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Abstract: The development of 5G application technology has led to a rapid expansion in
the scale of internet data center rooms and the number of servers. Due to the high heat
generation of data center server equipment and the mixing of hot and cold airflows within
the rooms, the thermal environment of these rooms fails to meet operational requirements
with increasing energy consumption and thermal density. This study utilized the 6Sig-
maDC software to simulate and analyze the characteristics and existing problems of air-
flow distribution in a small-scale data center. Based on identified issues with current air-
flow patterns, two optimization schemes were proposed, analyzing the effects of raised
floor height and the closure of aisles on airflow optimization. The return heat index (RHI)
was used as an evaluation metric to assess airflow patterns before and after optimization.
When the raised floor height was 600 mm, the maximum temperature at the cabinet inlet
and outlet were 19.3 °C and 34 °C respectively, which were the lowest, and the RHI value
was 0.9622. Compared with unclosed aisles and closed hot aisles, closed cold aisles effec-
tively reduced the cabinet inlet and outlet temperature and increased the RHI. In addition,
closed cold aisles increased the air supply temperature from 18 °C to 20 °C, further reduc-
ing the energy consumption of the air conditioning system. This study can provide guid-
ance and act as a reference for optimizing airflow design and energy conservation in small
data centers.

Keywords: data center; airflow distribution; local airflow of cabinet; CFD simulation; optimization

design

1. Introduction

The rapid development of technologies, such as 5G and Al etc., has led to an increas-
ing density of devices in data centers, also increasing the power consumption of each in-
dividual device. If the heat cannot be effectively dissipated, it can cause a reduction in
equipment performance or even damage it [1]. A reasonable airflow distribution ensures
that cold air is evenly distributed to various equipment areas, avoiding the occurrence of
“hot spot” areas. By simulating and optimizing airflow distribution, data centers (DCs)
can improve their operational efficiency and ensure higher computing power. Many strat-
egies have been proposed to improve the efficiency and reduce the energy consumption
of DC cooling systems, including airflow management [2], natural cooling [3], liquid cool-
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ing [4], and cooling management [5]. Among them, airflow management strategy is con-
sidered the mainstream method for improving the thermal environment and cooling effi-
ciency of DCs due to its ease of implementation and operation.

According to the different configured rack density, the design methods for effective
cooling in the data centers can be divided into room-based cooling, row-based cooling
and rack-based cooling [6]. Room-based cooling can be used in small data centers with
low power densities of less than 5 kW/rack or less [7-9]. Row-based cooling is mainly used
for medium density data centers, where the rack power density reaches 20 kW/rack [10-
12]. For high-density racks with rack densities up to 50 kW/rack, the cooling system is
integrated into the rack servers, that is, rack-based cooling. Although the air distribution
is not limited by the location of the rack servers in this case, the costs associated with
cooling also increase [13-15].

Currently, the most commonly used cooling method is room-based cooling. Cold air
is sent out by air conditioning static pressure boxes through the raised floor into the cold
aisle of the computer room. This air supply type should be reasonably designed to the
height of the raised floor, the form of the floor air outlet, the distance between the air
conditioner and the cabinet, etc. There are several ways to improve airflow distribution in
data centers based on fixed computer room air conditioning units, including raised floor
plenums, perforated tiles, and aisle containment [16]. Patankar [17] discussed various fac-
tors related to airflow and cooling in raised floor data centers. Zhang et al. [18] obtained a
recommended range of heights for raised floors in data centers with different structures
through a comparative analysis of 18 different cases. In order to optimize the cooling per-
formance in raised-floor data centers, Song [19] used the application of fan-assisted per-
forations. The size of the outlet airflow is related to the perforation rate of the perforated
floor, and the best airflow uniformity and thermal performance can be achieved when the
perforation rate is between 20% and 30% [20]. In order to analyze the dependence of the
pressure loss coefficient of perforated tiles on geometric factors and flow parameters, Ling
et al. [21] conducted numerical simulations of the flow distribution of perforated tiles us-
ing different pore types and flow parameters.

Due to the fact that cabinets are typically arranged in a “face-to-face and back-to-
back” configuration, this may result in undesirable mixing of cold and hot airflows. Under
this condition, cold/hot aisle containment are proposed to reduce the risk of cold airflow
bypass and hot airflow recirculation. Some studies found that the air supply temperature
can be increased from 18 °C to 22 °C through aisle containment [22], optimizing the utili-
zation rate of cooling capacity[23]. Enclosing hot and cold aisles can have different effects
in different data centers. Sundaralingam et al. [24] found that cold aisle containment can
reduce rack inlet temperatures by as much as 40% without affecting the room layout.
However, Manganelli et al. [25] noted that compared to cold aisle containment, hot aisle
containment can reduce cooling system annual energy costs by 43% and increase annual-
ized PUE by 15%. In order to improve the thermal environment of front racks, Zhang et
al. [26] proposed a method of air flow optimization in the cold aisle by using a jet fan to
compensate for the low flow of the perforated tile.

Due to the limitations of existing equipment and space, airflow distribution optimi-
zation based on room cooling has become the primary choice for energy-saving retrofit of
small data centers [27].

In this paper, 6S5igmaDC software was used to simulate the airflow distribution of
the whole computer room and the local cabinet under the actual project requirements of
a data center in Beijing, and we experimentally tested the thermal environment indicators
of the data center. Among the optimization methods mentioned above that are commonly
used for room-based cooling, the raised floor height is firstly considered under the struc-
tural permissible conditions, since the data center uses an underfloor air supply. Secondly,
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based on the selected optimal floor height, the impact of closed aisles was analyzed to
select the optimization method, because closed aisles are currently one of the most effec-
tive methods for retrofitting data centers. Through the research of this project, references
can be provided for energy-saving retrofit of small data centers without changing the lay-
out.

