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Free cooling change plates. Experiments investigated effects of inlet air temperature (IAT: 28-44 °C), inlet
Direct evaporative cooling relative humidity (IRH: 20-60%), air supply velocity (ASV: 1.0-3.0 m/s), and water flow
Data.cemer (40-120 mL/min). Results show: (I) The coupled system exhibits synergistic effects, achieving
gﬁﬁﬁdiﬁcaﬁon 31.43% cooling efficiency improvement as IAT increases from 28 °C to 44 °C. (II) At IAT = 36 °C
and IRH = 60%, outlet temperature reaches 27 °C with 62.3% RH, achieving 22% dehumidifi-
cation rate. Dehumidification efficiency exceeds 18.8% for over 5 h when IRH>40%. (III) Cooling
performance factors order: IAT > ASV > IRH > WF, with IAT contributing 94.6%. Dehumidifi-
cation factors order: IRH > IAT > ASV > WF, with IRH contributing 62.8% and IAT 23.9%. The
system achieves EER up to 6.3 when meeting data center cooling demand (1728-3456 m>/h) at
30-32 °C. This study provides a feasible energy-saving cooling strategy for data centers.
Nomenclature
Greek symbols Abbreviation
T; Inlet air temperature, °C PCES Phase Change Energy Storage
RH; Inlet air relative humidity, % PCM Phase Change Materials
Tout Outlet air temperature, °C PCP Phase Change Plates
RHoyt Outlet air relative humidity, % DEC Direct evaporative cooling
Va Air supply velocity, m/s DVC Direct ventilation channel
Vi Water flow, ml/min SDEC Spraying direct evaporative cooling
oy Uncertainty DPDEC Drip padding direct evaporative cooling
AT Temperature difference, °C IAT Inlet air temperature
AT, AT between the inlet and outlet, °C IRH Inlet air relative humidity
AT, AT between the front and rear ends of direct evaporative cooling, °C ASV Air supply velocity
ATs AT between the front and rear ends of PCP, °C WF Water flow
d Humidity ratio, g/kg EER Energy efficiency ratio
Ady The amount of dehumidification of the system, g/kg
Ady The amount of humidification of DEC, g/kg
Ads The amount of dehumidification of PCP, g/kg

1. Introduction

With the rapid development of technologies such as cloud computing, big data, and Al [1-3], the scale and number of data centers
are growing [4]. In today's information age, the energy consumption of data centers has been one of the focuses of attention [5-7], and
their energy demand is also increasing [8]. According to statistics, the power consumed by data centers around the world has
accounted for a considerable proportion of global electricity consumption [9], which is still growing [10]. The energy consumption of
cooling systems occupies about 40% of the data center's cooling total energy [11,12], and the large energy consumption of cooling is
more prominent in the summer [13]. To reduce the cooling energy consumption in data centers, cooling technologies need to be
innovatively optimized [14].

Free cooling sends fresh air into the server room to cool it down [15], effectively reducing the energy consumption of the cooling
systems [16]. Zhang et al. [17] analyzed and compared four types of natural cooling systems for data centers and found that direct
fresh-air cooling has a high potential and a high energy-saving rate. Zhou et al. [18] proposed an optimization method of direct air
natural cooling for data center, which could save up to 5% of the total energy in the summer. Yu et al. [19] designed a solid adsorption
heat pipe coupled with direct air natural cooling technology for data center rack-level thermal control, which could reduce the peak
server temperature from 75.8 °C to 68.8 °C. In practical operation, the work of a server room usually needs to run 24 h a day [20].
However, natural cooling sources do not always provide sufficient cooling even in areas where temperatures are usually low [21].

However, direct evaporative cooling (DEC) can provide sufficient and stable cold sources for data centers. DEC is an energy-
efficient, low-carbon, and cost-effective refrigeration technology [22,23]. Al-Badri et al. [24] found that using cold water and
reducing the mass flow rate ratio significantly improves the DEC performance when the air humidity is high. Li et al. [25] used a cold
mist evaporative cooling technique to cool the fresh air, which showed that the treated air reached the air supply requirements of the
data center when the RH was lower than 40%. More studies on DEC have found that DEC can be used in low-humidity areas to hu-
midify cool and filter the outdoor fresh air [26], and in medium and high-humidity areas it can be used for pre-cooling and energy
recovery of fresh air [27,28]. Although DEC technology provides effective cooling for data centers, the issue of excessive humidity still
exists, causing the over relative humidity in data center. Additionally, DEC increases water demand, posing challenges in arid or
water-stressed regions [29].

Natural cold sources can be stored with the help of phase change energy storage (PCES). PCES utilizes the property of phase change
material (PCM) to release or absorb latent heat during temperature change to store or release energy [30,31], which has the ad-
vantages of high energy storage density [32] and environmental friendliness [33]. Zhu et al. [34] proposed a finned tube combined
with the PCM heat exchanger for data center cooling, achieving the highest average heat exchange capacity rate when melted to 50%
of its total capacity. Ma et al. [35] proposed a cooling system consisting of water-loaded annular thermosiphon tubes and
paraffin-loaded polytubes, which demonstrated that servers could be maintained for 6 min during a power failure of the cooling
system. Huang et al. [36] designed a PCM-based cooled storage unit for air-cooled modular data centers to maintain emergency cooling
for 300s. Wang et al. [37] used composite PCM as a CPU coolant to achieve energy savings of 23%. Gao et al. [38] designed novel
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experiments to elucidate the effect of high-humidity environments on the melting process of PCP, which showed that high-humidity
environments increased the melting rate of PCP. For a system combining direct evaporative cooling and phase change cold storage.
DEC provides efficient cooling, while PCM acts as a “cooling battery” to store excess cooling capacity. This combination significantly
enhances the system's adaptability to high-humidity or high-load conditions, effectively reducing reliance on traditional mechanical
refrigeration. It delivers comprehensive benefits, including energy savings, load shifting, and improved renewable energy utilization
[39]. However, the system faces several challenges: PCM modules increase initial investment and occupy additional space, air-side
heat exchange adds extra fan energy consumption, and complex control strategies are required to precisely coordinate the charging
and discharging cycles. However, the working effect of PCM is susceptible to factors such as air temperature, relative humidity, and air
velocity [40,41].

Based on the literature review, several research gaps are as follows. Firstly, DEC can effectively reduce air temperature, however, it
tends to increase the relative humidity levels within the server room, thereby creating challenges in maintaining optimal conditions for
sensitive equipment. Secondly, although free cooling and PCES provide significant energy savings for data center cooling, their
performances are highly influenced by external climatic conditions. For example, they don't cool the air reliably and efficiently under
high temperature, high humidity, or low wind speed conditions. Overall, these three cooling technologies have distinct advantages.
However, they face challenges in consistently meeting the basic supply air temperature and RH standards for data centers in a stable
and energy-efficient manner.

Therefore, this study integrated above technologies to develop a cooling and dehumidification system. The system not only pro-
cessed and delivered air that reached the temperature and relative humidity standards for the data center, but also stably utilized
renewable energy to reduce cooling energy consumption. An experimental platform was established based on the data center. Inlet air
temperatures (IAT), inlet air relative humidity (IRH), air supply velocity (ASV), and water flow (WF) influence on system performance
were investigated by a series of experimental studies under extreme summer conditions. Furthermore, orthogonal experiments were
conducted to investigate the order of influence of these factors on the cooling and dehumidifying performance of the system. This study
provided a feasible strategy for energy-efficient cooling in data centers.

