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Abstract 17 

 Dew-point evaporative cooling can efficiently bring down the air temperature to 18 

near dew point through water evaporation. Most dew-point evaporative coolers 19 

employing conventional plate type configurations have approached their limit and 20 

leveled off. To further improve the performance of dew-point evaporative cooling, a 21 

novel counter-flow tubular architecture is proposed in this paper. Based on the 22 

momentum, energy and mass balances, a rotating axisymmetric mathematical model is 23 

established for the new cooler. The heat and mass transfer process in the cooler is 24 

analyzed and compared with that of a conventional plate-type cooler. The cooling 25 

intensity, evaporation intensity and convective heat and mass transfer coefficient are 26 

discussed to elucidate the advanced cooling behavior of a tubular cooler. The results 27 

show that: (1) for ambient air with 30.0–38.0 ℃ temperature and 12.0–20.0 g/kg 28 

humidity, the product air temperature of a tube-type dew-point evaporative cooler is 29 

1.6–3.0 ℃ lower than that of a plate-type, and the dew-point effectiveness is 0.18 higher; 30 
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(2) the working air of the tubular cooler reaches humidity saturation at 0.05 m after 31 

entering the wet channel, which is significantly shorter than the plate structure by 0.25 32 

m; (3) in the tubular wet channel, the channel length that achieves active cooling is 33 

longer than that of a plate-type cooler, and its convective heat and mass transfer 34 

coefficient are above 150 W/(m2·K) and 0.04 m/s respectively, i.e., 30 W/(m2·K) higher 35 

and 2.7 times to the plate-type cooler.  36 

 37 

Keyword: Dew-point evaporative cooling, heat and mass exchanger, advanced 38 

evaporative cooler, energy efficiency 39 

 40 

Nomenclature Greek symbols 

𝐴 area (m2) 𝛿 thickness (mm) 

𝐶 specific heat at constant pressure (kJ/(kg⋅K)) 𝜀 cooling eff ectiveness 

𝐷𝑣𝑎 diff usion coefficient (m2/s) 𝜇 dynamic viscosity (Pa∙s) 

ℎ𝑓𝑔 latent heat evaporation (kJ/kg) 𝜌 density (kg/m3) 

𝑟1 internal radius (mm) 𝜔 humidity ratio (kg/kg) 

𝑟2 external radius (mm) Subscripts 

𝑘 thermal conductivity (W/(m⋅K))  

𝐿 channel length (m) 0 initial state 

𝑃 pressure (Pa) 𝑎 air 

𝑟𝑎 working air ratio 𝑑 dry channel 

𝑡 centigrade temperature (℃) 𝑤 wet channel 

𝑇 thermodynamic temperature (K) 𝑑𝑝 dew point 

𝑣 Velocity(m/s) ⅈ𝑛 inlet 

𝑚̇ mass flow rate (kg/s) 𝑜𝑢𝑡 outlet 

𝑉̇ volumetric flow rate (m3/s) 𝑓 water film 

𝑄̇ cooling capacity (W) 𝑠 product 

𝑊̇ water evaporation rate (kg/s) 𝑝𝑙 plate 

𝑞 cooling intensity (W/m3) 𝑠𝑎 saturation 

𝑞𝑚 evaporation intensity (kg/(m3∙s)) 𝑣 water vapor 

ℎ̄ convective heat transfer coefficient (W/(m2∙K) 𝑟 r-direction 

ℎ̄𝑚 convective mass transfer coefficient (m/s) 𝑧 z-direction 

𝑅𝑒 Reynolds number   

  41 
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1.Introduction 42 

 Ever since Paris Agreement was proposed and became effective in 2020 [1], the 43 

entire world is committed to combat the climate change through introducing energy-44 

saving policies, adopting green-energy technologies and executing sustainable 45 

development plans, etc. Conserving electricity is an important mission as current power 46 

generation is still dominated by coal plants, which is one of the main causes to 47 

worldwide air pollution and carbon emissions [2, 3]. Studies show that conventional 48 

mechanical air conditioner takes about 40% of the household electricity consumption 49 

in temperate industrialized countries and above 50% in the tropics, and the percentage 50 

is much larger in tall buildings [4, 5]. Meanwhile, common refrigerants in conventional 51 

air conditioners, such as HFCs, usually have a global warming potential equivalent to 52 

hundreds to thousands of times of CO2 and thus can lead to significant greenhouse 53 

effects [6]. Therefore, it is of great importance to develop novel cooling technologies 54 

that is energy-efficient and environmentally friendly.  55 

 Evaporative cooling technology, as driven by latent heat transfer of water 56 

evaporation, provides an ideal solution for many cooling applications. With the 57 

advantages of high energy efficiency, great cooling capacity, low manufacturing cost 58 

and environmental friendliness, many researchers have been devoted to developing 59 

evaporative coolers [7-9]. Evaporative cooling is categorized as direct evaporative 60 

cooling and indirect evaporative cooling (IEC). Dew-point evaporative cooler (DPEC), 61 

as a novel IEC technology proposed by Valeriy Maisotsenko in 1976 [10, 11], can cool 62 

the air towards its dew-point temperature with a constant air absolute humidity [12]. 63 

DPEC can be further classified into cross-flow and counter-flow according to their flow 64 

patterns. Cross-flow DPEC normally obtain 0.55–0.85 dew-point effectiveness with 65 

compact structure and low energy consumption, while counter-flow DPEC have dew-66 

point effectiveness above 0.90 at the expense of the higher flow resistance [13]. 67 

Recent breakthroughs in DPEC technology have attracted lots of attentions from 68 

different research groups. Many studies have been carried out on the cooler design, 69 

material development, mathematical modeling, parameter optimization, and 70 

operational strategy. To better retain surface wetness and improved heat transfer 71 

effectiveness of DPEC, investigations on the water supply, wet channel material and 72 

heat and mass transfer medium have been conducted. Al-Zubaydi et al. [14] 73 

investigated the water spray configuration on IEC and revealed that the mixed internal 74 

and external sprays performed best with the maximum COP of 19.2. Xu et al. [15, 16] 75 
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studied different types of wick materials and methods for supplying water in the wet 76 

channels. Their results showed that the diffusion and evaporation ability of most textile 77 

fabrics are much better than the kraft paper. Furthermore, Xu tested the cooling 78 

performance of a dedicated cooler with the Coolmax® fiber pasted on wet channel wall. 79 

Under the standard test condition (i.e., dry-bulb temperature of 37.8 ℃ and wet-bulb 80 

temperature of 21.1 ℃), the wet-bulb effectiveness and dew-point effectiveness were 81 

1.14 and 0.75, respectively, and the COP reached 52.5 at a working air ratio of 0.36. 82 

Liu et al. [17] optimized the flow arrangements of the air and water, the increase of wet-83 

bulb effectiveness and COP were 29% and 35% compared with commercial DPEC. 84 

Pervin et al. [18] experimentally compared five new natural porous materials under hot 85 

and dry climate. When the inlet air velocities lay in 0.1–1.2 m/s, eucalyptus fibers (EF) 86 

and ceramic pipes were the two best materials with cooling effectiveness in the ranges 87 

of 0.33–0.72 and 0.26–0.68, and cooling capacity spanning 0.13–0.71 kW and 0.12–88 

0.55 kW. Zhao et al. [19] tested different materials for air channels. They concluded 89 

that wick pasted on metal, for example, sintered wick and cooper, is the most suitable 90 

material structure. The thermal conductivity and porosity of heat and mass transfer 91 

medium materials have negligible impact on the heat and mass transfer process. 92 