2. Research Methodology
2.1. Experimental Testing
2.1.1. Establishment of Geometric Model

The data center is located in Beijing, China. As shown in Figure 1, the dimensions of
the room are 14.75 m (L) x 13.75 m (W) x 3.45 m (H), with an underfloor air distribution
conditioning system. Three sides of the room are brick walls, while one side is a glass
partition adjacent to the corridor. The walls exhibit good insulation performance. Three
air conditioning units with the size of 1.8 m (L) x 1.0 m (W) x 2 m (H) are placed inside the
room. Each unit has a rated total cooling capacity of 60 kW, sensible cooling capacity of
33.4 kW, and air supply volume of 6.5 m3/s. The return air inlet is located at the top of each
air conditioning unit.

Five rows of cabinets are laid in the equipment room, labeled A to E. Rows A and B
consist of 13 cabinets each, while rows C, D, and E contain 14 cabinets each. The dimen-
sions of each cabinet are 1.1 m (L) x 0.6 m (W) x 2 m (H) and they are positioned on a
raised floor with a height of 0.45 m. The raised floor includes perforated panels with a 45%
open area to serve as air supply outlets, and each perforated panel measures 0.6 m x 0.6
m. The designed air supply temperature is 18 °C with a relative humidity of 50%. The
airflow distribution in this data center room follows a down-supply and up-return con-

figuration.

Figure 1. Internal view of the data center.

2.1.2. Description of Experimental Testing

In this study, a hot-wire anemometer was used to experimentally measure the ther-
mal environment conditions of the data center. The experimental testing was divided into
two groups. The first group, as shown in Figure 2a, measured the temperature and ve-
locity at the perforated floor outlets and the inlet and outlet of the server cabinets. This
group focused on cabinets in rows C and D. For each cabinet, measurements were taken
at three points (0.5 m, 1.0 m, and 1.5 m above the floor) at both the front and rear. For the
perforated floor outlets, measurements of temperature and velocity were taken by divid-
ing each perforated tile into four equal square sections, with one measurement point at
the center of each square and an additional point at the center of the tile. The second group
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of tests involved 30 different measurement points distributed within the room, as shown
in Figure 2b. Each measurement point was located 1 m above the floor. All results were
averaged through three measurements. The temperature and airflow velocity at each test-
ing point were measured using a hot wire anemometer. The temperature range of the
anemometer is =20 °C to 70 °C, with an accuracy of +0.5 °C; correspondingly, the airflow
velocity measurement range is 0.02-20 m/s, with an accuracy of 3% of the read value plus
0.03 m/s.
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(a) Measurement points for cabinets and open floor outlets (b) Test points in the room

Figure 2. Distribution of measurement points for cabinets\open floor outlets and test points in the

room.

2.2. Numerical Method and Boundary Conditions

The physical model was established by using 6SigmaDC software, which is a main-
stream CFD software for analyzing the airflow characteristics and energy consumption of
a data center. At present, the software has been widely used and its accuracy has been
verified [28,29]. The cabinet models used in the simulation are consistent with the actual
parameters, which increases the accuracy of the results. The standard k-e turbulence
model was selected for numerical simulation. In order to improve the computational
speed and accuracy, reasonable assumptions were made to simplify and optimize the sim-
ulation while meeting all required conditions. The assumptions were as follows:

(1) The large-scale airflow within the room with limited pressure variations was as-
sumed to satisfy the Boussinesq hypothesis. (2) The airflow was regarded as incompress-
ible viscous fluid flow. (3) The heat dissipation caused by fluid viscous forces was ne-
glected. (4) The computer room was regarded as an adiabatic room where the mainte-
nance structure with excellent thermal insulation was unaffected by external conditions.
(5) The heat generated by the cabinets was considered as constant across both time and
space. (6) The influence of cables and other obstructions in the plenum chamber on the
pressure distribution was ignored.

To ensure the accuracy of the simulation results, a grid independence test was con-
ducted using three different grids (1,295,000; 4,838,000; and 7,835,000 grid elements). The
control equations were solved in 6S5igmaDC under identical conditions. By observing the
computer room temperature contours and the monitoring points, it was found that there
was no significant deviation in the results under different grids, which confirmed the
grids’ independence of the simulation results. Therefore, 1,295,000 grids were adopted for
the simulation.

Meanwhile, the operating parameters for the air conditioning units and IT equipment
were from the actual operational and experimental measurement data of the data center.
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The air conditioning supply and return air outlets were treated as free openings, while the
perforated floor model ignored its thickness. The boundary conditions are shown in Table
1.

Table 1. Boundary conditions.

Parameters Boundary Conditions
Air Volume (m?/s) 8.5
Supply Air Temperature (°C) 18
Heat Dissipation of Cabinet (kW) See Table 2
Wall, Floor, and Ceiling Adiabatic Boundary
Perforated Floor Porosity 45%

Different numbers of racks in the cabinet resulted in different heat dissipation powers
of each cabinet. Therefore, the heat dissipation of each cabinet was calculated based on
the measured temperature difference between the cabinet’s inlet and outlet, and this value
was used as the heat source boundary condition. The specific data are shown in Table 2.“/”
indicates that the rack in the cabinet is not in use.

Table 2. Power of each cabinet (kW).

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
A 200 038 065 176 1.69 1.69 / 350 550 350 207 078 121 145
B / 0 0 0 0 0 / / 078 030 035 052 015 155
C 200 125 0.88 0.60 2.40 1.77 098 095 250 096 240 020 035 0.66
D / 200 1.03 123 3866 2.86 1.89 / 293 196 040 145 150 0.73
E 035 062 080 058 0.60 1.04 035 440 6.07 060 070 156 090 0.30

Total Power of the Cabinet 90.47

2.3. Thermal Environment Evaluation Indicators

Cho et al. [30] defined four cooling performance metrics to comprehensively evaluate
the cooling efficiency, that is, the Supply/Return Heat Index (SHI/RHI), the Rack Cooling
Index (RCI), and the Return Temperature Index (RTI). In this study, the RHI was selected
to evaluate the thermal environment of the data center. The RHI represents the degree of
mixing cold air supply and hot return stream. An RHI value closer to 1 indicates less mix-
ing of hot and cold air, signifying higher efficiency of the air conditioning supply. The RHI
calculation formula is shown below [31]:

> me,((T),, = (%))
o 0 T4
0+60 33 m e, (L), ~T)

J

Q)

where: Q (kW) represents the total heat dissipation of all cabinets in the data center; 6Q
(kW) denotes the enthalpy increment before the air supply enters the cabinet; mi; (kg/s)is
the mass flow of air through each cabinet; (Ti)ij and (Tou)ij represent the average inlet and
outlet temperatures of each cabinet (°C); T (°C) is the air supply temperature at the air
conditioning unit; and Gy (kJ/(kg-K)) is the constant pressure specific heat capacity of air.