2. Method
2.1. System principle

The highest temperatures recorded in the last five years in the cities represented by the eight arithmetic hub regions in China are
compiled by the China Meteorological Network, see Fig. 1.

Fig. 2 shows the air temperature and humidity changes during the highest temperature in Guiyang, Guizhou Province, Chian, from
2023 to 2024. Guiyang has the highest recorded temperature reaching 34.3 °C. The corresponding relative humidity at high tem-
peratures ranges from 32% to 83%. From 10:00 to 20:00, the temperature exceeds 27 °C, which does not meet the data center air
supply standard [25]. The nighttime temperature is below the phase change temperature, which is conducive to PCM solidification. At
night, natural cold air is utilized to cool the PCM for energy storage. During the day, air cooling is achieved by exchanging heat

Fig. 1. Data centers in the computing hub area represent cities with the highest dry bulb temperatures.
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Fig. 2. Temperature and RH changes on the highest temperature day in Guiyang.

between the solidified PCM and the hot air.

The working schematic of the newly developed system is illustrated in Fig. 3. Outdoor high-temperature air is treated by the direct
ventilation channel (DVC) designed in this study to meet the established standards. Then, it is directed to the racks to ensure the proper
functioning of the servers. Initially, the air passes through the DEC section, which utilizes water evaporation to absorb heat, reducing
its temperature. At this stage, the temperature is significantly reduced. However, the relative humidity may exceed the acceptable
levels. Subsequently, following the evaporation and humidification of the air through the lower temperature of the PCP section once
again for heat and humidity exchange. The air temperature is further lowered, along with a decrease in humidity ratio (d). Finally, the
treated air is circulated through fans into the data center to cool the servers that are operating at elevated temperatures.

2.2. Experimental principle

Fig. 4 shows the basic principle of the experimental implementation process. The cooling room utilizes a refrigerator machine to
circulate cold air into the DVC, simulating the natural nighttime climate. Therefore, the PCP can store the cold. When the PCM is
completely solidified, the fresh air handling unit adjusts the outdoor air to the experimental conditions. Through the ventilation room,
the air conditions during high summer temperatures are simulated.

Fig. 5 shows the structural composition of the system. The system mainly consists of DEC equipment, PCP, and air supply
equipment. The DEC equipment plays an important role in the system and is mainly used to pre-cool and humidify the air. It has two
roles. Firstly, it makes up for the shortcomings of phase change refrigeration alone and improves the cooling efficiency of the system.
Secondly, favorable operating conditions are created for phase change dehumidification. The two types of DEC equipment are spray
direct evaporative cooling (SDEC) and drip padding direct evaporative cooling (DPDEC). The SDEC produces cold air mainly relying on
the high-pressure nozzles to atomize the water and then exchange heat and humidity with the air, as shown in Fig. 5 (a). In the DPDEC
system, water is uniformly distributed onto the padding via a pump, forming a continuous water film on the surface of the padding.
This configuration facilitates efficient heat and humidity exchange between the air and the water through the padding, as depicted in
Fig. 5 (b). The PCPs are installed approximately 45 cm from the DEC unit to ensure air uniformity and eliminate the influence of water

strainer

Spray strainer

|
T

s ! :
" padding Tan wall treated air

T .
outdoor air

Fig. 3. Schematic of the system for data center cooling and dehumidification.
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vapor on temperature measurement. This distance allows the cool, moist airflow to fully mix and form a uniform temperature field,
while preventing the sensors from being directly exposed to the high-humidity discharge, thereby obtaining accurate and reliable
ambient temperature readings. PCP plays a key role in making this system feasible. At night, the natural cold air is stored using PCP
solidification. During the daytime at high temperatures, the solidified PCP not only cools the evaporatively humidified and cooled air
again but also dehumidifies it.

2.3. Experimental platform

The heat-moisture performance of the system was experimentally investigated in the civil engineering laboratory of Guizhou
University. The experimental platform is shown in Fig. 6. The experimental platform mainly consists of two parts: the artificial
environment room and the DVC system. Among them, the artificial environment room can control the air temperature in the envi-
ronment laboratory at —20 °C~50 °C with a control accuracy of <+0.5 °C, and the RH at 20%~100% with a control accuracy of
<#£5°C.

The dimension of the DVC was 200 cm (length) x 65 cm (width) x 65 cm (height), and its periphery was assembled by lapping 5
mm-thick acrylic panels, as shown in Fig. 7. The performance of this experiment was studied by having SDEC and DPDEC respectively
coupled with PCP device of the type of DVC system. SDEC was realized through high-pressure nozzles. Six 8 mm caliber copper nozzles
were placed from outside the channel by punching holes above the DVC. The nozzles were connected by a tee pipe with a spacing of 10
cm between each two nozzles. For DPDEC, an additional plant fiber padding was installed on top of the SDEC with a dimension of 65
cm (length) x 64 cm (height) x 10 cm (width). Both cooling devices were stabilized by a pump to deliver water with a temperature of
20 °C. A rotameter was connected to the pump outlet pipe to control the spray circulation v,,. The DEC device at the bottom of the
channel has more tiny holes for drainage, the corresponding position of the bottom of the water tank placed below the water supply as
well as collecting drainage.

The PCPs were systematically positioned 45 cm away from the DEC device. The charge and discharge detail of PCP is shown in
Fig. 8. Turned off the spray at night, the cold air entered the gap between the PCPs so that the PCM solidified and the PCPs were
charged. Turned on the spray by day, the high-temperature air entered the gap between the PCPs so that the PCM melted and the PCPs
were discharged.

Each PCP was constructed from 1 mm thick tin-plated plates, with dimensions of 110 cm (length) x 3 cm (width) x 58 cm (height).
The filler material used in the PCPs was paraffin. Its properties are shown in Table 1.

2.4. Data collection

A temperature and humidity detector was fixed in front of the channel entrance to monitor and adjust the Ti, and RHjj, in real-time.
PT100 thermocouples with grade-A accuracy were used for temperature measurement. Four PT100 measurement points were ar-
ranged 30 cm away from the nozzle. The upper two measurement points were 22.5 cm away from the top of the channel, while the
lower two were 20 cm away from the upper two measurement points. Two relative humidity measurement points were evenly
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Fig. 6. Experimental platform diagram.

arranged between the upper and lower temperature measurement points. To grasp the temperature changes during the melting and
solidification of the PCP, four PT100 measurement points were arranged inside each PCP. The measurement point at the exit was
arranged in the middle of the back end of the PCP and the fan wall, and the arrangement was the same as measurement points after
evaporative cooling, as shown in Fig. 9. During the experiment, an anemometer was used to measure and record every 5 min on the
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Table 1

Properties of PCM.
Material Paraffin
Phase change temperature range (°C) 21~25
Density (kg/m®) 880
Thermal conductivity (W/(m-K)) 0.21
Latent heat (kJ/kg) 217
Specific heat (kJ/(kg-°C)) 3.22
Flashing point (°C) >250
Maximum working point (°C) 200

outside of the fan wall at the exit of the ventilation channel.