Many scholars also analyzed the cooling performance of DPEC under different 93 

configurations. Wan et al. [20] investigated the influence of the flow configurations of 94 

water and supply air. Their result showed that the configuration with supply air and 95 

water film flow conversely had better performance on product air temperature and 96 

cooling effectiveness, in contrast to a co-flowing pattern. Min et al. [21] compared 97 

counter-flow and cross-flow DPEC with the same size and working conditions, and the 98 

channel gap was optimized to be 2–4 mm for both configurations. It was found that 99 

counter-flow cooler had 2%–15% better performance on condensation ratio than cross-100 

flow cooler. Operational conditions, number of transfer units, and height to length ratio 101 

of the two configurations were also discussed. Zheng et al. [22] studied vapor 102 

condensation under hot and humid condition in a cross-flow cooler. It was found that, 103 

under full condensation state, the maximum latent heat transfer was 3.90 kW. Baakeem 104 

et al. [23] explored the feasibility of a counter-flow DPEC in eight Arab Gulf cities, 105 

with the highest relative humidity to be 73% in Jeddah, and validated with the research 106 

of Riangvilaikul and Kuma [24, 25]. Yang et al. [26] analyzed the cooling performance 107 

of different DPEC. It was found that the cooler with parallel inlet pipes could adapt to 108 

humid climates and had a good feasibility, with energy saving rates of 49% and 19% in 109 
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Urumqi and Changsha, respectively.  110 

Apart from the experimental work, a few modeling efforts have been established 111 

for DPEC. Chun et al. [27] established a thermodynamic model for a dew-point cooling 112 

system. It was found that the cooling capacity and COP of the system were negatively 113 

correlated. Golizadeh et al. [28] proposed an optimization method for a counter-flow 114 

DPEC based on digital twins. Results showed that the surface area and COP of the 115 

optimized cooler can be increased by 24% and 73%, respectively. Jafarian et al. [29] 116 

used the neural network to predict the cooling effect of a counter-flow DPEC with high 117 

accuracy and fast response, and then optimized the cooler based on the prediction model. 118 

The optimum result showed that the COP was reduced by 3%, while the overall specific 119 

area was increased by 16% in hot climate. Lin et al. [30] proposed a robust optimization 120 

framework based on dimensional analysis, regression analysis and multi-to-single-121 

objective optimization. Their optimization results showed that the suggested channel 122 

length and ratio of working to supply air are 0.50 m and 0.40 respectively, and the COP 123 

can be improved by 36%–92%. Shahram and Maryam [31] numerically investigated 124 

three configurations of solar desiccant cooling (SDCS) integrated with DPEC. The best 125 

performance was obtained when SDCS used two M-Cycle coolers, with the average 126 

COP at 0.728 and product air temperature at 16.1 ℃. Pandelidis et al. [32, 33] simulated 127 

eight types of DPEC and analyzed a novel water desalination system based on a 128 

modular counter-flow DPEC. A mathematical model was also created and validated. 129 

Sohani et al. [34] optimized a counter-flow DPEC to enhance a power generation 130 

system. They revealed that the optimized cooler could achieve 9% improvement in the 131 

annual net generated power. 132 

It can be summarized that various research projects have been conducted to develop 133 

and optimize DPEC through experimental investigations and model predictions. With 134 

an emphasis of the flat-plate type heat and mass exchanger, which is easy to model and 135 

manufacture, their works have pushed the flat-plate design towards its performance 136 

limit and a giant leap is hard to achieve in the future. In flat-plate coolers, the primary 137 

convective heat and mass transfer in each channel is one-dimensional and takes place 138 

perpendicularly to the air flows. This limits the rate capability of heat and mass transfer 139 

in the cooling process. To date, little research has considered heat and mass exchangers 140 

beyond a plate-type structure, where the transfer can happen in all transverse directions. 141 

A typical idea can refer to the shell and tube heat exchanger, which owns the merits of 142 

large heat and mass transfer effectiveness, low electricity consumption, great 143 
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compactness, and the ability to induce turbulence [35-38]. Although shell and tube heat 144 

exchangers have been popular and widely adopted, little research has ever thought of 145 

applying a similar structure to the DPEC. 146 

Herein we aim to boost the performance of the DPEC through developing and 147 

investigating a new possible architecture. Gaining insights from the shell and tube heat 148 

exchanger, a tube-type DPEC is judiciously designed. A two-dimensional axisymmetric 149 

computational fluid dynamics (CFD) model is established for the cooler, by considering 150 

the equations of motion, continuity, and energy and mass balances. The cooling 151 

performance and heat and mass transfer rate of the new cooler geometry are 152 

quantitatively analyzed and compared with a traditional plate-type cooler. The new 153 

tubular cooler demonstrates promising cooling performance in cooling intensity, water 154 

evaporation intensity and convective heat transfer coefficient.  155 

 156 

2.Design of the tubular cooler architecture 157 

 The original DPEC has a flat-plate architecture [11, 15, 26, 27, 30, 32], as shown 158 

in Fig. 1(a). It is constructed by stacking alternating dry and wet air channels. The dry 159 

and wet channels are partitioned by an impervious layer, and a wick material with good 160 

water absorptivity is adhered to the inner surfaces of the wet channels. During operation, 161 

there are three air streams involved in the cooler, namely, supply air, product air and 162 

working air. The supply air from the ambient flows into the dry channels and is 163 

separated into two air streams when it reaches the channel ends. One air stream, the 164 

product air, is supplied to the room, and the other portion will enter the wet channels to 165 

promote water evaporation on the inner walls and is finally discharged to the outdoor 166 

as the working air. With this arrangement, the supply air temperature can eventually be 167 

reduced approaching to its dew point. 168 

 Based on similar working principles, this paper proposes a novel tubular DPEC. 169 

As shown in Fig. 1(b), the tubular DPEC is composed of an inner tube, an outer tube 170 

shell and two ferrules at tube ends. The inner pipe acts as a dry channel and the annular 171 

space between the inner and outer tubes works as a wet channel. A layer of wick 172 

material is wrapped around the outer wall of the inner tube to stimulate the evaporative 173 

cooling. The ferrules help to position the inner and outer tubes so that they can stay 174 

concentric. During operation, the supply air enters the inner pipe from the left end, and 175 

the product air exits from the right. Concurrently, the working air flows in the annular 176 

wet channel in the opposite direction to the supply air and leaves from the left end of 177 
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the cooler. As shown in Fig. 1 (c), in order to increase the cooling capacity, multiple 178 

tubular units can be housed together to form a DPEC system which will be vertically 179 

configured, and a number of small holes will be drilled around the outer wall at the inlet 180 

of the wet channel, and the outer tube will be installed with a fixed chuck to correctly 181 

introduce the water to the location of the small holes. During operation, water will be 182 

sprayed from the small holes to the wick material on the inner wall of the wet channel. 183 

Under the effect of gravity, the water will flow slowly until it is uniformly distributed 184 

to the whole wick, and finally flow out along the drainage ditch at the bottom.  185 

The advantages of the tube-type cooler over the plate-type are rather intuitive. On 186 

the one hand, due to the annular architecture of tube-type cooler, it provides larger 187 

contact surface area per unit channel length when the channel dimensions (diameter) 188 

are similar to those (width and height) of a plate-type cooler. Hence, the heat and mass 189 

transfer in the air channels are expected to be more effective to achieve better cooling 190 

performance. On the other hand, the heat transfer in the tube-type cooler takes place in 191 

all radial directions, so a single wet channel is sufficient to cool a dry channel, whereas 192 

the heat transfer in a plate-type cooler only happens in a single direction (along the 193 

channel height), which consequently requires two adjacent wet channels for each dry 194 

channel. This simplifies the manufacturing and assembly of a tube-type cooler. 195 

(a) (c) 

 

 

(b) 

 

Fig. 1. Counter-flow DPEC structure. (a)Plate structure. (b) Tube structure. (c) DPEC 196 

system of tube-type. 197 

 198 



8 

 

3.Modeling and simulation 199 

3.1 Mathematical model 200 

A rotating axisymmetric mathematical model was established to study the 201 

performance of the counter-flow tube-type DPEC. As shown in Fig. 2(a) and 2(b), the 202 

model geometry of both tube-type and plate-type coolers are composed of four domains. 203 