3. Results and Discussion
3.1. Validation of Experimental and Simulation Results

Figure 3 shows the measured and simulated values of airflow velocity and tempera-
ture at the perforated floor outlets. In Figure 3a, the largest experimental and simulation
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errors occurred in cabinets 4 and 9, followed by cabinets 14 and 12, which were 3.33%,
3.31%, 2.67%, and 2.13%, respectively. The main reason was that the power supply in the
cabinets and the cables under the floor affected the temperature distribution. However, it
can be observed that the experimental and simulated temperature values at the perforated
floor outlets maintained a consistent trend, with an average relative error calculated at
only 2%. Figure 3b indicates that cabinets 1 to 7 were located in the same cold aisle, as
were cabinets 8 to 14, both exhibiting similar trends. The airflow velocity at the perforated
floor grille outlets within the cold aisle initially increased and then decreased, with certain
sections showing a sharp decline, possibly due to vortices formed within the plenum. The
overall trend in air flow velocity was similar, with an average relative error of 18%. How-
ever, in actual operation, cabinets 1 and 8 in each row served as UPS units, and cabinets 6
and 9 experienced airflow obstruction due to cables beneath the raised floor, leading to a
decrease in outlet airflow velocity. This obstruction resulted in a larger discrepancy be-
tween the simulated and experimental values. Excluding the error from these four cabi-
nets, the adjusted average relative error was 12%.

21 2.5 -
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temperature of perforated floor YelOC'tY of perforated floor
20 _e- Simulated value of outlet 50k —o— Sulnu!atedfvalufe of ogltllm
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15 L 1 L 1 1 L 1 L 1 1 L 1 L 1 0 0 1 1 1 1 1 1 | 1 1 1 L L 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cabinet Cabinet
(a) Experimental and simulated values of temperature (b) Experimental and simulated values of velocity

Figure 3. Experimental and simulated values of temperature and velocity at the perforated floor

outlets.

Figure 4 shows the outlet temperature values at a height of 1 m above the floor for
each cabinet. Meanwhile, the standard deviation is represented by error bars in Figure 4,
which clearly shows that the overall experimental data has a relatively small degree of
dispersion. A comparison between the experimental and simulated values revealed a gen-
erally similar trend. However, there was a noticeable temperature variation at the cabinet
outlets in different locations. This is due to differences in the number of servers across
cabinets in the actual data center, resulting in significant variations in power output.
Therefore, with the same air supply temperature, the outlet temperature for each cabinet
primarily depends on the scale of servers within the cabinet. Additionally, for cabinets 1
and 2, which are farther from the air conditioning units, the simulated values are notably
higher than the experimental values. This discrepancy arises because the servers in these
two cabinets are positioned at the base, whereas the experimental data represents outlet
temperatures measured at a height of 1 m above the floor. Consequently, the simulated
outlet temperature is higher than the experimental value, with an average relative error
of 5.7%.



Buildings 2025, 15, 428

7 of 26

28

4 (3
= =Y

Temperature (°C)
15
[

Experimental value of the

cabinet outlet temperature

[
=}

Simulated value of the
cabinet outlet temperature

01 23 456 7 8 91011121314
Cabinet

Figure 4. Experimental and simulated values of the cabinet outlet temperature.

Figure 5 presents the experimental and simulated values of temperature and airflow
velocity at test points located 1 m above the floor in the data center. It shows a generally
consistent trend between the two, with a maximum temperature difference of 7 °C and a
maximum airflow velocity difference of 0.175 m/s between the experimental and simu-
lated values. The calculations indicate an average relative error of 9.44% for temperature
and 12.6% for airflow velocity, both meeting the requirement that the average relative
error should not exceed 15% [32].
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1

. —a— Experimental value
—a— Experimental value 1.0

. —o—Simulated value
—o—Simulated value

Velocity (m/s)
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(a) Experimental and simulated values of temperature
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Test points

Test points

(b) Experimental and simulated values of velocity

Figure 5. Experimental and simulated values of temperature and velocity at different locations in

the data center.

The data center used for this experiment is an actual engineering facility, not a strictly
controlled laboratory environment, and there were unavoidable factors that may have in-
fluenced the experimental results. For example, variations in server power and human
testing error could affect the data obtained. Figure 3 to Figure 5 demonstrate that the CFD
model established in this study for the data center exhibits a similar trend to the experi-
mental results, with errors within the range of 2% to 12.6%. Based on these results, the
CFD model developed in this study for the data center is considered to have a certain
degree of reliability and accuracy, making it suitable for subsequent simulation and opti-
mization research.
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Velocity (n/s)
m 6

-4.5

(a) Velocity vector diagram in the plenum chamber

3.2. Analysis of Data Center Thermal Environment Simulation Results
3.2.1. Airflow Distribution Within the Floor Plenum

The cold air processed by the air conditioning system flows through the floor plenum
and the perforated raised floor to reach the cabinet inlets, thereby achieving cabinet cool-
ing. The pressure distribution and flow characteristics at various locations within the floor
plenum significantly affect the air supply and airflow distribution in the entire data center.
Therefore, the pressure contour and flow streamlines within the floor plenum can be used
for analysis. Figure 6a shows the airflow streamlines and velocity distribution within the
floor plenum. As illustrated, beneath the cold aisle near the air conditioning unit, the pri-
mary airflow from the air supply outlet carries the surrounding airflow through the per-
forated floor into the cold aisle. However, in areas farther from the air conditioning units,
increased resistance and reduced airflow velocity result in the formation of a vortex on
the left side, with the vortex center located at the end of the cold aisle.