There were 48 PT100 measurement points in the experiment. A total of two temperature data acquisition instruments were used,
and the data recorded by the instruments were retained in one decimal place. Considering the long experimental period of 8 h, the
measurement data were automatically recorded and stored once every 5 min for the sake of data integrity and credibility of the results.
The main experimental equipment in the data acquisition process was unified before the start of the experiment was calibrated. Their
models, specifications, and parameters are shown in Table 2.

2.5. Condition design

In this experiment, a controlled variable approach is used to conduct the experimental study. Firstly, the ability of PCP to cool in
high temperature and high humidity environments is explored. Secondly, compared the cooling and dehumidification efficiency of two
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Table 2

Main equipment technical parameters table.
Instrument Specification Range Accuracy
Temperature acquisition instrument JK4032 —20°C~70°C +(0.5% R-1)°C
RH acquisition instrument ZL-TH10T 0%~99% +3%
Rotameter LZM-4T 40 ml/min200 ml/min +0.02%
Anemometer FLUKE-925 0.2 m/s ~20 m/s +0.02%
Thermocouple PT100 —50 °C~200 °C Grade-A

DEC devices coupled with PCP to find a better system matching scheme. Finally, based on the conclusion of the previous step, the
factors of Ti,, RHjy, V4, and vw on the performance of the system are investigated.

Data center stipulated that the fresh air volume should be the maximum of the following two: (1) 40 m®/h per person based on the
staff; (2) the air volume required to maintain the positive pressure in the room. As it is difficult to calculate the amount of fresh air
required to maintain positive pressure in the room, according to experience and reference to the design of the clean room, the amount
of fresh air can be calculated according to the number of air changes in the room 1-2 times/h. This experiment refers to the size of a
data center server room in Guiyang to calculate the v, of the DVC. The size of this server room is 18m (L) x 16m (W) x 6m (H). Its
required air volume is 1728 m>/h~3456 m>/h, and the range of the v, is 0.96 m/s~2.98 m/s. The v, can be adjusted to 1.0 m/s, 1.5 m/
s, 2.0 m/s, 2.5 m/s, and 3.0 m/s by the inverter. In summary, a total of 20 sets of experiments were designed, as shown in Table 3.

Table 3
Experimental condition.

Case Device Tin (°C) RH;j, (%) v, (m/s) Vw (mL/min)
1 PCP 30 70 1.0

2 SDEC- PCP 28 50 3.0 80
3 SDEC- PCP 32 50 3.0 80
4 DPDEC- PCP 28 50 3.0 80
5 DPDEC- PCP 32 50 3.0 80
6 DPDEC- PCP 36 50 3.0 80
7 DPDEC- PCP 40 50 3.0 80
8 DPDEC- PCP 44 50 3.0 80
9 DPDEC- PCP 36 60 3.0 80
10 DPDEC- PCP 36 40 3.0 80
11 DPDEC- PCP 36 30 3.0 80
12 DPDEC- PCP 36 20 3.0 80
13 DPDEC- PCP 36 50 2.5 80
14 DPDEC- PCP 36 50 2.0 80
15 DPDEC- PCP 36 50 1.5 80
16 DPDEC- PCP 36 50 1.0 80
17 DPDEC- PCP 36 50 2.0 120
18 DPDEC- PCP 36 50 2.0 100
19 DPDEC- PCP 36 50 2.0 60
20 DPDEC- PCP 36 50 2.0 40
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2.6. Experimental procedure

During the experiment, the experimental parameters that need to be adjusted are Ty, RHjn, V4, and v,,. Take case 4 for example, its
main experimental steps are as follows:

(1) Place the sensor at each measurement point and open the calibrated temperature and humidity data acquisition instrument;

(2) On the artificial environment control platform to open the air-handling unit, open the control thermostatic air supply system,
the Tj, stabilized at 28 + 0.5 °C, and the humidifier block to control the RHj, is 50 + 2.5%;

(3) Control platform to open the fan and the channel exit at the axial fan, by adjusting the straight through the channel exit at the
inverter control v, of 3.0 & 0.04 m/s;

(4) Turn on the water pump adjusting the rotameter to control the v,, of 80 ml/min;

(5) Maintain the aforementioned conditions throughout the full 8-h experiment, save the data, and then shut down the instrument.

2.7. Similarity analysis between the scaled model and the full-scale system

To validate whether the 2 m DVC test section can represent a full-scale air supply system, a similarity analysis based on dimen-
sionless criteria was conducted. The full-scale prototype is a data center server room in Guiyang (18 m x 16 m x 6 m) with an air
change rate (ACH) of 1-2 h™!. The geometric scaling ratio between the model and prototype is approximately 1:9.

(1) Flow Similarity (Reynolds Number): The Reynolds numbers (Re = pvDy, /i) for both the model and prototype exceed 10% under
typical operating conditions, indicating that the flow is in the turbulent self-similarity region. In this region, the flow field is
independent of Re, allowing local resistance coefficients and heat/mass transfer efficiencies obtained from the model to be
directly applied to the prototype.

(2) Thermal and Moisture Performance Similarity: The model accurately replicates the core functional components (DEC padding
and PCPs) and their interaction with the airflow. Thus, dimensionless parameters such as cooling efficiency (AT;/ Tin) and
dehumidification efficiency (Ads/d,) are directly transferable. The performance trends observed in the model represent the
steady-state behavior of the full-scale system under similar inlet conditions.

(3) Temporal Scaling and Dynamic Response: The residence time of air in the model (7pmoger = 2/Va, approximately 0.67-2 s) is much
shorter than that in the full-scale room (7,ror0tpe = 1800-3600s at 1-2 ACH). Therefore, the 8-h experimental duration does not
represent 8 h of real-world operation, but rather captures the full degradation process of the PCPs under continuous airflow. For
dynamic response analysis (e.g., fan speed modulation or emergency scenarios), model results should be integrated with system-
level simulations to account for temporal scaling effects.

(4) Limitations and Applicability: The scaled model focuses on the core heat and moisture exchange section and does not account
for pressure losses or temperature gains along long ducts. When extrapolating to full-scale applications, additional safety factors
should be applied to compensate for duct losses, and the total number of PCPs required should be recalculated based on the total
airflow demand of the server room.

2.8. Evaluation index
The cooling capacity of the combined system is evaluated by the temperature difference between the inlet and outlet [42], that is
ATy
ATy =Tin — Tou 1)

The dehumidification performance of the combined system is evaluated by a change in humidity ratio (d) at the front and back of
the PCP [43], that is Ad;

Ad= din - dout (2)

Where d,; is the d of the outlet air, dj, is the d of the inlet air. When the tepperature and relative humidity are known, the d can be
calculated by the following formula [44]:

d=[(622xp,)/ (p—pv)] @)

Where p, is the partial pressure of water vapor; p is the total pressure of the air.
The evaporation efficiency of the DEC equipment [45]:

n= [(Tin - TEIbAout) / (Tl - wa.in)] x 100% (©)]

Where 1 is the direct water evaporative cooling efficiency (DEDEC); Tqp,out is the dry bulb temperature of the air after direct evap-
oration; Typ,in is the wet bulb temperature of the inlet air. Its value is calculated from the measured inlet air dry bulb temperature (Tj,)
and relative humidity (RH;,) based on the thermodynamic relations defined in the ASHRAE Fundamentals Handbook (2021).