The translucent red and blue areas are dry and wet channels, respectively, between 204 

which are the channel wall and water film. For the tube-type cooler, the continuity, 205 

momentum balance, energy balance and mass balance of the supply air, working air, 206 

channel wall and water film are considered. Before deriving the governing equations of 207 

these four parts, the following assumptions are made: 208 

a. The water film is stationary and evenly distributed on the wet channel surfaces, owing 209 

to the wettability of the wick material.  210 

b. Variations of the flow field in the circumferential direction of the channels are 211 

ignored. 212 

c. The air density is assumed constant in the cooler because of the small changes of air 213 

temperature and pressure. 214 

d. The influence of gravity on fluid is not considered. 215 

f. The cooler is well insulated and does not exchange heat with the environment. 216 

The mathematical model of the tubular counter-flow DPEC is shown as follows, 217 

and the initial and boundary conditions are summarized in Table 1. The momentum and 218 

continuity equations are given in reference [39], and the energy and diffusion equations 219 

can be found in reference [40]. However, these four control equations are transformed 220 

into a 2D cylindrical coordinates form in this paper. 221 

(a)  

 

 

  222 
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(b)  

   

 

Fig. 2. Model geometry of counter-flow DPEC. (a) Tube-type. (b) Plate-type. 223 

 224 

(1) Supply air 225 

Momentum equation: 226 

{
 
 

 
 𝜌𝑎 (𝑢𝑑𝑟

𝜕𝑢𝑑𝑟
𝜕𝑟

+ 𝑢𝑑𝑧
𝜕𝑢𝑑𝑟
𝜕𝑧

) = −
𝜕𝑃𝑑
𝜕𝑟

+ 𝜇𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑢𝑑𝑟
𝜕𝑟

) +
𝜕2𝑢𝑑𝑟
𝜕𝑧2

]

𝜌𝑎 (𝑢𝑑𝑟
𝜕𝑢𝑑𝑧
𝜕𝑟

+ 𝑢𝑑𝑧
𝜕𝑢𝑑𝑧
𝜕𝑧

) = −
𝜕𝑃𝑑
𝜕𝑧

+ 𝜇𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑢𝑑𝑧
𝜕𝑟

) +
𝜕2𝑢𝑑𝑧
𝜕𝑧2

]

 (1) 

where 𝜌𝑎 is the density of air, 𝑢𝑑𝑟 and 𝑢𝑑𝑧 are the velocity of dry air in r direction 227 

and z direction respectively, 𝑃𝑑 is the pressure of dry air, 𝜇𝑎 is the dynamic viscosity 228 

of air. 229 

Continuity equation: 230 

1

𝑟

𝜕(𝑟𝑢𝑑𝑟)

𝜕𝑟
+
𝜕𝑢𝑑𝑧
𝜕𝑧

= 0 (2) 

Energy equation: 231 

𝜌𝑎𝐶𝑎 (𝑢𝑑𝑟
𝜕𝑇𝑑
𝜕𝑟

+ 𝑢𝑑𝑧
𝜕𝑇𝑑
𝜕𝑧
) = 𝑘𝑎 [

1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑇𝑑
𝜕𝑟
) +

𝜕2𝑇𝑑
𝜕𝑧2

] (3) 

where 𝐶𝑎  is the specific heat of air at constant pressure, 𝑇𝑑  is the thermodynamic 232 

temperature of dry air, 𝑘𝑎 is the thermal conductivity of air. 233 

(2) Working air 234 

Momentum equation: 235 

{
 
 

 
 𝜌𝑎 (𝑢𝑤𝑟

𝜕𝑢𝑤𝑟
𝜕𝑟

+ 𝑢𝑤𝑧
𝜕𝑢𝑤𝑟
𝜕𝑧

) = −
𝜕𝑃𝑤
𝜕𝑟

+ 𝜇𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑢𝑤𝑟
𝜕𝑟

) +
𝜕2𝑢𝑤𝑟
𝜕𝑧2

]

𝜌𝑎 (𝑢𝑤𝑟
𝜕𝑢𝑤𝑧
𝜕𝑟

+ 𝑢𝑤𝑧
𝜕𝑢𝑤𝑧
𝜕𝑧

) = −
𝜕𝑃𝑤
𝜕𝑧

+ 𝜇𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑢𝑤𝑧
𝜕𝑟

) +
𝜕2𝑢𝑤𝑧
𝜕𝑧2

]

 

(4) 

where 𝑢𝑤𝑟  and 𝑢𝑤𝑧  are the velocity of wet air in r direction and z direction 236 

respectively, 𝑃𝑤 is the pressure of wet air. 237 

Continuity equation: 238 

1

𝑟

𝜕(𝑟𝑢𝑤𝑟)

𝜕𝑟
+
𝜕𝑢𝑤𝑧
𝜕𝑧

= 0 (5) 

Energy equation: 239 
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𝜌𝑎𝐶𝑎 (𝑢𝑤𝑟
𝜕𝑇𝑤
𝜕𝑟

+ 𝑢𝑤𝑧
𝜕𝑇𝑤
𝜕𝑧

) = 𝑘𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑇𝑤
𝜕𝑟

) +
𝜕2𝑇𝑤
𝜕𝑧2

] (6) 

where 𝑇𝑤 is the temperature of wet air. 240 

Diffusion equation: 241 

𝑢𝑤𝑟
𝜕𝜌𝑣
𝜕𝑟

+ 𝑢𝑤𝑧
𝜕𝜌𝑣
𝜕𝑧

= 𝐷𝑣𝑎 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝜌𝑣
𝜕𝑟
) +

𝜕2𝜌𝑣
𝜕𝑧2

] (7) 

where 𝜌𝑣 is the density of water vapor, 𝐷𝑣𝑎 is the diff usion coefficient of water vapor 242 

in the air. 243 

(3) Channel wall 244 

Energy equation: 245 

𝑘𝑝𝑙 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑇𝑝𝑙

𝜕𝑟
) +

𝜕2𝑇𝑝𝑙

𝜕𝑧2
] = 0 (8) 

where 𝑘𝑝𝑙 and 𝑇𝑝𝑙 are the thermal conductivity and thermodynamic temperature of 246 

channel wall respectively.  247 

(4) Water film 248 

Energy equation: 249 

𝑘𝑓 [
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑇𝑓

𝜕𝑟
) +

𝜕2𝑇𝑓

𝜕𝑧2
] = 0 (9) 

where 𝑘𝑓  and 𝑇𝑓  are the thermal conductivity and thermodynamic temperature of 250 

water film respectively.  251 

Moreover, the necessary thermodynamic and transport properties of moist air can 252 

be obtained from the literature [4, 41, 42]. 253 

 In order to make a comprehensive comparison with a plate-type cooler, the 254 

mathematical model of plate-type cooler needs to be established. Here, we transform 255 

the transient model established by Lin et al. [43] into a steady-state model, by setting 256 

the time derivatives of relevant variables to 0. 257 

Table 1 Initial and boundary conditions. 258 

Supply air  

boundary conditions Initial conditions 

0 ≤ 𝑧 ≤ 𝐿, 0 ≤ 𝑟 ≤ 𝑟1 

𝑧 = 0:  𝑢𝑑𝑧 = 𝑢𝑠, 𝑢𝑑𝑟 = 0, 𝑇𝑑 = 𝑇𝑠 

𝑧 = 𝐿:  𝑢𝑤𝑧 = (1 − 𝑟𝑎)𝑢𝑠, 
𝜕𝑇𝑑

𝜕𝑧
= 0 

𝑟 = 𝑟1: 𝑢𝑑𝑧 = 0, 𝑢𝑑𝑟 = 0, 𝑇𝑑 = 𝑇𝑠, 𝑘𝑎
𝜕𝑇𝑑

𝜕𝑟
= 𝑘𝑝𝑙

𝜕𝑇𝑝𝑙

𝜕𝑟
 

𝑟 = 0: 
𝜕𝑢𝑑𝑧

𝜕𝑟
= 0, 

𝜕𝑇𝑑

𝜕𝑟
= 0 

𝑢𝑑𝑟 = 0,  

𝑢𝑑𝑧 = 𝑢𝑠, 

 𝑇𝑑 = 𝑇0 

Working air  

boundary conditions Initial conditions 

0 ≤ 𝑧 ≤ 𝐿, 𝑟1 + 𝛿𝑓 + 𝛿𝑝𝑙 ≤ 𝑟 ≤ 𝑟2 𝑢𝑤𝑟 = 0, 
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𝑧 = 0: 𝑃𝑤 = 0, 
𝜕𝑇𝑤

