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Abstract: The rapid development of the internet era has driven the construction of numerous data
centers worldwide. In hot climate, data centers consume significant energy for cooling. Cold-mist
direct evaporative cooling offers a natural cooling solution that can help reduce this energy
consumption. This study investigates the temperature and relative humidity changes of natural high-
temperature air after being cooled using a cold-mist direct evaporative cooling test bench. The effects
of several control factors such as spray angle, spray flow rate, and air speed on the cold-mist direct
evaporative cooling performance was systematically examined. The findings revealed that: (1) the
optimal spray angle for cold-mist direct evaporative cooling treatment air is 65°; (2) high-temperature
air between 27 °C and 37 °C can be cooled to 23.57 °C to 25.58 °C after cold-mist direct evaporative
cooling treatment, with relative humidity levels of 67.0% to 78.8%, meeting the air supply
requirements for data centers; (3) the proposed approach could reduce the data center energy
consumption by 14% to 41%, while extending the annual natural cooling period by 3.16% to 20.45%.
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Abbreviations

CDEC
DC
IAH
IAT
OAH
OAT

The specific heat capacity of air, kJ/(kg-°C)
Air specific heat capacity at constant pressure, kJ/(kg-°C)

The specific heat capacity water, kJ/(kg-°C)

The heat and mass transfer area, m?

The mass flow rate of air, kg/s

The mass flow rate of water, kg/s

The mass transfer coefficients between air and cold-mist, w/(m?-°C), kg/(m?-s)
The heat transfer coefficients between air and cold-mist, w/(m?-°C), kg/(m?'s)
Duct cross-sectional area, m?

Cooling capacity of CDEC, kW

Energy consumption of the fan of the air supply system, kW

Energy consumption of water pump, kW
Latent heat exchange, kW

Sensible heat exchange, kW

The latent heat of water evaporation, J/kg

The dry-bulb temperature of the air, °C

The temperature of the water, °C

Temperature difference between inlet and outlet air, °C
Energy consumption of air conditioning units, kW

The air humidity, kg/kg (dry air)

The air saturation humidity, kg/kg (dry air)
Refrigeration coefficient

Air speed, m/s

Energy saving rate

Air density, kg/m?

Cold-mist direct evaporative cooling
DC

Inlet air relative humidity

Inlet air temperature

Outlet air relative humidity

Outlet air temperature




1. Introduction

Data centers (DCs) are significant energy consumers, accounting for approximately 1% to 1.5%
of global electricity usage [1-3]. It is estimated that by 2022, DCs, along with cryptocurrencies and
artificial intelligence (AI), will consume approximately 460 TWh of electricity globally, representing
nearly 2% of total global electricity demand [4]. The primary energy consumers in DCs are information
technology (IT) equipment and the associated heating, ventilation, and air conditioning (HVAC)
systems [5,6]. In a typica DC, the largest share of energy consumption comes from the IT equipment
load, which includes IT equipment (45%) and power distribution equipment (5%), while the cooling
load follows closely, accounting for 38% of the total energy use [7-10]. The rapid expansion of data
communications and computing has led to a substantial increase in energy consumption in DCs [11,12].
Cho et al. [13,14] forecasted that by 2030, DC power demand will rise to 2.13% of the world's
electricity supply. It is therefore imperative to reduce the energy consumption in DCs.

Currently, most studies on reducing DC energy consumption focus on optimising the spatial
layout and airflow management within DCs [15-18], as well as improving cold source management
[19-22]. While these strategies enhance cooling efficiency and reduce energy consumption to some
extent, they have limitations. It is widely recognized that utilizing natural cooling sources is an
effective approach to further reducing energy consumption. Implementing natural cooling in DCs can
significantly improve energy efficiency [23,24]. Jahangir et al. [25] found that free cooling systems
could reduce DC cooling energy consumption by up to 47%. Similarly, Ding et al. [26] conducted an
experimental study on a new DC cooling system that integrated heat recovery with free cooling. Their
findings indicated that free cooling could be utilised for up t072.9% of the DC’s operational time.