The Cooling efficiency is evaluated by AT; and Tin.
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Cooling efficiency(f) = AT /Tin 5)

Where § is the Cooling efficiency.
The Dehumidification efficiency is evaluated by Adsz and dp.

Dehumidification efficiency = Ad3 / d, 6)
Where d,, is the dehumidification amount after evaporation.
2.9. Uncertainty analysis

Since the temperature and humidity of the natural environment simulated in the experiments have a slight fluctuation range, this
will affect the reliability and accuracy of the experimental results. Using the method proposed by Moffat [46] to calculate the un-
certainty of the experimental data, the relationship equation between the variable Y and the independent variables x7,xs, ...... Xy 1S
expressed as follows:

Y=F£(x1,%2...%n) 7)

The uncertainty of the parameter Y can be defined as follows [47]:

2 2
oy = \/ (%axl) + (gx—iah) +- + \/ Z st. ®

Where oy, 0x,5 ... ox, are the uncertainties of x1,xo, ...... Xn, respectively.
The relative uncertainty of parameter Y is expressed as [47]:

6, =(0y/Y) x 100% 9

To quantify the influence of inlet temperature measurement error on the uncertainty of efficiency, the partial derivative of effi-
ciency with respect to Tj, is required. Differentiating Eq. (5) with respect to T;, and assuming that the outlet temperature T, does not
vary with inlet temperature (i.e., 0Tyy /0T, = 0):

9 Tin "G — ATin %o

= 10
x Tizn (10)
Since % 1 and 3;,1 = 1, substituting these yields:
aﬂ _ Tin N 1 - (Tln - Tout) : 1 _ Tout

Equation (10) represents the partial derivative of cooling efficiency with respect to inlet temperature T;,. Where p is the Cooling

B

efficiency, 5 % _js partial derivative of efficiency with respect to inlet temperature.

Table 4 shows the uncertainties of the measured and calculated parameters using the equipment and instrument specifications and
the above formulas. To ensure data reliability over the 8-h experiments, all sensors were calibrated before and after each test, with mid-
campaign spot checks (every 2 h) confirming no significant drift. Humidity sensors were protected from direct spray to prevent
saturation, and energy balance consistency was verified for selected steady-state periods.

Table 4
The uncertainty of measured parameters and calculated parameters.

Parameters Units Uncertainty

Measured parameters

T °C +0.1°C
RH % +2.5%
Va m/s 0.02%
Vu ml/min +0.02%
Calculated parameters

Cooling efficiency % +0.13%
n % +0.11%
Dehumidification efficiency % +0.2%

10
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3. Result
3.1. Thermal performance of PCP

3.1.1. Energy storage capacity of the PCP

Fig.10 (a) plots the temperature curve of the PCM from the liquid state to the complete solidification. In the first 1.4 h, the PCM
temperature decreases approximately linearly with time, which decreases by about 6 °C. The cold source at night is mainly stored by
sensible heat through the PCM temperature drop. After 1.8 h, the PCM temperature first decreases and then tends to stabilize with the
increase of time. This occurs when the PCM reaches its freezing point, undergoing a phase transition from liquid to a liquid-solid
mixture, ultimately solidifying completely. The cold energy is mainly stored by the latent heat of phase change. Among them, the
latent heat storage stage is maintained for about 5.2 h. During the period of 7 h~10 h, the temperature of PCM and Tj, are the same,
indicating that PCM has completely solidified. Therefore, when the temperature is 20 °C at night, the PCM needs to be completely
solidified for about 7 h.

The total cold storage capacity of PCP is about 3431 kJ, of which the sensible heat stage is about 280.5 kJ, accounting for 8.2%. The
latent heat stage was 3151 kJ, accounting for 91.8%. The total cold storage capacity of 3431 kJ, with a significant contribution from
latent heat, indicates that the PCP can be highly effective in applications requiring energy storage and temperature control.

Fig.10 (b) plots the PCP temperature and liquid fraction during the melting process of the PCM. The PCP temperature increases
approximately linearly during the first 1.5 h. Then, it slowly increases with the increase of experimental time. After 1 h, the liquid
fraction nonlinear increases rapidly with time. From 5 h to 8 h, the temperature of the PCP tends to stabilize with a slow increase in
time. The final liquid fraction reaches about 0.9, indicating that the mass of liquid from the PCM melting accounts for 90% of the total
mass of PCM solids and liquid. Furthermore, the low thermal conductivity of paraffin wax (0.21 W/(m-K)) primarily accounts for the
extended phase-change duration of 5-7 h (Fig. 10) and the gradual increase in liquid fraction. This material property restricts internal
heat transfer within the PCM, leading to delayed thermal response under fluctuating loads, ineffective utilization of the full latent heat
capacity, and consequently constrained transient cooling capability [48].

Energy Balance Validation: To verify the internal consistency between the cold energy stored in the PCP and the actual cooling
effect delivered to the airflow, an energy balance check was performed for the effective cooling period identified in Section 3.1.2
(approximately 5.5 h, during which the inlet-outlet temperature difference AT; > 1.0 °C).

Under the conditions of Case 1 (air supply velocity v, = 1.0 m/s, DVC cross-section dimensions 0.65 m x 0.65 m, cross-sectional
area A = 0.4225 m?, air density p, = 1.2 kg/m?), the mass flow rate of air through the DVC is calculated as follows:

My =pg-Ve-A=12x1.0x0.4225 = 0.507 kg/s

Using the trapezoidal method to numerically integrate the AT;(t) curve over the 5.5 h effective cooling period in Fig. 11, the
average inlet-outlet temperature difference during this period is obtained as approximately 1.8 °C. Accordingly, the cooling energy
delivered to the airflow can be calculated by the following equation:

Qair :ma *Cpa- ATy -t (12)

where ¢, , = 1.005 kJ/(kg -K) is the specific heat of air, and t = 5.5 x 3600 = 19,800 s is the effective cooling duration. Substituting
the values yields: Qur = 0.507 x 1.005 x 1.8 x 19,800 = 1820 kJ.

This value represents the cold energy actually released by the PCP and transferred to the airflow during the effective cooling period,
accounting for approximately 53% of the total cold storage capacity of the PCP (3431 kJ, see Section 3.1.1). The remaining cold energy
(approximately 1611 kJ) is attributed to two main factors: firstly, the PCM was not completely melted by the end of the 8 h experiment
(as shown in Fig. 10b, with a liquid fraction of 90%), meaning some cold energy remained stored in the PCM; secondly, a small amount
of cold energy was lost to the environment due to imperfect insulation.
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Fig. 10. Thermal performance curve of PCP.
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Fig. 11. Cooling and dehumidification performance curves of PCP.

The order-of-magnitude agreement between the delivered cooling energy (1820 kJ) and the total stored cold (3431 kJ), together
with the 53% utilization rate being consistent with the PCM liquid fraction progression (Fig. 10b), confirms the internal consistency of
the experimental measurements. This energy balance check demonstrates that the measured inlet-outlet temperature differences and
airflow rates are physically consistent with the characterized cold storage capacity of the PCM.