𝜕𝑧
= 0, 

𝜕𝜌𝑣

𝜕𝑧
= 0 

𝑧 = 𝐿: 𝑢𝑤𝑧 = −𝑟𝑎𝑢𝑠, 𝑢𝑤𝑟 = 0, 𝑇𝑤 = 𝑇𝑑, 𝜌𝑣 = 𝜌𝑣𝑠 

𝑟 = 𝑟1 + 𝛿𝑓 + 𝛿𝑝𝑙: 𝑢𝑤𝑧 = 0, 𝑢𝑤𝑟 = 0, 

𝜌𝑣 = 𝜌𝑣,𝑠𝑎(𝑇𝑓), 

𝜕𝑇𝑤

𝜕𝑟
+ ℎ𝑓𝑔𝐷𝑣𝑎

𝜕𝜌𝑣

𝜕𝑟
= 𝑘𝑓

𝜕𝑇𝑓

𝜕𝑟
  

𝑟 = 𝑟2:  
𝜕𝑢𝑤𝑧

𝜕𝑟
= 0, 𝑘𝑎

𝜕𝑇𝑤

𝜕𝑟
= 0, 𝐷𝑣𝑎

𝜕𝜌𝑣

𝜕𝑟
= 0 

𝑢𝑤𝑧 = 0, 

 𝑇𝑤 = 𝑇0,  

𝜌𝑣 = 𝜌𝑣,𝑠𝑎(𝑇0) 

Channel wall  

boundary conditions Initial conditions 

0 ≤ 𝑧 ≤ 𝐿, 𝑟1 ≤ 𝑟 ≤ 𝑟1 + 𝛿𝑝𝑙 

𝑧 = 𝐿: 
𝜕𝑇𝑝𝑙

𝜕𝑧
= 0 

𝑧 = 0:  
𝜕𝑇𝑝𝑙

𝜕𝑧
= 0 

𝑟 = 𝑟1 + 𝛿𝑝𝑙: 𝑘𝑝𝑙
𝜕𝑇𝑝𝑙

𝜕𝑟
= 𝑘𝑓

𝜕𝑇𝑓

𝜕𝑟
 

𝑇𝑝𝑙 = 𝑇0 

Water film  

boundary conditions Initial conditions 

0 ≤ 𝑧 ≤ 𝐿, 𝑟1 + 𝛿𝑝𝑙 ≤ 𝑟 ≤ 𝑟1 + 𝛿𝑝𝑙 + 𝛿𝑓 

𝑧 = 𝐿: 
𝜕𝑇𝑓

𝜕𝑧
= 0 

𝑧 = 0:  
𝜕𝑇𝑓

𝜕𝑧
= 0 

𝑇𝑓 = 𝑇0 

Note: Pw is a gauge pressure. 259 

 260 

3.2 Performance evaluation 261 

 Dew-point effectiveness represents the degree of air cooling towards its dew-point 262 

temperature by the DPEC, which can be calculated as below 263 

𝜀𝑑𝑝 =
𝑡𝑑,𝑖𝑛 − 𝑡𝑑,𝑜𝑢𝑡
𝑡𝑑,𝑖𝑛 − 𝑡𝑑𝑝,𝑖𝑛

 (10) 

where 𝑡𝑑,𝑖𝑛  and 𝑡𝑑,𝑜𝑢𝑡  are the inlet and outlet temperature of dry air respectively, 264 

𝑡𝑑𝑝,𝑖𝑛 is inlet air dew point temperature. 265 

In addition, the cooling capacity in the dry channel and water evaporation rate in 266 

the wet channel of DPEC are expressed as 267 

𝑄̇ = 𝑚̇𝑑𝐶𝑎(𝑡𝑑,𝑖𝑛 − 𝑡𝑑,𝑜𝑢𝑡) (11) 

𝑊̇ = 𝑉̇𝑤(𝜌𝑣,𝑜𝑢𝑡 − 𝜌𝑣,𝑖𝑛) 
(12) 
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where 𝑚̇𝑑 is the mass flow rate of dry air, 𝑉̇𝑤 is the volumetric flow rate of wet air, 268 

𝜌𝑣,𝑜𝑢𝑡  and 𝜌𝑣,𝑖𝑛  are the density of outlet and inlet water vapor in the wet channel 269 

respectively. 270 

To analyze the heat transfer rate along the dry and wet channels, the cooling 271 

intensity at different channel positions can be evaluated. The cooling intensity 272 

represents the cooling capacity per unit volume of the air flow. Hence, for a tube-type 273 

cooler, the cooling intensity of dry channel is calculated as 274 

𝑞 =
𝑑𝑄̇

𝑑𝑉
=
𝑚̇𝑑𝐶𝑎𝑑𝑡𝑑

𝜋𝑟1
2𝑑𝑧

= 𝑣𝑑̅̅ ̅𝜌𝑎𝐶𝑎
𝑑𝑡𝑑
𝑑𝑧

 (13) 

where 𝑣𝑑̅̅ ̅ and 𝑡𝑑 are the average cross-section air velocity and temperature in the dry 275 

channel respectively. 276 

For a plate-type cooler, the cooling intensity of dry channel is given by  277 

𝑞 =
𝑑𝑄̇

𝑑𝑉
=
𝑚̇𝑝𝐶𝑎𝑑𝑡𝑑

𝑊𝐻𝑑𝑥
= 𝑣𝑑̅̅ ̅𝜌𝑎𝐶𝑎

𝑑𝑡𝑑
𝑑𝑥

 (14) 

where 𝑊 and 𝐻 are the channel width and height of plate-type cooler respectively. 278 

In the wet channel, there are two major forms of heat transfer between the working 279 

air flow and the water film, including latent and sensible heat transfer. Latent heat 280 

transfer is caused by the water evaporation in the wet channels, and sensible heat 281 

transfer is driven by the temperature difference between the working air and the water 282 

film, so the cooling intensities of wet channel can be divided into latent heat and 283 

sensible heat cooling intensities.  284 

For a tube-type cooler, the latent heat and sensible heat cooling intensities are 285 

calculated by the following equations  286 

𝑞𝐿 = ℎ𝑓𝑔𝑞𝑣
𝑑𝐴𝑓

𝑑𝑉
= ℎ𝑓𝑔

𝐷𝑣𝑎𝜕𝜌𝑣
𝜕𝑟

∙
2𝜋𝑟𝑓𝑑𝑧

(𝜋𝑟2
2 − 𝜋𝑟𝑓2)𝑑𝑧

=
2𝑟𝑓ℎ𝑓𝑔𝐷𝑣𝑎𝜕𝜌𝑣

(𝑟2
2 − 𝑟𝑓2)𝜕𝑟

|

𝑟=𝑟𝑓

 (15) 

𝑞𝑆 = 𝑞ℎ ∙
𝑑𝐴𝑓

𝑑𝑉
=
𝑘𝑎𝜕𝑇𝑤
𝜕𝑟

∙
2𝜋𝑟𝑓𝑑𝑧

(𝜋𝑟2
2 − 𝜋𝑟𝑓2)𝑑𝑧

=
2𝑟𝑓𝑘𝑎𝜕𝑇𝑤

(𝑟2
2 − 𝑟𝑓2)𝜕𝑟

|

𝑟=𝑟𝑓

 (16) 

where hfg is the latent heat of water evaporation, qv is the water film surface evaporation 287 

flux, dAf and dV is water film surface area and air volume with a small channel length. 288 

rf and r2 are the water film and wet channel radius respectively, qh is the sensible heat 289 

flux on the surface of water film.  290 

As for a plate-type cooler, the latent heat and sensible heat cooling intensities are 291 

calculated as 292 
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𝑞𝐿 = ℎ𝑓𝑔𝑞𝑣 ∙
𝑑𝐴𝑓