Direct air natural cooling technology leverages natural cooling sources to reduce energy
consumption. When natural air is sufficiently cool, it can serve as a cooling medium for DCs [27].
However, the effectiveness of natural cooling is highly dependent on regional and climatic conditions
[28]. In real-world applications, high temperature weather can limit the effectiveness of direct air
cooling, making it insufficient to address DC cooling needs DCs. Evaporative cooling, on the other
hand, is gaining recognition due to its ability to provide efficient cooling and ventilation [29-31]. J.
Tissot et al. [32] conducted experiments on enhancing heat transfer in radiators using evaporative
cooling through water jet airflow and found that injecting liquid droplets into the air reduced the
airflow temperature under various conditions. Liu et al. [33] studied the combination of dew point
evaporators with heat pipe technology in DCs, revealing that this combination can save nearly 90% of
annual energy compared to traditional compression refrigeration. Additionally, spray precooling
technology has been employed to cool the inlet air of natural draft dry cooling towers, effectively
addressing performance degradation issues during high-temperature climate [34,35].

The application of evaporative cooling technology in DCs shows great potential for energy
savings. Cao et al. [36] designed a falling film natural evaporative cooling system that efficiently
dissipates heat generated inside the cabinet in real time, optimising energy use. Han et al. [37] proposed
a novel water-cooled evaporative condenser, which was integrated into a composite air-conditioning
system for DCs, achieving an average colling efficiency increase of 9.82%. Shao et al. [38] applied
loop heat siphons with evaporative condensers to DCs, resulting in an extension of free cooling time
by 7% to 14% annually. These studies demonstrate that evaporative cooling can significantly reduce
energy consumption in DCs. However, previous research mainly focused on combining evaporative
cooling with traditional cooling methods. This study explores the use of cold-mist direct evaporative
cooling (CDEC) to cool high-temperature air, which is then delivered to DCs for equipment cooling.
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By investigating innovative approaches to using CDEC in high-temperature climates, this research
aims to enhance natural air cooling in DCs, providing an alternative cold source for improved energy
efficiency.

The study also explores whether using CDEC to treat air in hot climates can provide natural
cooling for DCs while reducing their energy consumption. To achieve this, a test bench was set up to
analyze how high-temperature air changes after being cooled by CDEC and examined the effects of
several key control parameters such as spray angle, air speed, and spray flow rate on high temperature
air CDEC treatment. By exploring CDEC technology, we aim to address the cooling challenges faced
by DCs in hot climates. Additionally, the study evaluates the cooling effectiveness, energy efficiency,
and annual free cooling time of CDEC, providing insights into its cooling capacity and application
advantages.

2. Experimental Details
2.1. Basic concepts of CDEC

CDEC involves the simultaneous heat and mass transfer between air and cold mist. Sensible heat
transfer occurs when the air temperature is higher than the water temperature, while latent heat transfer
takes place when there is a difference in moisture content between the air and the saturated air layer
around the cold mist [39]. These heat and mass transfer processes interact and occur concurrently.
Throughout the process, the air temperature decreases, humidity increases, and the cold mist
temperature increases. To simplify the theoretical model of heat and mass transfer, the following
assumptions are made:

(1) The constant Lewis number is equal to 1.0 [40].

(2) The heat and water required during the latent heat of evaporation process are provided by cold
mist [41].

(3) The dry bulb temperature of saturated humid air has a linear relationship with humidity [42].

fain) i gt air
(pa,in sy (Pa,out
heat and moisture _‘
A exchange B i
tw,in tw,out
Pw L Pw
Water mist Water mist

Fig. 1. The process of heat and mass transfer between air and cold-mist.

Fig. 1 illustrates the heat and humidity exchange process between air and cold mist. The heat
transfer theory of CDEC can be described as follows: Eq. (1) represents the energy balance on the air
side, where changes in air temperature are due to sensible heat transfer. Eq. (2) describes the variation
in air humidity, which is influenced by the saturated wet air film surrounding the cold mist and the
humidity difference between the air and the mist. Based on assumption (2), Eq. (3) represents the
energy balance on the water side, accounting for the effects of temperature changes on both wet heat
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transfer and phase transition processes.

