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An air compression refrigeration performance calculation model applied to data
center cooling was established, which is a reverse Brayton cycle system, the oper-
ation performance was studied by numerical simulation and the influence of supply
air temperature, ambient temperature, pressure ratio, data center room tempera-
ture was analysed. The results showed that when the pressure ratio of the air com-
pressor is 1.3, the system obtains the maximum cooling COP. Heat exchanger ef-
ficiency have a significant effect on the cooling capacity and cooling COP, the
efficiency of the heat exchanger increases from 0.6 to 0.8, and the increase in cool-
ing capacity is 4.84 kJ/kg, cooling COP increased by 23.2%, Compared to conven-
tional vapour compression/loop heat pipe natural cooling systems, in cold regions,
the annual energy efficiency of air compression refrigeration can reach to 13.85.
Key words: air cooling, cooling COP, data center, cooling capacity,
reverse Brayton

Introduction

With the development of society, the deepening of the degree of information technol-
ogy, the number of data center rooms is increasing, and the demand for air conditioning in data
center rooms is also increasing [1]. The heat load of the data center room is high, and the heat
of a single cabinet is currently 20-30 kW. In order to provide a safe and efficient working en-
vironment, the air conditioning system must operate in an all-weather wide temperature zone
[2]. Conventional cooling methods for data center mainly include air-cooled direct evaporative
air-conditioning systems, water-cooled direct evaporative air-conditioning systems, and chilled
water-type server room air-conditioning systems, etc. [3]. The vapour compression refrigera-
tion using Freon as the work material has a high refrigeration efficiency [4], but Freon destroys
the atmospheric ozone layer or brings about global warming. With the promulgation of the
Montreal Protocol, the use of Freon refrigerants will be completely banned in the future, and
countries are actively looking for and researching new environmentally friendly refrigerants to
replace Freon.
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Air compression reverse Brayton cycle system uses air as refrigerant, air as a natural
working medium, does not pollute the environment, easy to obtain and low cost, non-toxic,
non-combustible, non-explosive [5]. In recent years, it has developed rapidly in the fields of
aircraft air conditioning, food refrigeration, rail transportation, petrochemical industry, low
temperature superconductivity and so on. Air refrigeration systems use air as the compressed
mass and the cycle is in the form of an inverse Brayton cycle, which has excellent performance
over a wide range of operating conditions [6]. Numerous scholars have studied the application
of air cooling system, Lin et al. [7] introduced the air cooling system applied in aircraft air
conditioning, and pointed out the development trend of air cooling. Zhang et al. [8] conducted
research on air cooling for train air conditioning, the results showed that there is an optimal
pressure ratio in the system, which is about 1.5 under the design condition of train air condi-
tioning, and the performance coefficient COP is at its maximum.

Wang et al. [9] studied the open inverse pressurization cycle system, and built a full
fresh air household air cooling system experimental bench, to obtain the cooling capacity and
air supply parameters, that air cooling can give the room a direct air supply and supply air
temperature adjustable. Liu et al. [10] conducted a study on two-stage compression of air re-
frigeration, and the results showed that the two-stage compression COP was 10.2 higher than
the single-stage when the pressure ratio was 1.8, and the difference increased with the increase
of the pressure ratio. Li et al. [11] analyzed the performance of positive and reverse pressuriza-
tion systems, and the results show that there is an advantage of adopting positive pressurization
system at small pressure ratio and reverse pressurization system at large pressure ratio. Hou et
al. [12] proposed an open inverse Brayton cycle using wet air regeneration. The air compression
alone has less sensible heat and fully utilizes the latent heat of water vapour, which gives a
higher performance than the conventional air cycle. Ren et al. [13] applied a two-stage com-
pressed air reverse Brayton cycle system in train air conditioning to cool down the temperature,
the results showed that the increase of the regenerator in the system effectively improved the
performance of the system, and it could reduce the compression ratio and the expansion ratio.
Foster et al. [14] introduced a compression expansion refrigeration machine using air as the
working fluid. When the isentropic efficiency of the main compressor is between 0.77 and 0.78,
and the isentropic efficiency of the turbine is between 0.7 and 0.77, a temperature of —140 °C
can be achieved. Sui et al. [15] simulated and calculated the law of influence of different pres-
sure ratios and indoor and outdoor parameters on the performance of air compression systems
applied in data centers by establishing a thermodynamic model.