𝑑𝑉
= ℎ𝑓𝑔 ∙

𝐷𝑣𝑎𝜕𝜌𝑣
𝜕𝑦

∙
2𝑊𝑑𝑧

𝑊𝐻𝑑𝑧
=
2ℎ𝑓𝑔𝐷𝑣𝑎𝜕𝜌𝑣

𝐻𝜕𝑦
|
𝑦=𝑦𝑓

 (17) 

𝑞𝑆 = 𝑞ℎ ∙
𝑑𝐴𝑓

𝑑𝑉
=
𝑘𝑎𝜕𝑇𝑤
𝜕𝑦

∙
2𝑊𝑑𝑧

𝑊𝐻𝑑𝑧
=
2𝑘𝑎𝜕𝑇𝑤
𝐻𝜕𝑦

|
𝑦=𝑦𝑓

 (18) 

where 𝑑𝐴𝑓 = 2𝑊𝑑𝑧  because water on both the upper and lower sides of the wet 293 

channel can evaporate in the plate-type cooler, and 𝑦𝑓  is at the water film surface 294 

position. 295 

Since the humidity change in the dry channel can be ignored, the mass transfer rate 296 

is only analyzed in the wet channel. The evaporation intensity represents the water 297 

evaporation rate per unit volume of the air flow. Consequently, for a tube-type cooler, 298 

the evaporation intensity of wet channel is calculated as   299 

𝑞𝑚 =
𝑑𝑊̇

𝑑𝑉
= −

𝑉̇𝑤𝑑𝜌𝑣

(𝜋𝑟2
2 − 𝜋𝑟𝑓2)𝑑𝑧

=
𝑣𝑤̅̅̅̅ (𝜋𝑟2

2 − 𝜋𝑟𝑓
2)𝑑𝜌𝑣

(𝜋𝑟2
2 − 𝜋𝑟𝑓2)𝑑𝑧

= 𝑣𝑤̅̅̅̅
𝑑𝜌𝑣
𝑑𝑧

 (19) 

where 𝑣𝑤̅̅̅̅  is the average cross-section air velocity in the wet channel. 300 

For a plate-type cooler, the evaporation intensity of wet channel is given by  301 

𝑞𝑚 =
𝑑𝑊̇

𝑑𝑉
= −

𝑉̇𝑤
𝑊𝐻

𝑑𝜌𝑣
𝑑𝑥

=
𝑣𝑤̅̅̅̅ 𝑊𝐻

𝑊𝐻

𝑑𝜌𝑣
𝑑𝑥

= 𝑣𝑤̅̅̅̅
𝑑𝜌𝑣
𝑑𝑥

 (20) 

The convective heat and mass transfer coefficients in the wet channel are calculated 302 

to further measure the cooling performance of the DPEC system. They are defined as 303 

the ratio of the longitudinal heat and mass flux of the water film to the average 304 

temperature and humidity difference between the water film and the working air 305 

respectively[40].  306 

The convective heat transfer coefficients in the wet channel of tube-type and plate-307 

type coolers are calculated as 308 

tube-type: ℎ̄ = |
𝑘𝑓𝜕𝑇𝑝𝑙

(𝑡𝑓̅ − 𝑡𝑤̅̅ ̅)𝜕𝑟
|

𝑟=𝑟𝑓

 (21) 

plate-type: ℎ̄ = |
𝑘𝑓𝜕𝑇𝑝𝑙

(𝑡𝑓̅ − 𝑡𝑤̅̅ ̅)𝜕𝑦
|

𝑦=𝑦𝑓

 (22) 

where 𝑡𝑓̅ and 𝑡𝑤̅̅ ̅ are the average temperature of water film and wet film respectively. 309 

The convective mass transfer coefficients in the wet channel of tube-type and plate-310 

type coolers are calculated as 311 
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tube-type: ℎ̄𝑚 = |
𝐷𝑣𝑎𝜕𝜌𝑣

(𝜌𝑓̅̅ ̅ − 𝜌𝑤̅̅̅̅ )𝜕𝑟
|

𝑟=𝑟𝑓

 (23) 

plate-type: ℎ̄𝑚 = |
𝐷𝑣𝑎𝜕𝜌𝑣

(𝜌𝑓̅̅ ̅ − 𝜌𝑤̅̅̅̅ )𝜕𝑦
|

𝑦=𝑦𝑓

 (24) 

where 𝜌𝑓̅̅ ̅ and 𝜌𝑤̅̅̅̅  are the average water vapor density of water film and wet film 312 

respectively. 313 

 The pressure drop appears as the air flows in the channels, so the maximum 314 

pressure drop in DPEC is found to be the pressure difference between the dry channel 315 

inlet 𝑃𝑑,𝑖𝑛 and wet channel outlet 𝑃𝑤,𝑜𝑢𝑡, expressed as 316 

∆𝑃 = 𝑃𝑑,𝑖𝑛 − 𝑃𝑤,𝑜𝑢𝑡 (25) 

 317 

3.3 Simulation and grid test 318 

 The mathematical model of the cooler is built in COMSOL Multiphysics software. 319 

The partial differential control equations, initial conditions and boundary conditions of 320 

the dry channel, wet channel, channel wall and water film domains are defined 321 

respectively in the software. The model is numerically solved via the finite element 322 

method: (1) the model geometry of the cooler is divided into finite small quadrilateral 323 

elements through grid; (2) the partial differential control equation is discretized as 324 

polynomial equations through approximate interpolation function; (3) the flow, 325 

temperature and concentration fields are solved simultaneously. 326 

 As shown in Fig. 3(a) and 3(b), the mesh is evenly distributed along the length of 327 

the channel, but the junction between the supply air and the channel wall, as well as the 328 

junction between the working air and the water film are refined to improve the accuracy 329 

of the model. The difference between tube-type and plate-type coolers is that the 330 

physical model of tube-type cooler is revolved around the axis of r=0, while a 331 

symmetrical condition is set at the lower boundary of the supply air and the upper 332 

boundary of the working air in the plate-type cooler.   333 
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(a) (b) 

 
 

Fig. 3. Grid distribution. (a) Mesh of tube-type cooler. (b) Mesh of plate-type cooler.  334 

 335 

The influence of grid size on simulation results is examined, as can be seen in Fig. 336 

4(a). The operating conditions are shown in Table 1 (Ts=30.0 ℃, ωs=13.3 g/kg, us=2.0 337 

m/s, ra=0.33).The initial number of cell elements defined in the four domains of the 338 

cooler is 100 units along the z-axis and 5 units along the r-axis. The product air 339 

temperature and maximum pressure drop are taken as the indicators. When the number 340 

of elements changes from 200×10, 400×20, 600×30 to 800×40 (𝑧 × 𝑟 ), the two 341 

parameters gradually approach 19.7 ℃ and 56.6 Pa. The results show that as the number 342 

of elements reaches 400×20, the variation of the simulation results is within 1%. 343 

Therefore, considering the changes of simulation processing time and results, a 400 ×20 344 

grid is finally adopted in each domain. The mathematical model of the plate-type cooler 345 

is also solved in the same platform, using a 200×20 grid per domain [43]. 346 

The simulation results of velocity distribution are shown in Fig. 4(b). It can be seen 347 

that the velocity boundary layer hardly changes after 0.1m at the entrance of the dry 348 

channel, while it happens in the whole wet channel, which shows that the flow in the 349 

tubular DPEC is fully developed. Furthermore, the Reynolds numbers in the dry 350 

channel and wet channel are 649 and 80 respectively, and it is indicated that the flow in 351 

the tubular DPEC is laminar.  352 
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(a) (b) 