Qx=Ga'cpa'dta=hs'dA'(ta_tw) (1)
Qq =Gg*deg =hg dA" (@y — @q) )
Gw'cpw'dtw=hs'dA'(ta_tw)_r'hd'dA'((pw_(pa) 3)

Where Q, is the sensible heat exchange capacity, kW; @, is the latent heat exchange capacity,
kW; G, and G, are the mass flow rates of air and water, kg/s; h; and h,; are the heat transfer
coefficients and mass transfer coefficients between air and cold-mist, w/(m?-°C), kg/(m>-s); r is the
latent heat of water evaporation, J/kg; t, and t,, are the dry-bulb temperature of the air and the
temperature of the water, °C; ¢, and ¢,, are the air humidity and saturation humidity, kg/kg (dry
air); ¢pq and ¢y, are the specific heat capacity of air and water, kJ/(kg-°C); and dA is the heat and

mass transfer area, m?.

2.2. Experimental setup

Fig. 2 shows an image of the CDEC test bench. The test rig primarily consists of a spray chamber,
a modular air-cooled heat pump unit, a control platform, an airspeed transmitter, temperature and
humidity transmitter, a fan, and a rotameter. As depicted in Fig. 3, outdoor air enters the heating
chamber through pipes and is heated by a heat exchanger. The temperature of the hot water supplied
to the heat exchanger is adjusted via the KMS020DR-01 modular air-cooled heat pump unit to achieve
the required air temperature for the experiment. The heated air is then sent to the spray chamber for
CDEC cooling treatment. After cooling, the air is delivered to the computer room via the air supply
system. Fig. 4 shows the control platform for the air conditioning unit and fan. The specific models,
key parameters, measurement ranges, and accuracies of the main equipment are listed in Table 1.

// w5 74 Transmitter
Famrroom -
> . bR
/s #i \ = B
Spray room S W e L. r@ .

Heating room

Modular air-cooled heat pump unit

Fig. 2. Experimental setup diagram.
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Fig. 3. Experimental schematic diagram.
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Fig. 4. Control platform.

Table 1. Main equipment technical parameter

Experiment equipment Model Parameters
Spray room 90cm*x85cmx100cm  —
Fan room 60cm>85cm>100cm —
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Data acquisition instrument

Frequency converter

Pipeline air speed transmitter
Pipeline temperature and humidity

transmitter

Modular air-cooled heat pump unit

Rotameter

Hygrometer

Resistance thermometers

Nozzle

Fan

SWP-ASR-MD
JT33082
PHF-F

PWS-F
KMS020DR-01
DFA
BY-2003HT
PT1000
Aperture 1 mm
YDW3.0-4

64 channels; Recording interval 20 seconds

Input: three-phase AC380V 50 — 60 Hz
Output: 4.0 kW G3/5.5 kW P3;
10A/13A 0 - 600 Hz
Uncertainty: 0.02%

Range: 0 —30.00 m/s
Uncertainty: = 0.01 °C

Range: -50 — 200 °C
Uncertainty: + 2% RH

Range: 0 — 100% RH

Cooling capacity: 65 kW
Refrigeration coefficient: 3.27
Heating capacity: 71 kW
Heating coefficient: 3.60
Refrigerant: R22

Uncertainty: + 4%

Range: 0.2 — 1.8 L/min
Uncertainty: + 2% RH

Range: 0 — 100% RH
Uncertainty: = 0.01 °C

Range: -50 — 200 °C

1.5 kW; 1420 r/min

(a) Nozzle arrangement diagram
Fig. 5. Nozzle layout in the spray room.
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Fig. 5 depicts the nozzle arrangement and its schematic within the spray chamber. In the current
study, each nozzle has a diameter of 1 mm, with two nozzles spaced 2.5 cm apart to form a group, and
each group spaced 26.5 cm apart. As shown in Fig. 5, the nozzles are positioned at the top of the air
outlet side of the spray chamber, with the cold mist sprayed by the nozzles directed opposite to the
airflow.

2.3. Measurement point layout

85cm

| 44em
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Temperature
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Relative humidity
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(a) Layout of temperature and humidity measurement (b) Schematic diagram of temperature and humidity
points measurement point layout

Fig. 6. Layout of IAT and IAH measurement points.

Fig. 6 shows the layout of the measurement points for inlet air temperature (IAT) and inlet air
relative humidity (IAH) before CDEC treatment. These points are positioned on the partition between
the heating chamber and the spray chamber. Fig. 6 (a) shows the spatial locations of temperature and
relative humidity measurement points. To ensure accurate air temperature readings, three PT1000
thermistors are vertically and evenly spaced 25cm apart on the partition, as shown in Fig. 6(b). A
relative humidity measurement point is located 2.5 cm away from the central temperature measurement
point, with relative humidity measured using a Beijing BY-2003HT humidity sensor.