3.1.2. Cooling and dehumidifying performance

The AT; is used to evaluate the cooling performance, and the Ad; is used to evaluate the dehumidification performance. The larger
the values of these two indicators, the better the cooling and dehumidification performance of the PCP.

The cooling and dehumidification performance of the PCP system was evaluated under Case 1. As shown in Fig. 11, both per-
formance indicators initially decline over time before stabilizing. The temperature difference AT; decreases rapidly from 3.2 °C to
0.7 °C during the first 5 h, then gradually levels off at approximately 0.5 °C. To define the effective operating period objectively, a
threshold of AT; > 1.0 °C was adopted, representing a practically meaningful cooling capability. Based on this criterion, the effective
cooling duration of the PCP under these conditions is approximately 5.5 h, corresponding to the time interval in which AT; remains
above the threshold in Fig. 11. Within the first hour, the outlet air temperature remains <27 °C, indicating that the PCP alone can
temporarily satisfy the supply-air temperature requirements for data centers in this specific environment. This is because heat and
moisture exchange between the PCP and the incoming hot air raises the PCM temperature, reducing the cooling effect (reflected in the
decrease of ATp). Once the PCP temperature exceeds the air dew point, it loses dehumidification ability. Before this point, dehu-
midification efficiency remained above 18.8% for over 5 h.

3.2. Performance comparison of two DEC systems

Fig. 12 plots the variation of T and RH of the air at the front and rear ends of the two DEC devices in Ti, of 32 °C, RHj;, of 50%, v, of
3.0 m/s, and v, of 80 ml/min operating conditions.
From Fig. 12 (a), it can be observed that after passing through the DEC device, the temperature of the inlet air decreases while the
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Fig. 12. Comparative performance curves of two DEC systems.
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RH increases. Fig. 12 (b)shows that the RH both increased by about 30%. The average evaporative temperature drop of SDEC is 4.6 °C,
and the 1 is 47.37%. While the average evaporative temperature drop of DPDEC is 5.5 °C, and the 1 is 57.90%. The evaporative
temperature drop of DPDEC is about 0.9 °C more than that of SDEC.

Compared with the SDEC system, the DPDEC system enhances cooling performance by utilizing highly absorbent padding, pri-
marily through increasing the water-air contact area and extending the contact time. However, as shown in Fig. 13, the padding
requires a certain start-up period to become fully wetted and achieve optimal functionality. The wetting time—defined as the duration
required to reach 95% of the steady-state relative humidity—was measured to be approximately 13 min. Consequently, under identical
operating conditions, the cooling capacity of the DPDEC system is slightly lower than that of the SDEC system during the first 20 min.
Achieving rapid wetting of the padding will contribute to improved cooling performance.

3.3. Performance comparison of two combined systems

Fig. 14 shows the temperature distribution at different positions within the DVC for separate experiments conducted using two
combined systems: DPDEC-PCP and SDEC-PCP. As illustrated in the figure, under both operating conditions, a sharp temperature drop
is observed at the 20 cm position. This occurs because the high-temperature air at this location passes through the DEC section, where
sensible heat exchange with water takes place. During this heat and mass transfer process, the air temperature decreases while its
humidity ratio increases. The DEC section exhibits greater cooling capacity under the DPDEC system across all tested conditions,
further confirming its superior evaporative cooling performance. From the PCP section to the outlet, the DPDEC-PCP system maintains
slightly lower temperatures than the SDEC-PCP system, with the former registering values approximately 0.5 °C lower than the latter.

Fig. 15 presents the effect of the DPDEC-PCP and SDEC-PCP systems on the cooling and dehumidification performance of the PCP
under the same working conditions. As shown in Fig. 15a, AT3 exhibits an approximately linear decreasing trend over time, gradually
leveling off. In Fig. 15b, Ads decreases sharply at first and then stabilizes, indicating that the performance of the PCP gradually
weakens over time. Notably, both performance indicators follow the same trend under the two combined systems, with only marginal
differences. This suggests that the configuration of the upstream system has a negligible impact on the PCP's performance.

In summary, although both system configurations have little effect on the PCP's performance, the DPDEC system achieves higher
efficiency (n) for the same hydroelectric energy input, demonstrating superior cooling performance. Therefore, the DPDEC-PCP system

represents a more effective configuration for cooling and dehumidification. Subsequent experiments on performance factor optimi-
zation were carried out using this combined system.

3.4. Sensitivity analysis

3.4.1. Effect of the tip
Fig. 16 plots the effect of Tj, variation on the performance of the system. From Fig. 16 (a) and (b) can be observed that both the T,y
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Fig. 13. The process of change of padding state with time.
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Fig. 15. Influence of two combined system types on PCP performance.

and RH,,; gradually increase over time before eventually stabilizing when the T;, reaches or exceeds 36 °C. This is because the PCP
plays the role of cooling and dehumidifying in the early stage, so the Tyt and RHyy are low. When the RHjj, is 50% and the Tj, does not
exceed 36 °C, this combined system is easy to meet the air supply temperature requirements of the machine room.

Among them, evaporative cooling increases with the increase of Ti, as seen in Fig. 16 (c). T, increases from 28 °C to 44 °C and the 5
changes from 58.12% to 90.45%, which indicates that the DEC is more effective in cooling in high temperatures. From Fig. 16 (d), it is
found that with the increase of Ti,, the RH after DPDEC is stabilized at about 80%. It indicates that the effect of T, on evaporative
humidification is not significant.

In addition, from Fig. 16 (e) and (f) can be seen that two performance indicators of the PCPs change over time. The change is not a
simple linear trend, but a nonlinear pattern of accelerated reduction followed by gradual stabilization. Tj, increases from 28 °C to
44 °C, and the cooling capacity of the PCP per meter improves from 0.5 °C to 3.5 °Cin 1 h. With an RHj, of 50% and Ti, > 36 °C, the PCP
exhibits a significantly improved dehumidification effect. Where Tj, increases from 36 °C to 44 °C, the dehumidification efficiency
increases from 12.52% to 31.25%.

3.4.2. Effect of the RHj,

Fig. 17 plots the results of the influence of different RHj, on the system with the time. Fig. 17 (a) and (b) show that T,y and RHyy,,
remain relatively stable when the RHj, is not exceed 30%. However, when RH;, exceeds 30%, both the Ty, and RH,,, exhibit a linear
increase followed by stabilization over time. This indicates that higher levels of RHj, significantly influence the characteristics of the
outlet air, resulting in noticeable changes in both temperature and humidity. Under the experimental condition, only the RH;, of 20%
meets the data center air supply temperature requirement. However, the Ty, is only about 1 °C higher than the standard requirement
when the RHj, is not exceed 60%, which indicates that the system has good cooling performance.

