𝐴)′ under equivalent dry-cooling condition is calculated by [41]: 506 

(𝑈𝑈𝐴𝐴)′ = �
1

(ℎ𝐴𝐴)𝑤𝑤′
+

1
(𝜂𝜂𝑜𝑜ℎ𝐴𝐴)𝑎𝑎′

�
−1

. (A.19) 

The number of exchanger heat transfer units 𝑁𝑁𝑇𝑇𝑈𝑈′ is: 507 

𝑁𝑁𝑇𝑇𝑈𝑈′ =
(𝑈𝑈𝐴𝐴)′ 
�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖′ =

(𝑈𝑈𝐴𝐴)′ 
�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖

 , (A.20) 

where 508 

�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖′ = �̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖 = 𝑚𝑚𝑖𝑖𝑖𝑖 (�̇�𝐶𝑎𝑎, �̇�𝐶𝑤𝑤),             (A.21) 

where �̇�𝐶𝑤𝑤 is the heat capacity rate of water flow. Then the heat transfer effectiveness 𝜀𝜀′ is calculated by: 509 

𝜀𝜀′ = 𝑓𝑓(𝑁𝑁𝑇𝑇𝑈𝑈′ ,𝑅𝑅𝐶𝐶′ , 𝑓𝑓𝑓𝑓𝑜𝑜𝑤𝑤 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑎𝑎𝐿𝐿𝑚𝑚𝐿𝐿𝑖𝑖𝑜𝑜),      (A.22) 

where 510 

𝑅𝑅𝐶𝐶′ =
�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖′

�̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚′ =
�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖
�̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚

 .  (A.23) 
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In Eq. (A.23), 504 

�̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚′ = �̇�𝐶𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑚𝑚𝑎𝑎𝑚𝑚��̇�𝐶𝑎𝑎, �̇�𝐶𝑤𝑤�. (A.24) 

The heat transfer effectiveness, 𝜀𝜀′, is defined as the actual heat transfer �̇�𝑄′ divided by the maximum possibly 505 

heat transfer �̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚′ : 506 

𝜀𝜀′ =
�̇�𝑄′

�̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚′  (A.25) 

The actual heat transfer rate �̇�𝑄′ is: 507 

�̇�𝑄′ =  �̇�𝐶𝑎𝑎′ �𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜

′ � =  �̇�𝐶𝑎𝑎�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜

′ �. (A.26) 

The maximum possibly heat transfer rate �̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚′  can be calculated by: 508 

�̇�𝑄𝑚𝑚𝑎𝑎𝑚𝑚′ = �̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖′ �𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖

′ � = �̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 �.     (A.27) 

Substituting Eq. (A.26) and Eq. (A.27) into Eq. (A.25): 509 

𝜀𝜀′ =
�̇�𝐶𝑎𝑎(𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖

′ − 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
′ )

�̇�𝐶𝑚𝑚𝑖𝑖𝑖𝑖�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 � 

 . (A.28) 

According to Eq. (2) in the main body of the paper, 𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
′  can be calculated by:      510 

  𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜
′ = 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖

′ − 𝜁𝜁�𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
′ − 𝑇𝑇3�. (A.29) 

Then Eq. (A.29) is substituted into Eq. (A.28), we can get Ta,in
′  as the Eq. (15) shown in the main body. 511 