Pipeline air speed transmitter
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Pipeline temperature and

relative humidity transmitter
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(b) Front view
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(a) Overhead shot of the site (c) Left view
Fig. 7. Measurement points of outlet air speed, OAT and OAH.

Fig. 7 illustrates the layout of the measurement points for air velocity, outlet air temperature
(OAT), and outlet air relative humidity (OAH) after CDEC treatment. Fig. 7(a) shows an overhead
shot of the site. In Fig. 7(b), the processed air first passes through the airspeed transmitter, followed
by the temperature and humidity transmitter, with a distance of 20 cm between them. In Fig. 7(c), the
air duct measures 35cm x 25¢m. Both measurement points are positioned 12.5 cm from the top of the
air duct and 17.5 cm from the side.

2.4. Experimental uncertainty
In the present work, the uncertainty of the experimental data was calculated using the methods

proposed by Kline and Moffat [43,44], the relationship between variable K and the independent
variable xq,x, ...x, isrepresented as follows:

K = f(xy, x5 ... %) (4
The uncertainty calculation formula for variable K is as follows [45]:
oK oK oK oK
o= G0+ Gla,)? 4 G ) = [S1GE 0, (s)

where 0y, .0y, ...0y, are the uncertainties of Xy, x; ... x,, respectively.

The uncertainty of measurement and calculation parameters in the experiment is listed in Table 2.

Table 2. Parameter uncertainty

Item Units Uncertainty
Measured parameters

IAT °C +0.01 °C
OAT °C +0.01 °C
IAH % +2% RH




OAH % +2%RH

Air speed m/s +0.02 %
Calculated parameters

IAT and OAT difference °C +0.014 °C
Cooling capacity of CDEC kW +0.089 kW
Energy consumption of air conditioning units kW +0.057 kW
Energy saving rate % +0.52%

2.5. Experimental conditions

China’s "East Calculation and West Calculation" national project has planned ten DC clusters.
Table 3 provides basic information on these clusters. Meteorological analysis of the ten DC clusters
reveals that the highest temperature in Chongqing is 37.7 °C. As a result, the highest simulated
temperature in the experiment is set at 37 °C. According to the 2021 version of the DC Guidelines
published by ASHRAE [46], the recommended supply air temperature in DCs should range between
18 °C and 27 °C. Therefore, the simulated air temperature range for the experiment is 27 °C to 37 °C.
Meteorological data also indicate that air relative humidity tends to be low at higher air temperature.
Li et al. [47] found that natural air with a relative humidity below 40% can meet DC air supply
conditions after being cooled by CDEC. The air parameters used in this study are detailed in Table 4.

Table 3. Basic information of the ten DC clusters cities in China

Annual
Annual
) . . ) average
Number City Latitude Longitude Climate zone average .
relative
temperature/°C L.
humidity/%
1 Chengdu 30.5N 104.0E Hot summer & warm winter 16.3 83
2 Shaoguan 23.IN 113.3E Hot summer & warm winter 222 81
3 Wuhu 31.2N 118.2E Hot summer & warm winter 15.5 61
4 Chongqing 292N 106.7E Hot summer & warm winter 17 75
5 Guiyang 26.5N 106.2E Mild 15.3 77
6 Qingyang 35.7N 107.5E Cold 9.6 51
7 Hohhot 40.5N 111.7E Severe cold 5.7 45
8 Shanghai 31.4N 121.4E Hot summer & cold winter 17.7 71
9 Zhangjiakou  41.5N 115.0E Hot summer & cold winter 9 60
10 Zhongwei 37.5N 105.0E Hot summer & cold winter 8.4 57
Table 4. Parameter table of simulated high-temperature air conditions
Number A B C D E F
Temperature (°C) 27 29 31 33 35 37
Relative humidity (%) 38 36 34 32 30 28
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2.5.1 The effect of spray angle on CDEC