From Fig. 17(c) and (d), we can see the law of the influence of the RHj, on the humidification and cooling performance of DPDEC.
With the increase of the RHj, the cooling performance of the system is weakened, and the Ady is reduced. Fig.17 (e) plots the influence
curves of RHy, on the cooling performance of PCP. The cooling performance index of the PCP undergoes an approximately linear
process that first decreases and then tends to stabilize. In Fig. 17 (f), the RHj, is at 20% and 30%, the Ads is close to 0. It indicates that
the PCP has no dehumidifying effect under this condition. When the t RHj, exceeds 40%, the dew point temperature of the air at the
front end of the PCP is much higher than the PCM temperature, resulting in a substantial increase in Ads. As RH;, increases, both the
magnitude of Ads and its duration also increase. This indicates that PCP has better dehumidification performance under high
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Fig. 16. Influence of different Tj, on the performance of the combined system.
temperature and high humidity conditions.

3.4.3. Effect of the air supply velocity

The results of the effect of v, on this combined system are shown in Fig. 18. Fig.18 (a) shows the pattern that the Ty increases in a
linear relationship and the AT; decreases in a linear relationship as the v, increases. This indicates that the v, has a large influence on
the cooling performance of the system. The cooling efficiency of the system is 29.84%, 27.78%, 25.83%, 24.44%, and 22.22% for five
air speeds from small to large, respectively. Fig.18 (b) plots the variation curve of RH,,; at different air supply velocities, from which it
can be seen that the RHyy first increases and then tends to stabilize with time. Among them, the RHyy is almost below 80% when the
air velocity exceeds 2.5 m/s. They meet the humidity requirement.

The pattern of v, on DPDEC is seen in Fig. 18(c) and (d). From they can be observed that the AT, and the ARH; diminish rapidly as
the v, increases. The reason is that the increased v, shortens the contact time between the air and the padding, and the air and water
can not carry out sufficient heat and humidity exchange. However, When the v, reaches 2.5 m/s and continues to increase, the in-
fluence on the humidification and cooling effect of DPDEC is not significant.

The effects of v, on the cooling and dehumidifying performance of the PCP are plotted in Fig. 18(e) and (f). From them can be
observed that the cooling and dehumidifying performance indexes of the PCP both show a nonlinear trend of first gradually decreasing
and then stabilizing with time. The AT3 and Ad3 are comparable when the air velocity is set at 2.5 m/s and 3.0 m/s. The ATs at 2.5 m/s
is higher by 0.5 °C, and the Ads at this velocity is greater by 0.53 g/kg compared to the readings at 3.0 m/s. This suggests that the
cooling and dehumidification performance of the PCP is more effective at lower air velocities.
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Fig. 17. Influence of different RH;, on device performance.

3.4.4. Effect of the water flow

Fig. 19 plots the change curves of T and RH after humidification and cooling by the padding at different v,, in the first 2 h. As shown
in Fig. 19 (a), it can be seen that the RH of evaporated air rises rapidly with time and then closes to relative stability. According to the
experimental observation, the padding has reached the wet state when the RH of air fluctuates within the range of 85% =+ 2.5%. 40 ml/
min, 60 ml/min, 80 ml/min, 100 ml/min and 120 ml/min to reach the wet state of the time of 28min, 22min, 16min, 13min and 7min.
The v, increases from 40 ml/min to 120 ml/min and the time to reach the wetted state is shortened by 21min.

Since the membrane becomes thoroughly wet, the effect of water flow rate on evaporation is minimal. Therefore, after the
membrane is fully saturated at different flow rates, the flow rate can be uniformly adjusted to the minimum (40 ml/min) to calculate
the total water consumption over an 8-h cycle. For example: 60 ml/min, Total water consumption = 60 x 22 + 40 x (480 — 22) =19.6
L. Therefore, the water consumption corresponding to 40 ml/min, 80 ml/min, 100 ml/min, and 120 ml/minis 19.2L,19.84L, 19.98 L,
and 19.76 L.

As can be seen from Fig. 19 (b), the T of evaporated air decreases rapidly with time and then tends to stabilize. 10min ago, the
temperature of the air after evaporation decreased slightly more with the increase in v,,. After 30 min, the evaporation temperature
drop is almost the same for five different flow rates. It suggests that the flow rate of the padding after wetting has a small effect on the
cooling and humidification of the DPDEC.
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85 A - D BB S
£80
3= 75 —e 40ml/min
2 —e— 60ml/min
= 70 .
g —4— 80ml/min
£.65 —— 100ml/min
= .
%) 60 120ml/min
o 55
50

EL L Il L Il L Il Il L Il

Time (min)

(a) RH

T T
0 20 40 60 80 100 120

42 L —=*— 40ml/min—e— 60ml/min

Sa0 | —— 80ml/min—e— 100ml/min
238 ;r” 120m1/rjrﬁ1in
< r |
3 36 ! ou
Eheay
5 34
Q 4n [
£32
3 an [
e
=28 ,:
2600
0 20 40 60 80 100 120
Time (min)
()T

Fig. 19. Influence of different v,, on device performance.

17



Y. Zhang et al. Case Studies in Thermal Engineering 81 (2026) 108000

4. Discussion
4.1. Analysis of optimization of system performance based on orthogonal experiment

4.1.1. Orthogonal experimental design

In the previous part, the influence of T, RHjn, V4, and vy, on the system was studied. To further optimize the cooling and dehu-
midification performance of the system, orthogonal experiments were carried out. Table 5 presents the orthogonal experimental design
using an Lys(5°) orthogonal array with four factors and five levels to capture the nonlinear response characteristics observed in the
single-factor experiments. The level values for each factor were determined based on actual operating conditions: inlet air temperature
(IAT) ranges from 28 to 44 °C at 4 °C intervals, with the lower bound representing the threshold where free cooling becomes ineffective
and the upper bound representing extreme high temperatures; inlet relative humidity (IRH) ranges from 20% to 60% at 10% intervals,
covering the typical summer humidity range in Guiyang; air supply velocity (ASV) ranges from 1.0 to 3.0 m/s at 0.5 m/s intervals,
corresponding to the full-scale design airflow velocity range; water flow rate (WF) ranges from 40 to 120 mL/min at 20 mL/min
intervals, based on rotameter limits and padding wetting characteristics—below 40 mL/min results in insufficient wetting, while above
120 mL/min yields diminishing returns. The experiments use AT; and Ad; as the evaluation indexes, see Table 5.

4.1.2. Comprehensive results of range analysis and ANOVA

Based on the experimental data, the mean values of performance indicators at different factor levels, along with the range and
ANOVA results, are presented in Tables 6 and 7.

From the combined results of Tables 6 and 7, the following conclusions can be drawn:

Regarding the influence on cooling effect (AT;): Inlet Air Temperature (IAT) is the overwhelmingly dominant factor. Its range
(9.72) is substantially higher than those of the other factors, and its ANOVA contribution rate reaches 94.6%, with high statistical
significance (F = 72.5, p < 0.01). In contrast, the influence of Air Supply Velocity (ASV), Inlet Relative Humidity (IRH), and Wind Flow
(WF) is relatively minor, and none reached statistical significance.

Regarding the influence on dehumidification effect (Ad;): Inlet Relative Humidity (IRH) is the most critical factor, exhibiting the
highest range (6.30) and contribution rate (62.8%), and is highly statistically significant (F = 21.2, p < 0.01). Inlet Air Temperature
(IAT) also has a significant influence (contribution rate 29.3%, F = 9.9, p < 0.05), making it a secondary key factor. The influences of
Air Supply Velocity (ASV) and Wind Flow (WF) are relatively small and not significant.

