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Abstract 

This paper proposes a kind of indirect evaporative cooling air conditioning unit for data 
center, which adopts evaporative refrigeration technology, makes full use of the natural 
cooling source and dry air energy of the external environment, and greatly reduces the 
energy consumption of the air conditioning system. It describes the structure of the unit, 
three modes of operation and its principles. Shijiazhuang City, which is located in a cold 
and medium humidity area, was used as the test area to conduct related experiments on 
the prototype. The results showed that: in the dry working mode, when the outdoor air 
dry bulb temperature is -7.8℃, the unit energy efficiency ratio can reach 11.96. As the 
temperature rises, the energy efficiency ratio gradually decreases. When the 
temperature rises to 17.5℃, the energy efficiency ratio of the unit is 8.02; In the wet 

working mode, when the outdoor air dry bulb temperature is 20℃, the inlet wind speed 
is 2m/s, and the spray volume is 3m³/h, the unit's direct evaporative cooling efficiency 
is 1.18.With the increase of the outdoor air dry bulb temperature, the inlet wind speed 
and the decrease of the spray volume, the direct evaporative cooling efficiency gradually 
decreases. 
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1. Introduction 

With the advent of the 5G era, the degree of social informationize is getting higher and higher. As 

data centers that carry the storage and processing of big data and cloud computing, they are emerging 

all over the country. The energy consumption of data centers has also attracted great attention from 

the Chinese government. In order to reduce energy consumption, the government requires strict 

control of data center Power Usage Effectiveness (total energy consumption of data center/energy 

consumption of IT equipment). In the data center energy consumption composition, the energy 

consumption of the air conditioning system accounts for 40% of the total energy consumption of the 

data center, which is the main reason for the high PUE value of the data center  [1-2]. Therefore, how 

to efficiently reduce the energy consumption of the data center air conditioning system is of great 

significance for reducing the total energy consumption and PUE value of the data center, as well as 

building a green data center. 

The energy-saving methods of traditional mechanical refrigeration systems used in data centers 

mainly include combined cooling, heating and power, water thermal storage, ice thermal storage and 

heat pipes, etc. However, these methods are too complicated, and their system design, operation and 

maintenance involve many factors, which makes their energy-saving effects unable to be 

guaranteed[3]. Evaporative cooling technology uses the natural cold source of the environment to cool 
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the computer room. It is an energy-saving, economical, and environmentally friendly green cooling 

technology. It has been widely used in high sensible heat places such as data computer rooms and 

industrial plants. Guo Zhicheng et al.[4] developed an evaporative cooling chiller based on compound 

ethylene glycol natural cooling technology, and on this basis, designed two solutions for single-sided 

and double-sided air intake. Through testing, it is found that in the case of the same installed power, 

the double-sided inlet air unit has a lower outlet water temperature, larger cooling capacity and more 

economical operation than a single-sided inlet air unit. But the disadvantage is that the initial 

investment of the unit is large and requires a larger site to be placed, which is only suitable for large-

sized engineering projects; Single-sided inlet air unit is more suitable for small and medium-sized 

engineering projects. S.D. Antonellis et al.[5] has developed an indirect evaporative cooling unit based 

on cross-flow theory, which can effectively reduce water consumption. And through experiments, it 

is found that the nozzle arrangement effect in the cross flow system is better than that in the parallel 

flow system. A.E. Kabeel et al.[6] designed, built and tested a new type of tubular indirect evaporative 

cooling unit with internal fins to study the influence of the pre-cooling device on the performance of 

evaporative condenser. The results show that the use of pre-cooling units with internal fins can 

enhance heat transfer. Munter et al.[7] developed an efficient indirect evaporative cooler based on 

years of research in the field of heat exchangers. The study found that when the air wet bulb 

temperature is less than 19℃, and the cold and hot aisle temperatures are 23.9℃ and 38.6℃, 

respectively, the energy saving proportion can be increased from about 50% to about 75%. F. 

Fakhrabadi et al.[8] introduced an Optimal design of a regenerative heat and mass exchanger (RHMX) 

for indirect evaporative cooling. And discussed the effects of the exchanger’s parameters as well as 

the inlet air condition on the performance of the optimized RHMX and on the values of the design 

variables. It was concluded that the working-to-product air flow ratio is around 0.4 under various 

climatic and design conditions. Moreover, the channel length and the channel height should be 

selected between 0.4–0.6m and 0.004–0.006m, respectively, to have a high RCC with an acceptable 

fan power. Pinar Mert Cuce et al. [9] reviewed evaporative cooling technology and its application in 

buildings, and carried out experiments in hot and arid areas. The results show that the evaporative 

cooling technology for building has great energy saving potential in dry and hot areas. 