Figure 6b shows the pressure contour at 0.25 m below the floor within the plenum.
As observed, the overall pressure distribution is uneven. The pressure gradually increases
with the distance from the cabinets; however, in the vortex region farther from the air
conditioning units, the pressure shows a decreasing trend. Consequently, the relatively
low static pressure in the distal end of the plenum, compared to the end near the air con-
ditioning units, can hinder effective air supply to the far end cabinets.

Pressure (Pa)
m*

-0

¥ ’
RS D\ -ﬁl 1 en” Y eni

(b) Pressure contours in the plenum chamber

Figure 6. Velocity vector diagram and pressure contours in the plenum chamber.

3.2.2. Airflow Distribution Within the Cold Aisle

Figure 7a shows the velocity vector distribution on a vertical cross-section within the
cold aisle between cabinets C and D. As observed, the airflow direction is vertical to the
floor and flows upward when the airflow flows out of the floor grille outlet. In the cold
aisle away from the air conditioning unit, the airflow primarily maintains its upward di-
rection. However, in the cold aisle near the air conditioning unit, a horizontal velocity
component is clearly visible. This is due to the low ceiling, which restricts the airflow,
causing some air to recirculate and form a vortex in this region. The vortex within the cold
aisle reduces the volume of airflow reaching the cabinet inlets, resulting in inlet tempera-
tures that exceed the supply air temperature, thereby preventing adequate cooling and
potentially impacting the long-term stable operation of the equipment.

Figure 7b shows the temperature contour at the same location as in Figure 7a. The
color distribution indicates that the temperature within the cold aisle area is generally
consistent with the air supply temperature of 18 °C. However, in the vortex region near
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the air conditioning unit, a noticeable temperature increase is observed, reaching up to
19.3 °C. This temperature rise can be attributed to two factors: first, the mixing of airflows;
and second, the conversion of kinetic energy into internal energy due to viscous forces
within the vortex, leading to an increase in the surrounding air temperature.

Velocity (m/s)

e B LydE =
4 N 1Y B
g , ? P )
2 ; R 2 3.75
; 3 f i
] S F ¥ B
. 20 M ; :
: a5 7 I_ 220
L y X -0

Temperature (C)
— 26

(b) Temperature contour in the cold aisle

Figure 7. Velocity vector diagram and temperature contour in the cold aisle.

Figure 8 illustrates the airflow distribution at the perforated floor grille outlets in the
data center. The outlets near the air conditioning unit and at the end of the cold aisle ex-
hibit lower airflow rates. This is because of the higher airflow velocity near the air condi-
tioning unit, resulting in lower pressure within the floor plenum in this region. Addition-
ally, airflow vortices tend to form at the end of the cold aisle, leading to an uneven distri-
bution of airflow across the floor grilles. Specifically, cabinets 14 in rows A, B, C, and D
are at disadvantageous points for air supply, with cabinet 14 in row D having the lowest
airflow rate of 0.08 m/s, significantly lower than the flow rates in the central region.

Up Flow (a 3/s)

.— 0.07

—0.143

.* 0.216

'— 0.289
- 0.362

A, a . o, i A,

Figure 8. Flow contours of perforated floor outlets.
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3.2.3. Airflow Distribution Within the Hot Aisle

The hot aisle is a closed area located behind the cabinets, separated from other parts
of the room. Airflow from the rear of the cabinets mixes before returning to the air condi-
tioning unit, resulting in a relatively large temperature gradient within the hot aisle. Fig-
ure 9 shows the velocity vector distribution in the hot aisle outside rows C and D. As
illustrated, the exhaust airflow from the cabinet outlets undergoes thorough mixing, with
some turbulent flow phenomena leading to recirculation toward the cold aisle. It can be
observed that the airflow near the cabinet exhaust outlets does not flow in a unidirectional
manner; rather, there are interactions present that create complex airflow patterns. This
may result in less than ideal airflow within the cold aisle, subsequently affecting the over-
all cooling efficiency of the data center.

Velocity (ufs)

Figure 9. Velocity vector diagram of hot aisles.

Figure 10 shows the horizontal temperature contour at a height of 1 m above the
floor. Due to variations in the number of IT devices within each cabinet, the heat dissipa-
tion also differs, resulting in a random distribution of outlet temperatures across the cab-
inets. Each cabinet outlet exhibits a different temperature, with redder colors indicating
higher temperatures. The random distribution of cabinets with varying heat dissipation
affects the overall airflow distribution and thermal environment within the data center.

Temperature (C)

e

—23.3

—21.5
—19.8
- 18

Figure 10. Temperature contours at a height of 1 m from the floor.

4. Airflow Distribution Optimization Strategy

When air conditioning units in a data center use perforated floor grilles for under-
floor air distribution, several issues arise, including uneven pressure distribution within
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the floor plenum, non-uniform airflow through the perforated floor, and vertical temper-
ature gradients within cabinets. These issues can lead to disorganized airflow, localized
hot spots in cabinets, and compromised operation of server equipment. Based on this, this
study investigated the effects of two different optimization schemes on airflow distribu-
tion: varying the raised floor heights, and closed cold/hot aisles. The SHI evaluation index
was used to quantitatively analyze the mixing of hot and cold air under different influ-
encing factors, aiming to meet operational requirements for cabinet servers, reduce data
center air conditioning system energy consumption, and prevent undercooling or over-
cooling of cabinets.

4.1. Raised Floor Height Adjustment

Different raised floor heights can alter the inlet airflow volume to the server cabinets,
affecting the velocity and pressure distribution within the underfloor plenum, and conse-
quently influencing the cooling performance of the server equipment. This study’s airflow
distribution optimization plan included a total of six groups of raised floor heights rang-
ing from 300 mm to 800 mm, varied in steps of 100 mm, simulating the optimization effects
on airflow distribution within the data center at various floor heights.