 
 

Fig. 4. Simulation results. (a) Influence of grid network. (b) Velocity distribution. 353 

 354 

4. Results and discussion 355 

4.1 Model validation 356 

At present, there are little research on DPEC with tubular structure. Even though 357 

some studies like Wang et al. [44] and Martinez et al. [45] have studied the IEC and 358 

semi-IEC porous ceramic pipes respectively, their devices are different from that is 359 

proposed in this work. The present DPEC uses double layers of tubes to form the 360 

channel of counter-flow configuration, so each tube unit can work independently and is 361 

easy for upscaling. As there is no research on tube-type counter-flow DPEC at present, 362 

the accuracy of its model cannot be directly verified. However, considering its similar 363 

physics to a plate-type cooler, it is possible to validate the model on a plate-type cooler. 364 

With identical model equations, it can be fairly expected that the model can apply to a 365 

tube-type cooler. When validating the model, the geometric dimensions of the cooler is 366 

set to be consistent with the contrast item, so as to ensure that the hydraulic diameter 367 

and Reynolds number are the same. 368 

Table 2 Test conditions for experimental studies. 369 

Studies 

Channel 

length 

(m) 

Channel 

width 

(mm) 

Channel 

height 

(mm) 

Normal 

working to 

supply air ratio 

Reynolds 

number 

Lin et al. [43] 0.6 150 6 0.33 405 

Riangvilaikul et 

al. [24,25] 
1.2 80 5 0.33 648 

Lee et al. [44] 0.2 9.8 1.5 0.30 179 

 370 
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Fig. 5 compares the results from the plate-type DPEC model established in this 371 

paper and the experimental data of Lin et al. [43]. Fig. 5(a) shows their cooler prototype. 372 

The relevant parameters of the cooler are shown in Table 2. As seen in Fig. 5(b)-(d), 373 

when the working-to-supply air ratio, inlet air temperature, or Reynolds number 374 

changes individually, the product air temperature predicted by the model agrees well 375 

with the experimental data, and the discrepancy is less than 2%, which exhibits high 376 

model accuracy. 377 

(a) (b) 

 

 

(c) (d) 

  

Fig. 5. Model validation of product air temperature with the experiments of Lin et al. 378 

[43] under different test conditions. (a) The plate-type cooler of Lin et al. [43]. (b) 379 

Working to supply air ratio. (c) Inlet air temperature. (d) Inlet air velocity. 380 

 381 

The plate-type cooler model can also be validated with the simulation results and 382 

experimental data reported by Riangvilaikul et al. [24, 25], as shown in Fig. 6. The 383 

relevant parameters of the counter-flow DPEC are shown in Table 2. Fig. 6(a) shows 384 

the product air temperature at different inlet air velocities. The temperature and 385 

humidity of the air entering the cooler are 34.0 ℃ and 19.0 g/kg, respectively. The 386 
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discrepancy between the mathematical model used in this paper and the experimental 387 

data is within 2%, while the discrepancy between the model of Riangvilaikul and the 388 

experimental data can be more than 2% at Reynolds number of 607. Keeping the air 389 

Reynolds number and the humidity of the supply air at 907 and 20.0 g/kg, respectively, 390 

Fig. 6(b) shows the product air temperature at different inlet air temperatures. The 391 

maximum discrepancy between the mathematical model used in this paper and the 392 

experimental data is still about 2%, when the supply air temperature is less than 393 

40.0 ℃.To sum up, the present model is more accurate than that of Riangvilaikul et al. 394 

[24, 25]. 395 

(a) (b) 

  

Fig. 6. Model validation of the product air temperature with the data of Riangvilaikul 396 

et al. [24, 25] under different test conditions. (a) Inlet air velocity. (b) Inlet air 397 

temperature. 398 

 399 

In addition, Lee et al. [46] tested a counter-flow DPEC whose channels are finned 400 

and their experiments are used to verify the model in this paper. As is seen from Fig.7, 401 

the maximum discrepancy between the measured and simulated product air temperature 402 

at different relative humidity is less than 6%. 403 

Therefore, the plate-type cooler model used in this paper has been reliably verified 404 

by the experimental data and simulation results of three independent studies. Since the 405 

model of a tube-type cooler is analogous to that of a plate-type cooler, it can be readily 406 

applied to investigate the cooling performance of a tube-type cooler with confidence.  407 



19 

 

 408 

Fig. 7. Model validation by the experiments of Lee et al. [46]. 409 

 410 

4.2 Temperature and humidity distribution 411 

To gain insights into the performance of the tube-type cooler, it is compared to a 412 

plate-type cooler. The nominal structural and working parameters shown in Table 3 are 413 

used as input conditions of the simulation model. While selecting the structural 414 

parameters, the inner diameter of the tube-type cooler is kept in line with the height of 415 

the plate-type cooler, and the outer diameter of tube-type cooler is selected to keep the 416 

cross-sectional areas of dry channel and wet channel identical. The width of the plate-417 

type cooler is selected to keep the flow of plate-type and tube-type coolers consistent. 418 

Table 3 Nominal input conditions. 419 

Parameter Plate-type Tube-type 

Channel length(m) 1 1 

Channel width/outer diameter (mm) 4 7.66 

Channel height / inner diameter (mm) 5 5 

Working to supply air ratio 0.33 0.33 

Supply air velocity (m/s) 2.0 2.0 

Supply air temperature (℃) 30.0 30.0 

Moisture content of supply air (g/kg) 13.3 13.3 

 420 

The temperature distribution results of plate-type and tube-type coolers are shown 421 

in Fig. 8(a), referring to Table 3 for simulation conditions. The temperature difference 422 

causes sensible heat flow from the supply air flow to the wall of dry channel, which 423 

continuously cools the supply air, The temperature gradient of the supply air is larger 424 

in the tube-type cooler, indicating greater cooling intensity. Since the air entering wet 425 

channel originates from the dry channel outlet, compared with plate-type cooler, the 426 
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tube-type has a lower inlet working air temperature. However, after the working air 427 

enters the wet channel of the tube-type cooler, its temperature rises faster and finally 428 

exceeds the working temperature of the plate-type cooler. At wet channel outlet, the 429 

working air temperature in the tube-type cooler is 1.5 ℃ higher than that in the plate-430 

type. It can be seen from Fig. 8(a) that at the entrance of the wet channel (right end), 431 

the initial working temperature is higher than the water film temperature, the sensible 432 

heat transfers from the wet channel to the water film. As the working air flows to the 433 

left, its temperature gradually decreases to the same temperature as the water film.  434 

Compared with the plate-type, this temperature reduction process is much faster for the 435 

tube-type cooler, as the working air temperature of plate-type cooler has to pass through 436 

a distance of about 0.15 m before reaching equivalent temperature with the water film, 437 

while the working air flows less than 0.05 m in the tube-type cooler. After this stage, 438 

the working air temperature starts rising and its gradient is almost equal to that of the 439 

supply air temperature. For the tube-type cooler, the supply air temperature is 2.0 ℃ 440 

higher than that of the working air, while the air temperature difference for the plate-441 

type cooler is 3.5 ℃. From the perspective of heat transfer, it shows that the tube-type 442 

cooler achieves more sufficient heat exchange than the plate-type. 443 

In addition, Fig. 8(b) illustrates the humidity distribution of working air for plate-444 

type and tube-type coolers. Because water continues evaporating into the working air, 445 

its humidity increases along the flow direction., the working air humidity in the tube-446 

type cooler is greater than that inside the plate-type, indicating that water evaporation 447 

in tube-type cooler is more significant. Furthermore, taking the saturation humidity of 448 

the working air as a reference, the flow distance required for the working air to saturate 449 

in the tube-type cooler is much shorter than that for the plate-type. The air humidity 450 

saturation point in the wet channel of plate-type cooler is 0.30 m away from the inlet, 451 

while the distance is 0.05 m for tube-type cooler. This results again demonstrates faster 452 

water evaporation rate in the tube-type wet channel. 453 

By plotting the temperature and humidity changes of tube-type and plate-type 454 

coolers on the psychrometric chart, it is clear that tube-type cooler achieves more 455 

efficient cooling. According to Fig. 8(c), when the supply air enters the dry channel, its 456 

temperature in both coolers follows the same path. However, at the dry channel outlet, 457 

the supply air temperature in the tube-type cooler is reduced to a lower level with the 458 

relative humidity of 90%, while the relative humidity of the supply air in the plate-type 459 

cooler only reaches 80%. This reveals larger dew-point effectiveness of the tube-type 460 
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cooler. 461 