This paper introduces an indirect evaporative cooling air-conditioning unit with three operating 

modes, which can switch the operating mode of the system according to changes of meteorological 

parameters, and maximize the use of natural cold sources and dry air energy to reduce energy 

consumption. 

2. Unit structure and operating principle 

2.1 Unit structure 

This indirect evaporative cooling air conditioning unit includes three operating modes: dry operating 

mode, wet operating mode and mixed mode. According to different climatic conditions, it can select 

the appropriate operation mode, make full use of the natural cold source and dry air energy of the 

outdoor environment under the condition of ensuring sufficient refrigerating capacity, and realize the 

temperature regulation of the data center with the most energy-efficient operating conditions. 

The structural diagram of the air conditioning unit is shown in Figure 1. The air conditioning unit 

adopts modular design, its whole is composed of container structure, which can reduce the air leakage 

and water leakage rate of the unit, the failure rate of the unit operation, and improve the overall 

reliability of the unit. The outdoor air enters the unit from the air inlet (12) and passes through the 

filter (11), the front surface cooler (10), the spray evaporation device (9) and the wet film humidifier 

(8). After that, it enters the air-air plate heat exchanger (7) and exchange heat with the indoor return 

air. Finally, it is discharged into the environment from the outdoor air vent. The spray evaporation 

device adopts atomized spray evaporation and wet film evaporation, which can improve the spray 

efficiency, prevent corrosion of the air-to-air heat exchanger, and avoid the scaling of the air-to-air 

heat exchanger, which causes the pressure head of the outdoor fan to increase. Because the dust and 
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sulfide pollutants contained in the fresh air will seriously corrode the chips in the computer of the 

data center, the indirect evaporative cooling unit adopts the way of no fresh air, through filtering and 

cooling the return air to meet the requirements of air supply. 

 

 

1.outdoor air exhaust vent; 2.outdoor fan; 3.return air inlet; 4.return air outlet filter; 5.water pump; 

6.temperature sensor; 7.air-air plate heat exchanger; 8.wet film humidifier; 9.atomization spray 

device; 10.outdoor air front end surface cooler; 11.outdoor air inlet filter; 12.outdoor air inlet; 

13.indoor fan; 14.air supply outlet; 15.refrigeration Compressors; 16.electronic expansion valve; 

17.condenser; 18.evaporator; 19.water tank. 

Figure 1. Installation diagram of indirect evaporative cooling air conditioning unit 

 

2.2 Unit operation mode 

The unit has three operating conditions to adapt to the change of ambient temperature and humidity, 

and make full use of outdoor cold and dry air energy. The speed of indoor fan is determined according 

to the size of the data center load and is always kept constant, while the speed of outdoor fan is 

automatically adjusted according to the change of outdoor air parameters. 

1) Dry working mode: When the outdoor air dry bulb temperature is less than 18℃, the unit starts the 

dry working mode. After the outdoor air passes through the filter, it enters the air-air plate heat 

exchanger to cool the return air at a higher temperature and process it to the point of air supply. At 

this time, only open the fan, do not open the spray system and mechanical refrigeration system. So 

the power consumption of the unit is low. 

2) Wet working mode: When the outdoor air dry bulb temperature is greater than 18°C and the wet 

bulb temperature is less than 18℃, the outdoor air must be cooled by evaporative cooling and then 

used to cool the return air. The unit turns on the wet working mode. The filtered outdoor air is firstly 

pre-cooled by the front-end surface cooler, and then through the spray room and wet film humidifier 

for isenthalpic humidification and cooling. It can be cooled to close to the sub-wet bulb temperature 

(below the wet bulb temperature and higher than the dew point temperature). Finally, it enters the air 

- air plate heat exchanger to perform iso-humid cooling on the return air. At this time, the unit turns 

on the fan and spray evaporation system, and does not turn on the mechanical refrigeration system, 

so the power consumption is low. 

The enthalpy and humidity diagram of the outdoor air treatment process corresponding in the wet 

working mode is shown in Figure 2. In the figure, W is the state point of outdoor air, Tw is the wet 

bulb temperature of outdoor air. The outdoor air is cooled by the front-end surface cooler to the pre-

cooling state point M.tw  ́is the sub-wet bulb temperature of outdoor air. After precooling, the air is 

cooled to the state point Z by direct evaporative cooling when it passes the spray device. At this time, 

the dry bulb temperature of the air decreases and approaches the air sub-wet bulb temperature tw .́ 
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3) Mixed mode: When the outdoor air wet bulb temperature is greater than 18℃, and evaporative 

cooling alone cannot meet the demand, the unit opens the mixed mode. In the mixed mode, the 

exhaust system, spray evaporation system and mechanical refrigeration system are turned on at the 

same time. After the return air is cooled in the air -air plate heat exchanger, it is cooled in the 

evaporator for the second time. At this time, all the equipment of the whole unit is running, so the 

energy consumption is high. But because evaporative cooling plays a role of pre-cooling, it bears part 

of the cooling capacity for mechanical refrigeration. Therefore, the indirect evaporative air-

conditioning unit is more energy-efficient than a unit that only uses mechanical cooling. 