4.1.1. Airflow Volume Analysis

Figure 11a illustrates the distribution range of airflow volume at the perforated floor
grilles under different raised floor heights. As shown, at a raised floor height of 300 mm,
the airflow volume range was —0.044 m3/s to 0.58 m?3/s. As the raised floor height increased,
the differences in airflow volume distribution at the perforated floor grilles in the data
center decreased, which means a better airflow volume uniformity. At a height of 800 mm,
the airflow volume range was 0.155 m3/s to 0.34 m3/s. To facilitate subsequent analysis and
comparison of the airflow volumes at the perforated floor grilles under different raised
floor heights, the outlet airflow volume at 300 mm was used as a standardized reference
range. The outlet airflow volumes at various raised floor heights within this range are

depicted in Figure 11b.
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(a) Outlet airflow volume range at different raised floor heights
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(b) Outlet airflow contours at different raised floor heights

Figure 11. Outlet airflow volume range and contours of floor grilles at different raised floor heights.

From Figure 11b, it can be observed that as the raised floor height increased, the air-
flow volume at the perforated floor grilles gradually increased, and the disparity in air-
flow volume at the grilles also continued to diminish. When the height was increased from
300 mm to 500 mm, negative values for the airflow volume were observed at the grilles
closer to the air conditioning side. As mentioned above, the minimum airflow volume for
a 300 mm raised floor height is —-0.044 m3/s. Similarly, the minimum airflow volume is
-0.02 m 3/s and -0.024 m?/s for 400 mm and 500 mm raised floor heights. These results
indicate that the closer the grille is to the air conditioning unit, the lower the outlet airflow
volume, which is consistent with the conclusions presented in Figure 8. This discrepancy
is attributed to the uneven pressure distribution within the underfloor plenum. Mean-
while, there is a hot and cold aisles arrangement in the data center room, which is not
closed, and the cold airflow will flow back into the hot aisle, resulting in a phenomenon
of mixing cold and hot air. When the raised floor height increases from 600 mm to 800
mm, there are no negative values for the airflow volume at the floor grilles and the airflow
volume range is —0.025 m3/s-0.58 m3/s for a 600 mm raised floor height, 0.081 m?/s-0.354
m?/s for 700 mm, and 0.155 m?/s-0.34 m3/s for 800 mm. It can be clearly seen that the dif-
ference in airflow volume between the grilles near the air conditioning unit and those at
the far end gradually decreases, from 0.34 m3/s to 0.18 m?/s gradually when the floor’s
raised height increases from 600 mm-800 mm. The distribution range of airflow volume
becomes more concentrated compared to the previous heights, indicating that at this
raised floor height, the outlet airflow from the floor grilles is relatively uniform. When the
raised floor height reaches 800 mm, the changes in airflow volume at the grilles are not
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significantly different from previous heights, suggesting that further increasing the raised
floor height beyond 800 mm may not effectively improve the airflow volume at the grilles.
The simulation results of airflow volume distribution at the perforated floor grilles
under different raised floor heights indicate that as the height increases, the airflow vol-
ume becomes increasingly uniform, effectively addressing the mismatch between the out-
let airflow from the grilles and the required airflow for the cabinets. The optimal height
range is between 600 mm and 800 mm, during which the outlet airflow best meets the
requirements. When the height is below 600 mm, some perforated floor grilles may exhibit
negative airflow values, while increases beyond 800 mm yield minimal improvement.

4.1.2. Pressure Field Analysis

The horizontal pressure distribution in the underfloor plenum affects the uniformity
of the supply airflow distribution, which in turn impacts the airflow distribution within
the data center. Figure 12a illustrates the pressure distribution range between the perfo-
rated floor grilles and the floor plane at different raised floor heights. At a raised floor
height of 300 mm, the static pressure zone has the highest value, ranging from 0.031 Pa to
14 Pa. To facilitate the analysis and comparison of the static pressure distribution between
the floor grilles and the floor plane at different raised floor heights, the static pressure
distribution range at a height of 300 mm was used as a standardized reference range. It
can be observed from the figure, as the raised floor height increases, the differences in
static pressure between the perforated floor grilles and the floor plane within the data
center decrease progressively.

Figure 12b presents the pressure distribution contours between the perforated floor
grilles and the floor plane at different raised floor heights. It is evident that as the height
of the raised floor increases, the static pressure between the floor grilles and the floor plane
gradually decreases. At the same raised floor height, the static pressure at the outlets of
the floor grilles near the air conditioning units is lower compared to other locations. When
the raised floor height increases from 300 mm to 600 mm, the static pressure distribution
at the floor grille outlets becomes increasingly uniform and the static pressure difference
decreases from 13.969 pa to 7.694 pa and 6.146 pa, respectively. This is particularly notice-
able at the outlets of the floor grilles for the cabinets in row E, where the pressure varia-
tions become more consistent. When the raised floor height increases from 600 mm to 800
mm, the static pressure distribution at the floor grille outlets remains basically unchanged,
and the improvement in the uniformity of the static pressure distribution between the
floor grilles and the floor plane is minimal. The static pressure at the floor grille outlets
determines the airflow volume; a higher static pressure facilitates the flow of supply air
from the underfloor plenum into the cold aisle area of the data center. Consequently, the
airflow volume at the cold aisle grilles near the air conditioning units is relatively smaller
than that at other locations, which is consistent with the findings of the airflow analysis.
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Figure 12. Pressure distribution ranges and contours at different raised floor heights.

To investigate the uneven airflow and pressure at the outlets of the floor grilles in the
cold aisle near the air conditioning unit, horizontal pressure distribution contours within
the plenum below the floor plane at a height of 0.2 m were obtained at different raised
floor heights, as shown in Figure 13. When the raised floor height is 300 mm or 400 mm,
the blue areas under the floor grilles in the cold aisle near the air conditioning unit are
noticeably prominent, indicating significant negative pressure in this region, which ham-
pers the supply airflow from the plenum into the cold aisle, resulting in reduced airflow
at the floor grille outlets. Conversely, the red areas beneath the floor grilles farther from
the air conditioning unit are clearly visible, indicating higher pressure in this region, lead-
ing to increased airflow at the floor grille outlets. The overall pressure distribution within
the plenum at this raised floor height is extremely uneven, and the pressure distribution
along the cold aisle in the data center is also irregular. As the raised floor height increases
from 500 mm to 800 mm, the blue area near the air conditioning unit gradually diminishes
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in size and intensity, indicating an improvement in the static pressure at the floor grille
outlets near the air conditioning unit. Meanwhile, the red area farther from the air condi-
tioning unit gradually disappears, indicating a decrease in static pressure within the ple-
num. Once the raised floor height reaches 600 mm, the horizontal pressure distribution
within the plenum remains largely unchanged, suggesting that further increases in the
raised floor height do not significantly affect the horizontal pressure within the floor ple-
num.