From Fig. 20, it is seen that AT; increases approximately linearly as the Tj, increases. This shows that the more the system is used in
high-temperature areas, the better the performance and the more cost-effective it will be. Whereas, AT; slowly and gradually decreases
with the increase of RHj, and v,. V,, has almost no effect on AT;. The optimum solution to achieve temperature reduction is Tj, = 44 °C,

in=20%, v = 1.0 m/s, and v, = 40 ml/min. However, dehumidification did not reach the best solution when the optimum cooling
effect was achieved. Taking into account the dehumidification, the system is recommended to be applied with a low air velocity and a
smaller v,, in a natural environment with high temperature and high humidity. We can see that the order of influence on the ATj is Ty,
> Vq > RHj, > vy. The Adj is in the following order: RHj, > Tin > Vq > Vy.

Table 5
Case Tin (°C) RH;;, (%) Vg (m/s) vy, (ml/min) AT, (°C) Ad; (g/kg)
1 28 20 1 40 6.9 0.2
2 28 30 2 100 5.5 0.1
3 28 40 3 60 3.8 0.4
4 28 50 1.5 120 3.7 0.5
5 28 60 2.5 80 3.4 2.2
6 32 20 3 100 6.7 0.2
7 32 30 1.5 60 7.1 0.9
8 32 40 2.5 120 6.8 0.2
9 32 50 1 80 7.5 3.8
10 32 60 2 40 6.8 4.5
11 36 20 2.5 60 9.3 0.2
12 36 30 1 120 10.9 0.6
13 36 40 2 80 9.1 5.1
14 36 50 3 40 9 4.0
15 36 60 1.5 100 9.5 9.1
16 40 20 2 120 13.1 0.3
17 40 30 3 80 12.2 0.7
18 40 40 1.5 40 12.9 1.1
19 40 50 2.5 100 11.1 1.7
20 40 60 1 60 13.2 7.8
21 44 20 1.5 80 14.8 0.1
22 44 30 2.5 40 14.1 1.6
23 44 40 1 100 15.1 6.8
24 44 50 2 60 14.4 8.1
25 44 60 3 120 13.5 8.9
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Table 6
Factor analysis results for AT; (cooling effect).
Factor Mean Values (Levels 1-5) Range (R) ANOVA Contribution Rate(%) Significance (x = 0.05)
F-value
IAT 4.66, 6.98, 9.38, 12.5, 14.38 9.72 72.5 94.6 Highly Significant (p < 0.01)
ASV 10.88, 9.7, 9.84, 9.14, 9.06 1.82 2.43 3.2 Not Significant
IRH 10.16, 9.94, 9.16, 9.16, 8.88 1.28 1.25 1.6 Not Significant
WF 9.54, 9.84, 9.88, 10.04, 9.36 0.68 0.36 0.5 Not Significant
Table 7
Factor analysis results for Ad; (dehumidification effect).
Factor Mean Values (Levels 1-5) Range (R) ANOVA Contribution Rate(%) Significance (x = 0.05)
F-value
IRH 0.2, 0.82, 1.72, 3.74, 6.5 6.3 21.2 62.8 Highly Significant (p < 0.01)
ITA 0.68, 1.92, 3.9, 2.32, 5.1 4.42 9.9 23.9 Significant (p < 0.05)
ASV 3.78, 2.18, 2.6, 1.06, 2.52 2.72 2.0 5.9 Not Significant
WF 2.04, 2.7, 3.24, 3.08, 3.04 1.2 0.6 1.8 Not Significant
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Fig. 20. The trend of different factors on indicators.
4.2. Analysis of matching system cooling capacity with data center demand
4.2.1. System cooling capacity with data center demand

Compared with a data center in Guiyang that also uses a direct ventilated air conditioning cooling system to evaluate the cooling
capacity of the system. The data center needs 3456 m>/h of outdoor fresh air, the fresh air temperature range is 28 °C~34 °C.

- —@— System cooling capacity 12
40} —»— Cooling demand of DC ]
| —8— EER 19
é 30F ] 5
. T =
< 20f 6
10 13
i 1 1 L]

28 30 32 34
Ambient temperature (°C)

Fig. 21. Matching comparison between system cooling capacity and DATA CENTER demand at different temperatures.
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Therefore, it required cooling capacity is 5.4 KW~43.4 KW.
The overall system Energy Efficiency Ratio in this study is calculated based on the following formula:

Q

P, total

EER = (13)

Where Q. is the measured total cooling capacity (kW) of the system; Py, is the total electrical power input (kW) to the cooling system
required to deliver the aforementioned cooling, the electricity input includes the pump and the fan, calculated as 8-h average values.

From Fig. 21, it can be observed that at the outside temperature of 28 °C, the cooling capacity of the combined system is slightly
below the cooling demand of the data center. However, the combined system's cooling capacity aligns with the data center's re-
quirements as the temperature increases from 30 °C to 32 °C. Moreover, the energy efficiency ratio (EER) of the combined system
improves as the outside temperature rises. In typical air conditioning and refrigeration systems, the EER generally ranges from 2.5 to
5.0. In contrast, this combined system can achieve a EER as high as 6.3. This elevated EER indicates that the system can significantly
reduce the energy consumption of data centers during periods of high temperatures [49].

Overall, the ability of the combined system to meet the cooling needs of data centers, particularly as temperatures rise. Along with
its high EER, highlights its potential for energy savings and improved performance in demanding environments.

4.2.2. Integration of the DPDEC-PCP system into actual data center layouts

This study presents lab-scale validation, but practical deployment requires consideration of system integration, airflow manage-
ment, and redundancy design. In practical applications, the system would function as a dedicated air handling unit: outdoor air is pre-
cooled by the DEC section, then further cooled and dehumidified by parallel PCP arrays. The conditioned air collects in a plenum and is
delivered to server racks via perforated floor tiles (underfloor supply) or overhead ducts (overhead supply). A 45 cm spacing between
the DEC and PCP sections is maintained to ensure uniform airflow distribution.

To optimize airflow organization, cold/hot aisle containment should be implemented to prevent mixing of cold and hot air. Server
fans should coordinate with central DVC fans, with the thermal mass of PCPs buffering load fluctuations. The number and open area of
perforated tiles should be calculated based on total airflow demand (1728-3456 m>/h). For reliability, multiple PCP banks should be
arranged in parallel to meet the target airflow, with N+1 redundancy: backup pumps and padding for the DEC section, parallel PCP
banks ensuring that failure of one bank reduces cooling capacity by no more than 25%, and multiple parallel fans guaranteeing that
failure of any single fan maintains airflow at >80% of design capacity. PCPs should be rail-mounted to support hot-swap replacement.
The control system must monitor outdoor conditions, PCP state of charge, cold/hot aisle temperature and humidity, and IT load to
enable intelligent switching between free cooling, hybrid, and mechanical cooling modes. Future work should include material
durability testing, full-scale demonstration, and cost-benefit analysis.