Fig 3 and Fig 4 are the enthalpy and humidity diagrams of air treatment when the indoor return air is 

processed to the requirements of air supply under three operating modes. 

 

 

W: outdoor air state point; M: pre-cooling state point; Z: state point after direct evaporative cooling; 

tw: outdoor air wet bulb temperature; Tw’: outdoor air sub-wet bulb temperature; tw´́: outdoor air 

dew point temperature 

Figure 2. Enthalpy and humidity diagram of outdoor air treatment under wet working mode 

 

 

N: indoor state point; O: air supply state point; 𝜀: heat moisture ratio; 

Figure 3. Enthalpy and humidity diagram of indoor air treatment under dry working mode and wet 

working mod 
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N: indoor state point; O: Air supply state point; M: pre-cooling state point; 𝜀: heat moisture ratio; 

Figure 4. Enthalpy and humidity diagram of indoor air treatment under mixid working mode 

 

3. Unit test analysis 

The test area of the unit is Shijiazhuang City, Hebei Province, which is located in a cold and medium-

humidity area. The climate parameters of this area are shown in Table 1. This paper conducts relevant 

test analysis based on the unit operating mode mentioned above. The air outlet parameters of the unit 

are set according to GB 50174-2017[10]. The supply air temperature should be 18℃~27℃.Yang 

Yanxia[11] et al. conducted research on the basis of this standard and believed that the inlet air 

temperature of the IT equipment in the data center should be set at 23℃ to 25℃. Therefore, the 

supply air temperature of this unit is set to 24℃. According to GB 50174-2017, the temperature 

difference between supply air and return air is 12℃, so the return air temperature in the date center 

is 36℃. 

 

Table 1. Monthly temperature and humidity in Shijiazhuang City, Hebei Province 

Climatic conditions Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 

Average temperature ℃ -0.9 0.9 11.5 15.0 23.1 28.0 28.8 26.6 23.5 15.4 7.7 0.7 

Maximum temperature ℃ 11.6 18.2 29.3 33.3 35.0 39.2 36.7 36.8 36.0 25.7 21.8 10.8 

Lowest temperature ℃ -8.2 -4.3 -1.2 4.0 10.8 18.1 20.1 18.6 14.0 3.6 -2.9 -9.2 

Relative humidity % 42.1 53.9 32.93 54.5 43.1 49.0 64.3 66.0 63.0 63.8 56.9 59.5 

 

3.1 Test content and method 

In order to measure the parameters of indoor air, outdoor air and unit running in the experiment 

process, the temperature and humidity recorder is arranged in the supply air outlet, return air inlet, 

outdoor air inlet and the rear of the direct evaporative cooling section. To measure the temperature 

and humidity of the return air, outdoor air, and direct evaporative cooling air outlet section. And Use 

ultrasonic flowmeter and anemometer to measure the spray volume and inlet wind speed of the spray 

device during direct evaporative cooling. Indoor and outdoor fan power and water pump power use 

AC and DC clamp meter to measure the three-phase voltage and current of the equipment, and then 

calculate the three-phase power of the equipment. The formula is as follows: 

𝑃 = 1.732 ⋅ 𝑈 ⋅ 𝐼 ⋅ 𝐶𝑂𝑆𝜙 ⋅ 𝜂                           (1) 

where: P is equipment three-phase power, KW; U is phase voltage, V; I is Phase current, A; Cosφ is 

equipment power factor, which is 0.75; η is equipment efficiency; 
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3.2 Test analysis of dry working mode 

The dry working mode uses the coldness of the outdoor air to cool the indoor return air. The lower 

the outdoor air dry bulb temperature, the better the heat exchange effect and the higher the unit's 

energy efficiency. In the dry working mode, set the power of the indoor fan to 13kW. Corresponding 

to different outdoor air dry bulb temperatures, the performance parameters measured when the unit 

is running are shown in Table 2. 