The primary reason for the lower static pressure at the floor grille outlets in the area
near the air conditioning unit is that the direction of the supply airflow from the air con-
ditioning unit is perpendicular to the airflow direction at the floor grille outlets. According
to Bernoulli’s principle, the closer one is to the air conditioning unit, the faster the supply
airflow velocity, resulting in lower static pressure in that area. This low static pressure
makes it difficult for airflow to enter the cabinets close to the air conditioning unit, causing
the airflow to move away from this region at a higher velocity, thereby resulting in a
smaller airflow volume at the floor grille outlets near the air conditioning unit.

From the above analysis, it is evident that variations in the raised floor height can
affect the horizontal static pressure distribution within the underfloor plenum. As the
raised floor height increases, the uneven pressure distribution within the plenum im-
proves, leading to a more effective airflow supply. When the raised floor height is low, it
is advisable to avoid placing cabinets near the air conditioning unit; instead, positioning
them slightly farther away can better meet the cooling requirements of the servers within

the cabinets and prevent overheating.
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Figure 13. Horizontal pressure distribution contours at 0.2 m below the floor at different raised floor
heights.
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4.1.3. Temperature Field Analysis

It should be pointed out that the airflow distribution ultimately affects the overall
heat exchange process in the data center, resulting in variations in the temperature field.
Therefore, the three cross-sectional areas for a temperature field simulation of the data
center and cabinets at different raised floor heights, which are the bottom section (0.2 m),
the middle section (1.0 m), and the top section (1.8 m), were selected. This simulation pro-
vides temperature values at different heights and the inlet and outlet temperatures of the
cabinets. Notably, the minimum temperature at all three cross-sectional locations remains
constant at 18 °C, while only the maximum temperature at each section varies. The maxi-
mum temperature changes at the three cross-sections are illustrated in Figure 14.

As shown in Figure 14, when the raised floor height increases from 300 mm to 600
mm, the temperature at the bottom of the data center decreases with the elevation of the
raised floor, while the middle temperature gradually declines. However, after reaching a
height of 500 mm, the temperature at the top of the data center begins to rise. This is
mainly due to the fact that as the height of the raised floor increases, the distance between
the top of the cabinet and the ceiling decreases. This restricts the free flow of hot air in the
room, leading to a severe mixing of hot and cold air currents and resulting in an increase
in the maximum temperature. When the height continues to increase above 600 mm, the
temperature at the bottom decreases and then increases, showing fluctuations, while the
temperature in the middle increases and then decreases, also showing fluctuations. The
temperature at the top continues to increase, but the growth rate is decreasing. In sum-

mary, when the raised floor height exceeds 600 mm, the temperature distribution is not
ideal.
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Figure 14. Maximum temperature variation of sections with different raised floor heights.

To better understand the variations in cabinet temperatures, Figure 15 illustrates the
distribution of average inlet and outlet temperatures for the cabinets. It can be observed
that as the raised floor height increases, the minimum inlet and outlet temperatures re-
main relatively constant, while the maximum temperatures show a significant decrease.
When the height reaches 600 mm, the maximum temperature at the cabinet inlet and out-
let are 19.3 °C and 34 °C, respectively, and the difference between the maximum and min-
imum temperatures continues to diminish. However, as the height is increased further,
this difference exhibits fluctuations, indicating that increasing the height has a limited im-
pact on the temperature field at this point. As the raised floor height increases, the maxi-
mum cabinet inlet temperature initially rises and then decreases, while the minimum
value remains relatively constant. This behavior is attributed to the presence of a high-
temperature air mass at a height of 400 mm, causing an increase in temperature, with the
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highest temperature reaching up to 21.2 °C. The minimum value of the cabinet outlet tem-
perature remains around 32.8 °C, while the maximum value shows a trend of first decreas-
ing and then increasing as the raised floor height increases. The trend in the temperature
difference between the inlet and outlet of the cabinets remains consistent.

“V—
E0 N e ~—

\v\‘wﬂ/*\*
A A A A A A
30 b —@—Minimum inlet temperature
—@—Maximum inlet temperature
—A—Minimum outlet temperature
—wy—Maximum outlet temperature

Temperature (°C)

(

15 . L ! L L .
300 400 500 600 700 800

Raised floor heights (mm)
Figure 15. Temperature distribution of cabinet inlets and outlets for different raised floor heights.

Figure 16a displays the cabinet inlet temperatures at different raised floor heights. It
can be observed that as the floor height increases from 300 mm to 600 mm, the number of
cabinets with high temperatures (indicated in red) significantly decreases, indicating a
marked reduction in the average inlet temperatures of the cabinets, as well as a notable
decrease in the range of temperature extremes. When the height exceeds 600 mm, fluctu-
ations in inlet temperatures are observed, particularly at cabinet A14, which aligns with
the fluctuations in temperature extremes shown in the simulations of Figure 15. However,
the temperatures at other locations remain relatively unchanged, suggesting that when
the height exceeds 600 mm, there is a limited ability to further reduce the inlet tempera-
tures of the cabinets within the data center, and increasing the height does not affect the
airflow distribution in the room.