(a) (b) 

 

 

(d) 

 

Fig. 8. Temperature and humidity distribution along the channel. (a) Temperature 462 

distribution. (b) Humidity distribution in wet channel. (c) Working process on the 463 

psychrometric chart. 464 

 465 

4.3 Performance comparison and analysis 466 

 Table 4 shows the results of product air temperature and dew-point effectiveness. 467 

It can be seen that the tube-type cooler has better cooling performance than the plate-468 

type, and the dew-point effectiveness of tube-type cooler is up to 0.86, which is 0.14 469 

higher than the plate-type. Further, air pressure drops of the two coolers can be 470 

calculated from the mathematical model. The dry channel pressure drop of tube-type 471 

cooler is 6.6 Pa lower than that of the plate-type, but 35.4 Pa higher in the wet channel. 472 

Table 4 Simulation calculation results. 473 

Parameter Plate-type Tube-type 

Product air temperature (℃) 21.7 20.1 

Dew-point effectiveness 0.72 0.86 
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Dry channel pressure drop (Pa) 52.2 45.6 

Wet channel pressure drop (Pa) 20.7 56.1 

 474 

In order to further verify the advantages of the tube-type cooler, the cooling 475 

temperature and dew-point effectiveness of tube-type and plate-type coolers are 476 

compared when changing the temperature and humidity of the working environment, 477 

and the results can be seen in Fig. 9. When the inlet humidity remains constant at 16.0 478 

g/kg and the inlet temperature changes in the range of 30.0–38.0 ℃, according to Fig. 479 

9(a), the product air temperature of tube-type cooler is 1.6–3.0 ℃ lower than that of the 480 

plate-type. The working environment temperature has a less impact on the cooling 481 

effect of tube-type cooler, and the product air temperature is stable at 22.0–22.5 ℃. The 482 

higher the inlet air temperature, the better the cooling effect of tube-type cooler than 483 

that of the plate-type. The dew-point effectiveness is presented in Fig. 9(b). The dew-484 

point effectiveness of the tube-type cooler is about 0.93 while that of the plate-type is 485 

around 0.75. When the inlet air temperature stays at 34.0 ℃ and the inlet air humidity 486 

spans 12.0–20.0 g/kg, according to Fig. 9(c), the product air temperature of tube-type 487 

cooler is 1.8–3.0 ℃ lower than that of the plate-type, and the humidity has a great impact 488 

on the cooling effect of both coolers. The lower the inlet air humidity is, the colder the 489 

product air of tube-type cooler is than that of the plate-type. The dew-point 490 

effectiveness at different inlet air humidity is plotted in Fig. 9(d). The dew-point 491 

effectiveness of tube-type cooler varies between 0.88 and 0.96, and that of plate-type 492 

cooler varies between 0.70 and 0.78. 493 

(a) (b) 

  

  494 
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(c) (d) 

  

Fig. 9. Performance comparison. (a) Cooling effect under different temperatures. (b)  495 

Dew-point effectiveness at different temperatures. (c) Cooling effect under different 496 

humidity. (d) Dew-point effectiveness at different humidity. 497 

 498 

4.4 Heat transfer along the channel 499 

The cooling intensity (cooling capacity per unit supply air volume) of the tube-type 500 

and plate-type coolers along the dry channel are investigated in Fig. 10(a). Regardless 501 

of the cooler architecture, the cooling intensity presents similar variations. Along the 502 

channel, the cooling intensity is large at the channel entrance, then gradually decreases 503 

to a plateau, and finally rises slightly at the dry channel outlet. The large cooling 504 

intensity at the channel entrance region is attributed to the large temperature difference 505 

between the air stream and channel wall, and more importantly, the developing 506 

hydraulic and thermal boundary layers that enhance heat transfer. Similarly, the slight 507 

rise of the cooling intensity at the dry channel exit is due to the entry effect in the 508 

adjacent wet channel. When comparing the cooling intensity of tube-type and plate-509 

type coolers, it is observed that the cooling intensity of the tube-type cooler is greater 510 

than that of the plate-type at all positions of the channel, which accounts for the lower 511 

air temperature of tube-type cooler. In addition, the cooling intensity of the tube-type 512 

cooler is significantly higher within the first 0.60 m of the channel. This agrees with the 513 

temperature distribution in Fig. 8(a), where the supply air temperature gradient of the 514 

tube-type cooler is much larger than that of the plate-type in the range of 0–0.60 m. 515 

This results in a lower temperature level of the supply air in the tube-type cooler. 516 

According to the breakdown of cooling intensity in Fig. 10(b), the wet-channel heat 517 

transfer of the plate-type and tube-type coolers is analyzed. It can be found that the 518 

sensible heat cooling intensity of the tube-type cooler is always larger than the plate-519 

type, demonstrating higher convective heat transfer rate. The latent heat cooling 520 
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intensity of tube-type cooler is only larger than the plate-type in the latter half of the 521 

channel (left) where has greater evaporation, which can be confirmed by the 522 

evaporation intensity in Fig. 11(a) of the next section. In the first half of the channel 523 

(right), the latent heat cooling intensity of tube-type cooler is slightly lower than that of 524 

the plate-type because the working air humidity of the tube-type cooler reaches 525 

saturation first, which inhibits the latent heat transfer. Nonetheless, for the tube-type 526 

cooler, the area where the latent and sensible heat are parallel occupies almost the entire 527 

channel length, while the cooling effect of the plate-type cooler is partially offset by 528 

sensible heat owing to its opposite direction to the latent heat transfer in the channel 529 

length before 0.12 m. Finally, with the coupled effect of sensible and latent heat transfer, 530 

the cooling intensity of tube-type cooler is larger, as shown in Fig. 10(a). 531 

Based on the temperature distribution results in Section 4.3 and above analysis of 532 

cooling intensity, the convective heat transfer coefficient is analyzed. As presented in 533 

Fig. 10(c), the wet channel can be divided into left and right regions, and their boundary 534 

is the position where working air and water film are in thermal equilibrium. Since there 535 

is no sensible heat transfer at this location, the convective heat transfer coefficient is 536 

calculated to be infinite. It is shown in Fig. 8(a) that the water film temperature is higher 537 

than the temperature of working air at a length close to the wet channel outlet, where 538 

corresponds to the left area in Figure 9(c), so the sensible heat flows from water film to 539 

working air, which is consistent with the latent heat. But near the wet channel entrance, 540 

water film is colder than working air, which leads the sensible heat in the right region 541 

to be opposite to that in the left region. Therefore, only the latent heat contributes to 542 

cooling in the entrance region, while the sensible heat has a negative impact, which 543 

leads to the convective heat transfer coefficient of the right region is lower than that in 544 

the left in Fig. 10(a). Hence, the evaporative cooling is dominated by the left region, 545 

which will well explain why the tube-type cooler has better cooling effect. On the one 546 

hand, the convective heat transfer coefficient in the left region of tube-type cooler is 547 

above 150 W/(m2·K), and it is about 100 W/(m2·K) in the plate-type cooler. On the 548 

other hand, the length of the left region of a tube-type cooler is greater than 0.95 m, 549 

while the length of the left region of plate-type cooler is only 0.88 m. Both of these 550 

merits contribute to the better cooling effectiveness in a tube-type cooler.  551 
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(a) (b) (c) 