 

Table 2. Unit operating performance parameter test value in dry working mode 
Outdoor air 

temperature ℃ 

Supply air 

temperature ℃ 

Return air 

temperature ℃ 

Indoor fan 

power kw 

Outdoor fan air 

volume m³/h 

Outdoor fan 

power kw 

Cooling 

capacity kw 

Energy efficiency 

ratio 

-7.8 23.5 35.9 13.0 15388.5 3.7 200.1 11.96 

-4.6 24.1 36.2 13.0 16523.9 4.0 200.0 11.76 

-1.0 24.2 36.0 13.0 18478.7 4.4 200.1 11.50 

1.4 24.1 36.1 13.0 20148.1 4.8 199.8 11.22 

3.2 23.9 36.1 13.0 22045.2 5.3 199.8 10.92 

6.0 24.2 36.3 13.0 25408.6 6.1 199.7 10.46 

8.3 23.9 36.0 13.0 28873.9 6.9 200.1 10.06 

9.8 24.2 36.2 13.0 31511.3 7.6 199.8 9.70 

13.4 24.3 36.3 13.0 39215.9 9.4 199.9 8.92 

17.5 24.4 36.3 13.0 50000.0 12.0 199.6 8.02 

 

The power of the outdoor fan is automatically adjusted according to the changes of outdoor air 

parameters to meet the cooling capacity, and the maximum power is 12kw. From the data in the table, 

we can see that when the outdoor air dry bulb temperature is -7.8℃, in order to meet the cooling 

capacity of 200kw, the outdoor fan air volume is 15388.5m³/h, and the unit energy efficiency ratio is 

11.96. As the outdoor air temperature increases, the required air volume gradually increases, and the 

energy efficiency also gradually decreases. When the outdoor temperature is 17.5°C close to 18°C, 

the outdoor fan power is turned on to the maximum to meet the required cooling capacity. At this 

time, the unit energy efficiency ratio is 8.02. It is still much higher than the energy efficiency of 

traditional mechanical refrigeration units. Through the above analysis, it can be seen that the unit can 

effectively use the cold energy of outdoor air in the dry working mode, which greatly improves the 

energy efficiency of the unit and reduces power consumption. It has great advantages in cold areas 

with lower temperatures. 

3.3 Test analysis of direct evaporative cooling of outdoor air 

In the wet operating mode, the unit mainly uses the dry air energy of the outdoor air to cool the air 

through direct evaporative cooling, and then uses the cooled air to exchange heat with the indoor 

return air to provide sufficient cooling capacity for the unit. The efficiency of direct evaporative 

cooling is affected by many factors such as outdoor air dry and wet bulb temperature, spray volume 

and inlet wind speed. In order to study the relationship between various factors and the efficiency of 

direct evaporative cooling, the controlled variable method is used to conduct direct evaporative 

cooling test research on the unit. The test data is shown in Table 3, Table 4, and Table 5. The unit is 

equipped with a front-end surface cooler in front of the spray device to pre-cool the outdoor inlet air 

to reduce its wet bulb temperature, so that the temperature of the air after evaporative cooling is 

lowered, and the cooling capacity is increased. The inlet water temperature of the front-end surface 

cooler is set to 15°C. 

It can be seen from Table 3 that when the outdoor air temperature is 20℃, the spray volume is 3m³/h, 

the wind speed is 2m/s, and the air humidity is relatively small, that is, the dry air energy is relatively 

high, the direct evaporative cooling efficiency can reach 1.15. Then increase the wind speed when 

the outdoor air temperature and spray volume remain unchanged. The direct evaporative cooling 

efficiency will gradually decrease as the wind speed increases. The reason is that the lower the wind 

speed, the longer the heat and moisture exchange between air and water is, and the more efficient it 

is. But if the wind speed is smaller, the air volume is smaller, and the volume of the equipment is 

larger. 
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Table 3. The relationship between outdoor air inlet speed and evaporative cooling efficiency 

inlet air inlet air 
temperature 
of surface 

cooler ℃ 

wind 
speed 
m/s 

Spray 
amount 

m³/h 
 dry bulb 

temperature ℃ 

wet bulb 

temperature ℃ 

Moisture 
content g/kg 

dry air 

dry bulb 

temperature ℃ 
Moisture content 

g/kg dry air 

20.0 7.8 2.15 6.2 8.56 15.0 2.0 3.0 1.15 

20.0 8.2 2.42 6.4 8.27 15.0 2.5 3.0 1.13 

20.0 8.1 2.31 6.7 8.27 15.0 3.0 3.0 1.12 

20.0 8.0 2.21 7.0 8.12 15.0 3.5 3.0 1.08 

20.0 7.8 2.13 7.2 8.06 15.0 4.0 3.0 1.05 

20.0 8.0 2.22 7.6 7.88 15.0 4.5 3.0 1.03 

 