Figure 16b illustrates the cabinet outlet temperatures at different raised floor heights.
It can be observed that as the floor height increases from 300 mm to 600 mm, the number
of cabinets indicated in red significantly decreases, suggesting an increase in the number
of cabinets with lower average outlet temperatures, as well as a notable reduction in the
range of temperature extremes. However, when the height exceeds 600 mm, fluctuations
in outlet temperatures are observed, particularly at cabinet A14, which corresponds with
the fluctuations in temperature extremes seen in the simulations of Figure 16a. In contrast,
the temperatures at other locations remain largely unchanged, indicating that when the
height exceeds 600 mm, the optimization effect on the airflow distribution is not signifi-
cant.
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Figure 16. Temperature contours of cabinet inlets and outlets at different raised floor heights.
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4.1.4. Analysis of Evaluation Indicators at Different Raised Floor Heights

Using Equation (1), the Return Heat Index (RHI) was calculated based on the inlet
and outlet temperatures of all cabinets in the data center at raised floor heights ranging
from 300 mm to 800 mm, as shown in Figure 17. As the raised floor height increased, there
was a notable rise in the RHI evaluation indicator for the data center. However, once the
height reached 600 mm, the RHI remained relatively unchanged, indicating that the air-
flow distribution within the data center was no longer affected by the raised floor height
at this point.

From the comprehensive analysis of airflow distribution optimization at different
raised floor heights, it is evident that when the height reaches 600 mm, the airflow distri-
bution within the data center is optimized. At this height, the airflow volume and static
pressure distribution at the perforated floor grilles are more uniform; the pressure and
velocity distributions beneath the raised floor are also more consistent; and the inlet and
outlet temperatures of the cabinets are more evenly distributed, resulting in the smallest
temperature differential. The evaluation indicator RHI also reaches its optimal value.
Therefore, the 600 mm height of the raised floor is taken as the optimal choice, which is
consistent with the optimal height recommended by Nada’s study of air flow and thermal
management in data centers [33]. Subsequent simulations set the raised floor height to 600
mm, which not only satisfies the requirements for airflow distribution in the data center
but also contributes to a reduction in energy consumption.
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Figure 17. RHI indicators at different raised floor heights.

4.2. Closed Cold/ Hot Aisles

Enclosing the cold and hot aisles is the most effective strategy for enhancing cabinet
cooling efficiency in data centers and is currently one of the most effective methods for
retrofitting data centers. The closed cold aisle involves sealing the ends and top of the area
formed by the perforated floor grille outlets and the cabinets, ensuring that all cold air
flowing from the floor grilles is directed toward cooling the server cabinets. This air even-
tually returns through the cabinet exhaust to the air conditioning unit’s return air inlet for
processing. Conversely, the closed hot aisle involves sealing certain areas at the rear of the
cabinet exhausts, directing the airflow that exits the back of the cabinets through return
ducts to the return air inlet of the air conditioning unit. Enclosing the cold and hot aisles
effectively prevents the mixing of hot and cold airflows, mitigating localized overheating
in cabinets. By reducing the mixing of airflows and improving the cooling efficiency of the
air conditioning system, this approach significantly enhances the Return Heat Index (RHI)
values of the data center.
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This study simulated four different operational conditions of airflow distribution in
the data center: (1) neither the cold aisle nor the hot aisle is enclosed, (2) only the cold aisle
is enclosed, (3) only the hot aisle is enclosed, and (4) both the cold and hot aisles are en-
closed. Schematic diagrams of the enclosed cold and hot aisles are shown in Figure 18.

Closed cold aisle

Closed hot aisle

Figure 18. Schematic of the closed hot and cold aisles.

4.2.1. Analysis of the Temperature Field

Figure 19 illustrates the temperature distribution at a height of 1.0 m within the data
center under different aisle enclosure conditions. When neither the cold nor hot aisles are
enclosed, the maximum temperature in the data center cross-section reaches 35 °C, while
the minimum temperature is 18 °C, occurring at the cabinet inlets and outlets, thereby
meeting the thermal environment design specifications for the data center. However, the
mixing of supply and return airflow within the data center is quite pronounced, leading
to localized overheating in some cabinets, which prevents the cooling capacity of the air
conditioning units from being fully utilized for cabinet cooling, ultimately impacting the
normal operation of the server equipment. Therefore, enclosing the cold and hot aisles in
the data center can effectively isolate the supply and return airflow, reduce the mixing of
hot and cold air, ensure adequate cooling of the server equipment, and improve the utili-
zation of the cooling capacity of the air conditioning system, thus meeting the operational
requirements for the thermal environment and airflow distribution within the data center.
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Figure 19. Temperature contours distribution at 1.0 m horizontal height.

When the cold aisle of the data center is enclosed, as shown in Figure 19b, the mixing
of supply and return airflow is reduced, effectively lowering the temperatures across var-
ious cross-sections of the data center. Under this condition, the average inlet temperature
for the cabinets ranges from 18 °C to 18.4 °C, while the average outlet temperature is be-
tween 29 °C and 30 °C, indicating a significant reduction in the inlet and outlet tempera-
tures of the cabinets and demonstrating the effectiveness of the cooling. Figure 19c illus-
trates the scenario when the hot aisle is enclosed; this method primarily reduces the mix-
ing of hot and cold airflows. However, the enclosure of the hot aisle can lead to an increase
in temperature at the cabinet outlets and data center hot aisle section, which generally
remains at 30 °C but the highest temperature can reach 40.3 °C. Comparing the average
temperatures of the data center and cabinets after enclosing both the cold and hot aisles
reveals that enclosing the cold aisle creates a thermal environment for the cabinets that
better meets operational requirements, with a more rational airflow distribution, higher
utilization of cooling capacity, and improved cooling effectiveness. Thus, it can be con-
cluded that enclosing the cold aisle provides a more favorable optimization effect com-
pared to enclosing the hot aisle.

4.2.2. Streamline Analysis

Figure 20 presents the streamlines of the air conditioning units in the data center un-
der four different operational conditions. The figure effectively reflects the distribution of
supply and return airflow from the air conditioning system, as well as the variations in
airflow temperature within the data center. It is evident from the figure that when the cold
and hot aisles are not enclosed, significant mixing of hot and cold airflows occurs in the
air conditioning system, leading to increased inlet temperatures for the cabinets, which is
detrimental to the heat dissipation of the server equipment. After separately enclosing the
cold and hot aisles, the airflow streamlines of the air conditioning system become clearer,
with hot and cold airflows effectively isolated. The mixing of airflows is significantly im-
proved, allowing the cooling capacity of the air conditioning system to be fully utilized
for cooling the server equipment, resulting in an overall reduction in the temperature of
the data center, enhanced airflow distribution, and increased efficiency of cooling capacity
utilization.
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Figure 20. Streamlines of air conditioning system supply and return airflow.