During the experiment, the airspeed in the spray chamber was adjusted to 2.44 m/s using a
frequency converter, while the spray flow rate was controlled at 0.8 L/min by adjusting the rotameter.
Inlet air parameters C and D from Table 4 were selected, and the modular air-cooled heat pump unit
was activated via the control platform. The water supply temperature to the heat exchanger was
adjusted to heat the outdoor fresh air to the required temperature, with fluctuations not exceeding
0.2 °C. Municipal water, with a stable pressure and temperature of 25 °C+ 0.5 °C, was used as the
spray water throughout the experiment. The spray angle was varied to 5°, 25°, 45°, 65°, and 85° for a
total of 10 experiments. Data from the experiment were recorded at 10-second intervals using a data
acquisition instrument. After the air temperature and relative humidity stabilized following CDEC
cooling, the system was turned off, completing one set of experiments. A 10-minute interval was
observed between experiments to prevent the residual field in the test bench from affecting subsequent
trials.

2.5.2 The impact of air speed on CDEC

This section investigates the effect of airspeed on CDEC with a controlled spray flow rate of 0.8
L/min. The spraying angle is set to the optimal angle determined in the experiment under the conditions
outlined in Section 2.4.1. Based on Table 4, set the IAT and IAH were set, and the the airspeed was
adjusted to 1.53 m/s, 1.99 m/s, 2.44 m/s, 2.89 m/s, and 3.29 m/s using the frequency converter. A total
of 30 test sets were conducted.

2.5.3 The impact of spray flow rate on CDEC

The spray flow rate plays a critical role in the performance of CDEC. Based on Table 4, the IAT
and IAH were set, and the spray angle and airspeed were adjusted to their optimal values, as determined
in Sections 2.4.1 and 2.4.2. The spray flow rate was then varied to 0.6 L/min, 0.7 L/min, 0.8 L/min,
0.9 L/min, and 1.0 L/min, resulting in a total of 30 experiments.

3. Experimental results
3.1. Impact of spray angle on CDEC

Based on the settings in Section 2.4.1, air conditions C and D from Table 4 were selected for
testing. The spray angle was adjusted to 5°, 25°, 45°, 65°, and 85° to investigate the influence of spray
angle on CDEC. Fig. 8 illustrates the changes in OAT and OAH with increasing spray angle.
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(a) Change the spray angle to 45° (b) Change the spray angle to 85°

Fig. 9. Spray angle diagram.

Fig. 8 (a) shows that when the IAT is set at 31 °C and 33 °C, increasing the spray angle enhances
the contact time and contact area between air and water mist, thereby increasing heat exchange and
causing the OAT to vary with the spray angle. The trend in OAT remains consistent with changes in
spray angle. At a spray angle of 65 °, the outlet air temperature reaches its lowest point, measuring
24.72 °C and 25.20 °C, respectively, resulting in temperature drops of 6.28 °C and 7.8 °C. The
experimental results from Shao et al. [38] indicated that air temperature decreases by approximately
7.2 °C following spray cooling, which supports the reliability of these findings. As shown in Fig. 8 (b),
the OAH gradually increases as the spray angle increases from 5° to 65°. However, when the spray
angle is increased to 65° and 85°, the relative humidity remains nearly constant, suggesting that 65° is
the optimal spray angle. The contact area and time between air and cold mist are critical factors
influencing the cooling performance of CDEC [48]. Fig. 9 (a) illustrates that cold mist is sprayed from
the nozzle at a wide angle. As the spray angle increases, the contact area enlarges, allowing cold mist
to cover a broader space within the spray chamber. Additionally, due to gravity, the cold mist sprayed
by the nozzle moves downward, which increases the contact time between the air and cold mist as the
spray angle increases. Consequently, as the spray angle increases, the air temperature continues to
decrease while the relative humidity increases. It can be seen from Fig. 9 (b) that when the spray angle
is increased to 85°, some of the water mist condenses on the top surface, resulting in reduced cold mist
availability. This decrease diminishes heat and moisture exchange, leading to a slight increase in OAT.