   

Fig. 10. Heat transfer along the channels. (a) Cooling intensity in the dry channel. (b) 552 

Cooling intensity in the wet channel. (c) Convective heat transfer coefficient. 553 

 554 

4.5 Mass transfer in the wet channel 555 

Fig. 11(a) shows the evaporation intensity (water evaporation rate per unit working 556 

air volume) along the wet channel. Similar to the cooling intensity of dry channel, the 557 

evaporation intensity decreases first at the channel entrance (right) and rises at the 558 

channel exit (left). Large water evaporation intensity is obtained when the working air 559 

humidity is unsaturated, and it is reduced to a minimum when the working air reaches 560 

a saturation point. The flow distance for the evaporation intensity to reach the minimum 561 

is 0.30 m in the plate-type cooler, and 0.05 m for the tube-type cooler. which is 562 

consistent with the humidity distribution in Fig. 8(b). After the working air humidity 563 

saturates, the water evaporation is mainly driven by the rise of working air temperature. 564 

When comparing the evaporation intensity in the two cooler types, it is found that it 565 

drops faster at the first 0.30 m from the wet channel entrance in the tube-type cooler. 566 

However, in the rest channel length of 0.70 m, the evaporation intensity of the tube-567 

type cooler is greater than that of the plate-type, because of its higher water film 568 

temperature. 569 

Fig. 11(b) shows the convective mass transfer coefficients of the two type coolers. 570 

Along the length of wet channel, the convective mass transfer coefficient almost 571 

remains stable, and it reaches above 0.04 m/s for the tube-type cooler, while that of the 572 

plate type is under 0.02 m/s. In Fig. 11(a), the evaporation intensity of the tube-type 573 

cooler does not always dominate the plate-type, but its convection mass transfer 574 

coefficient is found to be superior.  575 
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(a) (b) 

  

Fig. 11. Mass transfer in the wet channel. (a)  evaporation intensity in the wet channel. 576 

(b) Convective mass transfer coefficient. 577 

 578 

4.6 Influence of working parameters and structural parameters on 579 

cooling effect 580 

 Now that the tube-type cooler is demonstrated to be a better architecture for 581 

evaporative cooling, in order to guide future experiments, the effects of some 582 

parameters are studied. The factors affecting cooling performance can be divided into 583 

structural parameters (including cross-section radius of inner and outer tubes of the 584 

cooler, length of the cooler) and operating parameters (including velocity of working 585 

air, the ratio of working to supply air, temperature, and humidity of supply air). 586 

 The cooling performance under varying inner radius and outer radius between 1–3 587 

mm and 4–6 mm respectively is investigated in Fig. 12(a) and Fig. 12(b). It is apparent 588 

that temperature of product air changes from 18.0 ℃ to 24.0 ℃ with the decrease of both 589 

inner and outer radius, the temperature of the product air will decrease. When internal 590 

radius is below 2 mm, the product air temperature and dew-point effectiveness are under 591 

20.0 ℃ and over 0.85, respectively. Therefore, in order to deliver lower product air 592 

temperature and increase dew-point effectiveness, the inner and outer radius can be 593 

appropriately reduced.  594 

 The influence of length and radius of the cooler on cooling performance is 595 

explicated in Fig. 12(c) and Fig. 12(d). The channel length is extended from 0.50 m to 596 

1.00 m and outer radius is increased from 4 mm to 6 mm (the inner radius is set half of 597 

the outer radius). The results show that the product air temperature varies within 19.0–598 

26.0 ℃, and dew-point effectiveness is about 0.85 with outer radius and length set within 599 

4–5 mm and 0.60–1.00 m. Increasing the tube length is more effective than increasing 600 
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its radius. 601 

 The influence of product air velocity and ratio of working to supply air on the 602 

cooling performance is explicated in Fig. 12(e) and 12(f). When the ratio of working to 603 

supply air is less than 0.25 and the velocity of product air ranges from 0.5 to 4.5 m/s, 604 

the temperature of product air is higher than 24.0 ℃, which is mainly influenced by the 605 

ratio of working to supply air. However, when the ratio of working to supply air is 606 

greater than 0.25, air velocity dominates the influence on product temperature which 607 

ranges from 18.0 ℃ to 24.0 ℃. When the air velocity and the ratio of working to supply 608 

air are regulated below 2.0 m/s and over 0.4, the dew-point effectiveness reaches above 609 

0.85, with insignificantly change in the temperature of product air.  610 

 Fig. 12(g) and 12(h) show the influence of ambient condition on cooling 611 

performance. The temperature of product air gradually rises from 17.0 ℃ to 25.0 ℃, as 612 

the temperature and humidity of supply air are regulated within 30.0–40.0 ℃ and 10.0–613 

20.0 g/kg, respectively. The humidity of supply air has a greater impact on the 614 

temperature of product air, with dew-point effectiveness keeping above 0.82. The rise 615 

of air humidity results in the increase of dew-point temperature, hence deteriorating the 616 

cooling effect. When the supply air humidity is below 16.0 g/kg, the product air 617 

temperature is lower than 22.0 ℃. 618 

(a) (b) 

  

  619 
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(c) (d) 

  

(e) (f) 

  

(g) (h) 

  

Fig. 12. Influence of parameters. (a) Inner and outer radius on product air temperature. 620 

(b) Inner and outer radius on dew-point effectiveness. (c) Radius and length on product 621 

air temperature. (d) Radius and length on dew-point effectiveness. (e) Air velocity and 622 

ratio of working to supply air on product air temperature. (f) Air velocity and ratio of 623 

working to supply air on dew-point effectiveness. (g) Supply air operating parameters 624 

on product air temperature. (h) Effect of temperature and humidity on dew-point 625 

effectiveness. 626 
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5. Conclusions 627 

A counter-flow DPEC with tubular architecture is proposed. A rotating 628 

axisymmetric mathematical model based on continuity, momentum, and energy 629 

equations along with the performance models is established. The heat and mass transfer 630 

process and the influence of working parameters and structural parameters are analyzed. 631 

When the ambient temperature changes from 30.0 to 38.0 ℃ or the ambient humidity 632 

changes from 12.0 to 20.0 g/kg, the product air temperature of tube-type cooler is 1.6–633 

3.0 ℃ lower than that of traditional plate-type cooler, equivalent to 0.18 higher dew-634 

point effectiveness. 635 

The performance of the DPEC can be expressed in the position of the wet channel 636 

air saturation point. When the length of plate-type and tube-type coolers are 1.00 m, the 637 

saturation point of them are 0.30 m and 0.05 m away from the wet channel inlet, 638 

respectively. The working air of tube-type cooler reaches saturation earlier than that of 639 

plate-type cooler, which explains its higher dew point effectiveness. 640 

The evaporation intensity of tube-type is greater than that of plate-type within the 641 

last 70% length of the wet channel, and the advantage of tube-type cooler cooling 642 

intensity is more obvious. Its cooling intensity is greater in the whole channel length, 643 

which also intuitively reflects the superior performance of tube-type cooler. 644 

For the tube-type and plate-type coolers, the length where sensible and latent heat 645 

simultaneously plays the cooling role accounts for 95% and 88% of the total wet 646 

channel length, respectively. The convective heat and mass transfer coefficient of tube-647 

type cooler are above 150 W/(m2·K) and 0.04 m/s, while that of the plate-type are under 648 

120 W/(m2·K) and 0.02 m/s. All these results show that the tube-type architecture has 649 

better heat and mass transfer performance, demonstrating itself to be a potentially 650 

superior design compared to the traditional plate-type architecture. 651 

 There is no doubt that the tube-type DPEC has excellent performance, but the 652 

numerical model in this paper still has some limitations. For example, the water flow 653 

characteristics on the tube surface can be considered as there can be falling film and 654 

non-uniform water distribution if the water supply is not precisely controlled. We hope 655 

that our future research can improve this numerical model and build an experimental 656 

platform for verification. 657 

 658 
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