In practice, the system would integrate with existing CRAH/CRAC units through a staged control strategy: Mode 1 (Free cooling):
When ambient conditions are favorable (Tgy, < 32°C, RHgmp < 60%), the DPDEC-PCP system handles the full load; CRAH/CRAC units
remain standby. Mode 2 (Hybrid): As conditions exceed the system's effective range, mechanical cooling provides supplemental
cooling, with PCPs still contributing to pre-cooling. Mode 3 (Mechanical only): Under extreme conditions or during PCP nighttime
regeneration, conventional cooling takes over [50].

The thermal mass of PCPs provides inherent buffering against IT load fluctuations, smoothing supply temperature variations during
transient spikes. This passive inertia reduces mechanical cooling activation frequency. Regarding PUE impact: when operating in Mode
1, the system's high EER (up to 6.3) versus conventional cooling (EER 2.5-5.0) translates to significant energy savings. Assuming 6-8 h
of daily Mode 1 operation during summer, annualized cooling energy reduction could lower overall data center PUE by an estimated
0.1-0.15, depending on climate and load profiles. Practical implementation requires a control system monitoring ambient conditions,
PCP state of charge, server inlet temperatures, and IT load to optimize mode transitions.

Table 8
Compared with other cooling and dehumidification methods studied in data center.
Methods Cooling Dehumidification Advantage Disadvantage
efficiency efficiency
Water-cooled air High None Consumes less power High water consumption
conditioner [51]
Cold mist DEC [25] Very high None The 7 is improved The humidity exceeds the standard
Nature air cooling [15] High None Very efficient and environmentally Susceptible to the external environment
friendly
PCES [39] Middle None Sometimes, the refrigeration is zero At high temperatures does not meet DATA
energy consumption CENTER requirements
Thermosiphon loop - Middle Lower Can be used for emergency cooling fora  High maintenance costs
PCES [35] short time
PCES - DPDEC Very high Middle Not only cooling but also The initial investment is large
dehumidifying
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4.3. Analysis of the innovation of this combined system

Compared with similar studies on data center cooling technology and solutions, the innovations of this study are analyzed as
follows. Compared the system with predecessors, see Table 8. The innovation of the research system was analyzed through four as-
pects: cooling efficiency, dehumidification efficiency, advantages, and disadvantages.

First, perform an overall system performance analysis. The cooling efficiency of the combined system was rated as ‘very high’,
which significantly exceeded that of the other systems. The dehumidification efficiency of the system was evaluated as ‘medium’
which, although not significant, indicated an improvement in its dehumidification capability. In practical operation, the performance
of the phase change panel dehumidification system is constrained by three dynamic factors: the nighttime regeneration of paraffin is
dependent on weather conditions, where humid environments can lead to performance degradation; fluctuations in external tem-
perature and humidity may induce partial phase changes, reducing moisture absorption efficiency; and material thermal inertia can
cause misalignment in dehumidification/regeneration timing. The practical application of this technology requires consideration of its
cyclic stability under long-term climatic fluctuations.

Second, the advantages and disadvantages of the system are analyzed. The system not only provides cooling but also dehumidi-
fication, thereby enhancing its versatility and practicality. Regarding low power consumption, this indicates the potential for sig-
nificant savings on electricity bills over time. However, the substantial initial investment may pose a barrier to adoption by potential
users.

Overall, the innovation of the system is primarily reflected in two key aspects. On one hand, the system can simultaneously cool and
dehumidify, a capability that is relatively rare among mainstream systems available today. Conversely, the system offers significant
advantages over other systems concerning cooling and energy efficiency.

4.4. Limitations and Future Research Directions

This study has validated the performance advantages of the DPDEC-PCP integrated cooling system in terms of thermodynamic
principles and under ideal conditions. However, several key challenges must be addressed for practical engineering applications:

(1) Limitations in Long-term Reliability of Materials and System: Phase Change Materials (PCM) are subject to performance
degradation risks during long-term phase change cycles, primarily including material phase separation, reduction in latent heat
capacity, and changes in thermal conductivity [52]. Additionally, encapsulation structures may experience fatigue or sealing
failure under thermal stress cycling, posing potential leakage risks [53]. The Indirect Evaporative Cooling (DEC) component is
significantly affected by water quality. Under hard water conditions, scaling can easily occur, leading to reduced heat exchange
efficiency. Moist surfaces may also foster microbial contamination, increasing system maintenance costs and health risks [54].

(2) System Dependence on Climatic Conditions: The energy-saving effectiveness of the system is highly dependent on the avail-
ability of “night cooling” or low-temperature periods. It performs excellently in dry or temperate climate zones with large
diurnal temperature variations and prolonged low-temperature periods. However, in hot and humid climates with small diurnal
temperature fluctuations, the window for natural cooling is limited, necessitating reliance on backup refrigeration systems. This
impacts overall energy-saving benefits and the system's applicability range [55].

(3) Future Research Directions: Reliability Enhancement Studies: Conduct accelerated aging tests for PCM and encapsulation
durability experiments to establish predictive models for performance degradation. Investigate anti-scaling treatment tech-
nologies and microbial control strategies for the DEC component. Climate Adaptability Optimization: Develop a system
applicability evaluation model based on meteorological data from different regions to define geographical applicability
boundaries. Create hybrid control strategies that complement mechanical refrigeration to expand the system's applicability
range. Engineering Empirical Research: Implement medium-to long-term pilot operations in actual data centers to monitor the
system's energy efficiency performance, maintenance requirements, and operational costs under dynamic loads and real cli-
matic conditions.

These research directions will advance the technology from laboratory validation to engineering application, providing a practical
and feasible solution for green cooling in data centers.

5. Conclusion

Data center consumes very high energy, especially in summer. This study demonstrated the DPDEC-PCP system to further optimize
the efficiency of handling hot outdoor air. Firstly, the ability of PCM to store cold was experimentally investigated. Secondly, two kinds
of combined systems were experimentally investigated to optimize the cooling and dehumidification performance. Finally, based on
the conclusions of the previous step, the effects of IAT, IRH, ASV, and WF on the performance of the system were investigated. At the
same time, orthogonal experiments were used to analyze the primary and secondary influences on the cooling and dehumidifying
performance of the combined system. The main conclusions of this work are as follows:

(1) When the ASV is 3 m/s, the WF is 80 ml/min, the IRH is 60%, and IAT increases from 28 °C to 44 °C, the cooling efficiency of the
system increases by 31.43%.
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(2) When the ASV is 3 m/s, the IAT is 36 °C and the IRH is 60%, the system makes the outlet air temperature at a temperature of
27 °C and a outlet relative humidity of 62.3%. Separately, the air is lower by 6.6 °C by the DPDEC and 2.4 °C by the PCPs, and
the d increases by 24.3% through evaporation but decreases by 22% through the PCPs.

(3) The system has a good dehumidification capability in 1~3 h under experimental conditions when the IRH >40%. Subsequently,
the system will lose its dehumidifying ability when the PCM temperature is higher than the dew point temperature of the air at
the front of the PCP.

(4) When the ASV is increased from 2.5 m/s to 3.0 m/s, the cooling efficiency of the system decreases by 7.62%, and the dehu-
midification effect is weakened to some extent. After the filler is wetted, the WF has a weak effect on the system performance.

(5) The main factors affecting the cooling performance of the system are IAT > ASV > IRH > WF in order, and for the dehu-
midification performance are IRH > IAT > ASV > WF.
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