3.2. Impact of air speed on CDEC

Based on the settings in Section 2.4.2, the spray angle was set to 65°, and the spray flow rate was
adjusted to 0.8 L/min. The air parameters for the experiment were set to A-F as listed in Table 4, and
the air speeds were adjusted to 1.53 m/s, 1.99 m/s, 2.44 m/s, 2.89 m/s, and 3.29 m/s. Fig. 10 illustrates
the changes in OAT and OAH after processing various high-temperature air at these different air speeds.
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As shown in Fig. 10(a), the trend in OAT is almost remains relatively consistent across different
IAT as air speed increases. The OAT initially increases, then decreases, and subsequently increases as
air speed increases from 1.53 m/s to 3.29 m/s. At an air speed of 1.53 m/s, the airflow into the spray
chamber is low, allowing for sufficient heat and moisture exchange between the air and cold mist. This
results in a significant temperature drop, while the OAH remains relatively high. From Fig. 10(b), as
the air speed increases to 1.99 m/s, the OAT increases and the OAH decreases. This change occurs
since the greater airflow into the spray chamber shortens the contact time between the air and cold
mist, weakening heat and moisture exchange. At an air speed of 2.44m/s, the interaction between the
air and cold mist intensifies, enhancing convective heat transfer and optimising heat and humidity
exchange. At this point, the OAT reaching its lowest value, while the OAH satisfies the air supply
conditions for the DC. Thus, an air speed of 2.44 m/s is identified as optimal for treating air with
CDEC. As the air speed increases further to 2.89 m/s and 3.29 m/s, the OAT continues to increase and
the OAH decreases. This is due to the fact that a higher air speed results in a larger volume of air
entering the spray chamber, which limits the cold mist’s ability to effectively exchange heat and
moisture with the air. Additionally, the contact time between the air and cold mist decreases as air
velocity increases. Therefore, in practical engineering applications, the optimal operating air speed for
CDEC units of varying sizes can be determined through trial operations, allowing for adjustments to
the number of cooling devices based on the required air supply for the DC.

To demonstrate that the increase in OAT at high air speeds is due to insufficient cold mist for
effective heat and moisture exchange, this study conducted supplementary experiments with a spray
flow rate increased to 0.9 L/min at air speeds of 2.89 m/s and 3.29 m/s. The results of these
supplementary experiments were then compared with thoses presented in Fig. 10.
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(a) Change chart of OAT for increasing spray flow rate
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Fig. 11. Change chart of OAT and OAH for increasing spray flow rate

The experimental results in Fig. 11 show that with a spray flow rate of 0.9 L/min, compared to
Fig. 10, the OAT decreases and the OAH increases at air speeds of 2.89 m/s and 3.29 m/s when air
conditions from Table 4 are treated with CDEC. This occurs because, at higher air speeds, increasing
the spray flow rate could enhance heat and moisture exchange. These results confirm that the
explanation for the increase in OAT in Fig. 10(a) at air speeds of 2.89 m/s and 3.29 m/s is correct.

3.3. Impact of spray flow rate on CDEC

Following the setup in Section 2.3.3, the spray angle was set to 65° and the airspeed to 2.44m/s.
The air parameters for the experiment were set to A-F as listed in Table 4, and the spray flow rate was
adjusted to 0.6 L/min, 0.7 L/min, 0.8 L/min, 0.9 L/min, and 1.0 L/min. Fig. 12 shows the changes in
OAT and OAH after CDEC treatment of different high-temperature air under varying spray flow rates.
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As shown in Fig. 12(a) and (b), the trends of OAT and OAH for air cooled by CDEC at different
temperatures follow a similar pattern across varying spray velocities. As the spray flow rate increases,
OAT decreases and OAH increases. This is because with more cold mist entering the spray chamber,
and the airspeed remaining constant, the air undergoes enhanced cooling by the additional cold mist.
Consequently, OAT continues to drop while OAH increases. Although a higher spray flow rate results
in lower air temperature, it also leads to higher relative humidity, especially when the IAH is high.
This is because ideal direct evaporative cooling follows the adiabatic saturation process [49], where
the limiting temperature is the wet-bulb temperature of the air [50]. In such conditions, the relative
humidity of the outlet air can reach up to 100%. As shown in Fig. 12 (b), when the spray flow is high,
the OAH may exceed the allowable humidity range for DC after the low-temperature, high-humidity
air is treated by CDEC. Therefore, in practical applications, selecting a lower spray flow rate is
advisable to maintain the desired humidity levels.