By isolating the hot and cold airflows, cooling loss in the air conditioning system is
reduced, allowing more cooling capacity to be directed toward actual equipment cooling,
thereby enhancing the efficiency of cooling utilization. With improved cooling capacity
utilization, air conditioning units can operate at lower loads while achieving the same
cooling effect, leading to a reduction in energy consumption and operational costs. En-
closed aisles result in a more uniform temperature distribution, preventing the formation
of hot spots and cold spots and improving the precision of temperature control within the
data center.

4.2.3. Analysis of Evaluation Indicators Under Closed and Open Cold and Hot Aisles

After enclosing the cold and hot aisles, the Return Heat Index (RHI) is still used to
evaluate the thermal environment of the data center, with the RHI values under different
conditions shown in Table 3. From the table, it can be observed that the RHI evaluation
indicator of the data center increased after the cold aisle was enclosed, while enclosing the
hot aisle led to a decrease in the RHI indicator. This is because, when the hot aisle is en-
closed, the air supply in the cold aisle directly flows to the air conditioning unit’s return
air inlet, resulting in a waste of cooling capacity. Therefore, enclosing the cold aisle proves
to be more effective than enclosing the hot aisle. It is recommended that the layout of this
data center utilize the closed cold aisle configuration.

Table 3. Evaluation indicators for whether to close hot or cold aisles.

Aisle Closed Condition Q 00 RHI
Hot and cold aisles are open 811.9 863.8 0.9622
Closed cold aisles 599.9 617.8 0.9710
Closed hot aisles 810.9 874.7 0.9271

Hot and cold aisles are closed 679.0 680.7 0.9975
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4.2.4. Impact of Increased Air Supply Temperature on Data Center Airflow Distribution

The study of closed aisles in the data center indicates that enclosing the cold aisle can
significantly improve the airflow distribution within the facility. Lee et al. [34] noted that
the temperature uniformity over the cold and hot aisles can result in the minor impacts of
supply air temperature variations on the thermal performance indices for the large-scale
data center [34]. In the aforementioned research, the air supply temperature from the air
conditioning system was consistently maintained at 18 °C. Notably, after enclosing the
cold aisle, the inlet temperature of the cabinets remained at 18 °C. Therefore, a simulation
study was conducted to investigate the impact of increasing the air conditioning temper-
ature after the cold aisle was enclosed on the cooling effectiveness of the data center.

Figure 21 shows the temperature contours and average inlet temperature distribution
for the cabinets at a height of 1.0 m above the floor with air supply temperatures of 18 °C
and 20 °C. When the cold aisle of the data center is enclosed and the supply air tempera-
ture is raised to 20 °C, the average inlet temperature of the cabinets aligns with the air
conditioning supply temperature, meeting the design requirements for cabinet inlet tem-
peratures. The temperature distribution at a height of 1.0 m above the floor remains rela-
tively unchanged, with only a slight increase in the outlet temperatures of the cabinets,
primarily due to the elevated air supply temperature. However, the overall temperature
distribution within the data center and the inlet and outlet temperatures of the cabinets
all satisfy the design specifications. Therefore, when utilizing an enclosed cold aisle in the
data center, it is feasible to moderately increase the air supply temperature within the
design requirements to reduce the energy consumption of the air conditioning system.

The design of enclosed cold aisles helps optimize air flow paths, reduce the mixing
of hot and cold air, and improve cooling efficiency. When the air supply temperature is
moderately increased, it effectively reduces the load and energy consumption of the air
conditioning system, while still meeting the design requirements for both the cabinet inlet
temperature and the overall temperature distribution within the data center. This design
optimization not only contributes to enhanced energy efficiency but also extends the
equipment lifespan and improves the reliability of the data center.

The simulation results indicate that after increasing the air supply temperature, there
is a slight rise in the temperature distribution, with the average outlet temperature of the
cabinets increasing from 33.2 °C to 33.8 °C, representing an increase of only 0.6 °C. The
average inlet temperature of the cabinets rises from 18 °C to 20 °C. Therefore, when uti-
lizing an enclosed cold aisle in the data center, to prevent waste of cooling capacity, the
air supply temperature of the air conditioning system can be increased to 20 °C, thereby
reducing the energy consumption of the data center’s air conditioning system.
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Figure 21. Temperature Contours of the Data Center at Different Air Supply Temperatures.

5. Conclusions

This study proposed airflow distribution optimization strategies through analyzing
the problems of airflow distribution in an existing data center. The influence of a raised
floor height and closed cold/hot aisles on the optimization airflow distribution were stud-
ied, and the results are as follows:

(1) When the height of the raised floor increased from 300 mm to 600 mm, the return
heat index (RHI) in the data center significantly increased, indicating that the airflow dis-
tribution was effectively optimized. However, when the height of the raised floor ex-
ceeded 600, although the air volume, pressure, and RHI value increased, the changes were
not significant. Considering the issue of space utilization in the computer room, the rec-
ommended height for a raised floor is 600 mm.

(2) An enclosed cold aisle significantly improved the RHI on the basis of raising the
floor height by 600 mm, and cabinet average inlet and outlet temperature were 18-18.4
°C, 29-30 °C, respectively, indicating a significant cooling effect. When the hot aisles were
closed, the highest temperature reached 40.3 °C, which is not conducive to heat dissipa-
tion.

(3) With a closed cold aisle, when the supply air temperature increased from 18 °C to
20 °C, the average outlet temperature of the cabinet only slightly increased from 33.2 °C
to 33.8 °C (a minor temperature increase of 0.6 °C). Therefore, under the condition of an
enclosed cold aisle in a data center, the supply air temperature can be appropriately in-
creased within the design requirements to reduce the energy consumption of the air con-
ditioning system.
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