Table 4 shows the change value of direct evaporative cooling efficiency and related parameters when 

the spray volume changes. When the outdoor air temperature is maintained at 20°C, the moisture 

content is small and the wind speed does not change, the efficiency of direct evaporative cooling will 

increase with the increase of spray volume. However, the rate of efficiency improvement is getting 

slower and slower, and when the spray volume reaches 3m³/h, the evaporative cooling efficiency 

hardly changes with the increase of spray volume. The evaporative cooling efficiency increases with 

the increase of the spray volume, but the water consumption of the unit will also increase, which is a 

burden in areas lacking water resources. Therefore, according to local conditions, finding a balance 

point between water consumption and evaporation efficiency, and selecting an appropriate amount of 

spray is necessary. 

 

Table 4. The relationship between spray volume and evaporative cooling efficiency 

inlet air inlet air 
temperature 
of surface 

cooler ℃ 

wind 
speed 
m/s 

Spray 
amount 

m³/h 
 dry bulb 

temperature ℃ 

wet bulb 

temperature ℃ 

Moisture 
content g/kg 

dry air 

dry bulb 

temperature ℃ 
Moisture content 

g/kg dry air 

20.0 7.3 2.10 7.6 7.91 15.0 2.0 1.5 0.98 

20.0 8.1 2.33 7.5 7.93 15.0 2.0 1.7 1.05 

20.0 8.3 2.45 7.1 8.09 15.0 2.0 1.9 1.10 

20.0 8.2 2.41 6.7 8.27 15.0 2.0 2.1 1.13 

20.0 7.2 2.09 5.3 8.84 15.0 2.0 2.5 1.15 

20.0 7.5 2.12 5.5 8.75 15.0 2.0 3.0 1.16 

 

Table 5 shows the change values of direct evaporative cooling efficiency and related parameters when 

the outdoor air dry and wet bulb temperatures are different. It can be seen from the table that when 

the wind speed and spray volume remain unchanged, the evaporative cooling efficiency will decrease 

with the increase of the dry and wet bulb temperature. The reason is that the higher the wet bulb 

temperature, the higher the moisture content of the air, the more difficult it is to evaporate water. It 

can result in lower evaporative cooling efficiency. 

 

Table 5. The relationship between outdoor air wet bulb temperature and evaporative cooling 

efficiency. 

inlet air inlet air 
temperature 
of surface 

cooler ℃ 

wind 
speed 
m/s 

Spray 
amount 

m³/h 
 

dry bulb 
temperature 

℃ 

wet bulb 

temperature ℃ 

Moisture 

content g/kg 
dry air 

dry bulb 
temperature 

℃ 

Moisture 

content g/kg 
dry air 

18.5 6.2 2.02 4.0 9.30 15.0 2.0 3.0 1.18 

19.2 6.6 2.12 4.6 10.25 15.0 2.0 3.0 1.16 

20.9 7.8 2.54 6.2 11.19 15.0 2.0 3.0 1.12 

22.1 9.3 3.49 8.4 12.15 15.0 2.0 3.0 1.07 

24.8 11.8 5.06 11.3 13.10 15.0 2.0 3.0 1.04 

26.1 13.8 6.74 13.6 14.06 15.0 2.0 3.0 1.02 
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4. Conclusion 

This article introduces an indirect evaporative cooling air conditioning unit used in data centers. The 

unit can select appropriate operating modes and operating conditions according to changes in outdoor 

environmental parameters, and make full use of the natural environment’s cold and dry air energy to 

reduce air conditioning system energy consumption and PUE value of data centers. Through the 

energy-saving test research on the dry and wet operating modes of the unit, the following conclusions 

are drawn: 

1) In dry working mode, when the outdoor air dry bulb temperature is -7.8°C, the outdoor fan power 

only needs 3.7kw to meet the cooling capacity of the unit with 200kw, and the energy efficiency ratio 

reaches 11.96. As the temperature of the air dry bulb increases, the power of the fan gradually 

increases. When the air dry bulb temperature rises to close to 18°C, the outdoor fan runs at 12kw 

power can meet the need for cooling capacity. At this time, the energy efficiency ratio of the unit is 

8.02, which can still greatly reduce power consumption and save energy. 

2) In the wet working mode, the direct evaporative cooling efficiency of the unit is related to the air 

flow rate, spray volume and outdoor air wet bulb temperature. When setting the spray volume and 

wind speed, the most appropriate value should be selected by considering the local water resources, 

the size of the site and the initial investment cost. 
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