4. Discussion
4.1. Application analysis

Based on the experiment results, high-temperature air ranging from 27 °C to 37 °C can be cooled
to 23.57 °C to 25.58 °C, with a relative humidity between 67.0% and 78.8% using CDEC. According to
ASHRAE guidelines, the recommended supply air temperature for DCs is between 18 °C and 27 °C,
with an allowable relative humidity of 8% to 80% for A1 DCs. In this study, the high-temperature air
was successfully treated with CDEC to meet the air supply requirements for DCs in terms of both
temperature and humidity. These findings demonstrate the feasibility of using CDEC to provide natural
cooling for DCs in hot climates. Unlike previous studies that primarily employed evaporative cooling
to supplement traditional vapor-compression refrigeration systems [38,51], this study directly utilises
CDEC to deliver natural cooling for DCs. This approach not only reduces the cost associated with
traditional refrigeration equipment but also enhances the use of natural cooling sources in DCs.
Additionally, the cold air produced by CDEC could be applied to other large-scale environments
requiring cooling, such as airports, train stations, and subway stations.

Air speed plays a crucial role in the performance of CDED-treated air. In this study, the
experiment described in Section 3.2 was designed to determine the optimal intake air speed at difterent
temperatures under CDEC conditions. The experimental results from Section 3.2 show that the trends
of OAT and OAH remain consistent across various high-temperature air treatments, with the lowest
OAT occurring at an air speed of 2.44 m/s. Therefore, when the spray flow rate is set to 0.8 L/min, the
optimal air speed is 2.44m/s. Notably, the optimal air speed is not influenced by the temperature of the
treated air but represents a system-specific optimal air speed for the CDEC process.

The spray flow rate also significantly impacts the performance of CDEC. Based on the
experimental results from Section 3.3, the trend of OAT remains consistent across various high-
temperature air treatments as the spray flow rate increases. As the spray flow rate increases, the treated
air temperature decreases, while the relative humidity increases. Although lower air temperatures are
desirable for cooling DCs, an excessive spray flow rate can cause relative humidity levels to exceed
the maximum allowable limits for DC supply air. Additionally, higher spray flow rates increase water
consumption, leading to resource waste. Therefore, in practical engineering applications, it is essential
to adjust the spray flow rate according to the natural air conditions to achieve the desired low-
temperature air without exceeding humidity constraints.
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Fig. 13. Variation of the temperature difference between the IAT and the OAT.
At = IAT — OAT (6)

where At is the temperature difference between IAT and OAT; IAT is the inlet air
temperature, °C; OAT is the outlet air temperature, °C.

To assess the cooling effect of air at different temperatures after CDEC treatment, experiments in
Sections 3.2 and 3.3 were conducted using a spray flow rate of 0.8 L/min and an air speed of 2.44 m/s.
The temperature difference between the inlet air and outlet air was calculated using Eq. (6). Based on
these calculations, a temperature difference variation chart between IAH and OAT was created, as
shown in Fig. 13. According to Fig. 13, the temperature difference between IAT and OAT ranges from
3.57 °C to 10.87 °C, indicating a strong cooling capacity. The temperature difference increases with
the increase of OAT and decreases with the decrease of IAH. These results demonstrate that CDEC is
highly effective at cooling high-temperature, low-humidity air, highlighting its significant potential for
application in regions with such conditions. This suggests that the use of natural cooling sources in
DCs could increase further in these areas.

4.2. Energy efficiency
By comparing the energy consumption of CDEC with that of the modular air-cooled heat pump
unit in Table 1, the energy-saving rate of CDEC for producing the same cooling capacity can be
determined. During the CDEC process, only the fan consumes energy. Based on the frequency converter
data, at an air speed of 2.44 m/s, the fan’s energy consumption is 1.1 kW. In contrast, the modular air-
cooled heat pump unit is equipped with a pump that consumes 1.1 kW of energy. The modular air-
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cooled heat pump unit also requires electricity for refrigeration, with a coefficient of performance
(COP) of 3.27, as shown in Table 1. The cooling capacity generated by CDEC is calculated using Eq.
(7), while the energy consumption of the modular air-cooled heat pump unit for the same cooling
capacity is determined using Eq. (8). Finally, the energy-saving rate of CDEC compared to the modular
air-cooled heat pump unit can be calculated using Eq. (9).

Q=p v s Cpm At =0Qy (7
W=%+Qp (8)
§ =" x100% )

where Q is the cooling capacity prepared by CDEC, kW; p is the air density, which takes 1.20
kg/m?; v is the air speed, m/s; s represents the cross-sectional area of air duct, is 0.0878 m?; Cpm 18
the specific heat capacity of air, which takes 1.003 kJ/(kg-°C); @, is the water pump energy
consumption of the modular air-cooled heat pump unit, kW; W is the energy consumption of the
modular air-cooled heat pump unit, KW; 7 is the refrigeration coefficient; & is the energy saving rate
of CDEC; Qf is the energy consumption of the fan of the air supply system, kW.
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Fig. 14. Comparison of energy consumption of CDEC and modular air-cooled heat pump units.

As shown in Fig. 14, using CDEC for DC cooling can achieve energy savings of 14% to 41%
compared to a modular air-cooled heat pump unit for the same cooling capacity. The higher the natural
air temperature and the lower the relative humidity, the energy-saving effect becomes more
pronounced. When the temperature is below 27 °C, DCs can rely solely on natural air for cooling. For
temperature above 27 °C, natural air cooling can still be utilized with the assistance of CDEC.
Therefore, implementing a hybrid cooling system that combines direct air cooling with CDEC will
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significantly reduce the energy consumption of DCs, contributing to substantial energy savings and
emission reductions.

4.3. Free cooling time throughout the year
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Fig. 15. Statistics of high temperature meteorological data and its proportion in the whole year.

Annual free cooling time refers to the duration during which DCs can utilise natural cooling
sources for cooling during operation. During the free cooling, the DC cooling system does not use
electric cooling, which can significantly reduce the energy consumption. It is concluded that when the
natural air temperature exceeds 27 °C, CDEC can be employed to meet the cooling requirements of
DCs. To quantify the improvement in annual free cooling time with CDEC technology in DCs, a
statistical analysis of meteorological data from the top ten DC clusters in China was conducted, as
shown in Fig. 15. The results indicate that implementing CDEC in DCs can extend the annual free
cooling time by 3.16% to 20.45%, depending on the location.

5. Conclusions

Cold-mist Direct Evaporative Cooling (CDEC) is an effective and low-cost cooling technology.
This study examined the treatment of various high-temperature air using CDEC and explored the
impacts of several key control parameters such as spray angle, air speed, and spray flow rate, on the
CDEC process across different air temperature. The key research findings are as follows:

(1) In the CDEC system, the obtained optimal spray angle is 65°;

(2) When cooling fresh air at various temperatures using CDEC, the optimal air speed is 2.44 m/s.
As the spray flow rate increases, a lower outlet air temperature after CDEC treatment corresponds to
a higher relative humidity;
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(3) By adjusting the air speed and spray flow rate, high-temperature air in the range of 27 °C to
37 °C can be cooled to between 23.57 °C and 25.58 °C after CDEC treatment, with relative humidity
levels between 67.0% and 78.8%, thereby meeting the air supply requirements for DCs. Generally,
higher air temperatures correspond to lower humidity levels, which enhances the cooling effect;

(4) Compared to modular air-cooled heat pump units, the implementation of CDEC technology
in DCs can achieve energy savings of 14% to 41%;

(5) The implementation of CDEC can extend the annual free cooling time of DCs in China by
3.16% to 20.45%.

This study highlights the potential of CDEC as a supplementary cooling source for the direct air
cooling systems of DCs in high-temperature climates. By addressing the challenge of high energy
consumption in DC cooling systems, CDEC significantly reduces the power usage effectiveness (PUE)
of these facilities. Implementing this research method can effectively lower energy consumption,
reducing operating costs, and foster the growth of the industry. Additionally, the findings of this study
could be applicable to other large spaces that require cooling, such as airports, train stations, and
subway stations. The analysis and discussion presented indicate that the results of this research are of
considerable importance. However, this study primarily focuses on whether the temperature and
humidity conditions of high-temperature air treated by CDEC can meet the air supply requirements
for DCs. Future research should explore the practical application of CDEC in DCs, which will be
influenced by various factors. Changes in the actual implementation of CDEC in DCs can be
investigated through experiments or numerical simulations, enhancing the applicability of these
findings to real-world engineering challenges. Furthermore, subsequent research should consider how
CDEC performance varies under dynamic temperature changes.
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