Zhang et al. [16] established a calculation model for an air refrigeration system, the
effect of environmental temperature, pressure and other parameters on system performance and
optimal pressure ratio were analyzed. The results showed that as the ambient temperature in-
creased, the system COP decreased. Yang et al. [17] analyzed the air reverse Brayton cycle
system, including the thermal processes of secondary compression, intermediate cooling, and
regenerator. Results showed that the electric booster module, secondary heat exchanger, and air
circulation machine are key components of the system. Serrano et al. [18] used thermal and
fluid dynamics models to determine the key components that affect COP, and the results
showed that the turbine had the most critical impact. Wang et al. [19] proposed a centrifugal
reverse Brayton cycle system, and utilizes the conversion mechanism between equipotential
energy and pressure energy to improve system performance. The research results indicate that
the COP of the system is roughly inversely proportional to the density of the working fluid.
When the isentropic efficiency exceeds 95%, cooling COP is from 5.31 to 5.7. Data center
server room heat dissipation is large, with over 90% being sensible heat and an average heat
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dissipation of around 175 W per m2. The moisture dissipation is small, with an average of 8-16
g per m?. The relative humidity range in the computer room is between 40-55%, the cooling
system requires large air volume and small enthalpy difference, large air volume can be dis-
charged in a timely manner from the large amount of heat generated by the equipment, small
enthalpy difference in air supply can prevent equipment condensation.

This paper proposes an air inverse Brayton cycle refrigeration system applied to data
center cooling, which can satisfy the characteristics of large air volume and small enthalpy
difference of supply air, and the system is simple, reliable and low cost. The system process is
optimized to improve the year-round energy efficiency level by incorporating natural cooling
when the outdoor temperature is low. The air cooling cycle performance is simulated to study
the influence of key parameters on the overall performance of the system, and representative
cities in five climate zones are selected to calculate the annual energy efficiency when applied
to data centers in the region, and to compare the performance with that of the traditional vapour
compression refrigeration/loop heat pipe natural cooling integrated machine room air condi-
tioning [20], to provide a theoretical basis for application.

System principle

Figure 1 is schematic diagram of air compression cooling for data center cooling. The
system consists of a blower, turbocharger, heat exchanger, regenerator and so on. In the air
compression refrigeration mode, the blower is the first stage of compression, the turbocharger
is used as the second stage of compression, and the air in expansion end of the turbocharger
expands and expansion work is transmitted to the compression end through the shaft. The
blower provides power for the system, inhales the air from the heat exchanger in the server
room after the regenerator, and the discharged high temperature and high pressure air is sent to
the heat Exchanger 1, and the heat exchanged air is warmed up and pressurized at the compres-
sion end of the turbocharger, and then sent to the heat Exchanger 2 for cooling, and then it is
sent to the regenerator, where it is heat exchanged with the air discharged from the server room
of the data center and is sent to the expansion end of the turbocharger to expand and cool down,
and finally sent to the data center room. The regenerator can recover the cooling capacity of the
exhaust air in the data center room, reduces the temperature entering the expander, which can
improve system energy efficiency.

When the ambient temperature is low, the natural cooling mode is turned on, turbo-
charger and other components are turned off. The low temperature outdoor air passes through
the regenerator before being discharged to the outdoors, and the hot air in the data center room
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Figure 1. Schematic diagram of air compression cooling for data center cooling system;
(a) air compression cooling mode and (b) natural cooling mode
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is cooled down by the regenerator and then enters into the blower, which sends the cooled down
air into the data room. At this point, the blower operates at a low frequency and only provides
power for air circulation.
To analyze the impact of parameters, the assumptions used in the model development
are presented [21]:
— Neglect the heat loss of pipelines.
— Neglect the pressure loss of each pipe and heat exchanger.
— The air is an ideal gas.
—  The efficiency of the regenerator is 60%.
The outlet temperature and power of the blower are obtained from:

k-1
T in ) 7% T_T in
G,out :TG,in+( = ) > = (l)
U

WG = Cpqm (TG,out _TG,in) (2)

where Teout [°C] is the exit temperature of the blower, Tg,in [°C] — the inlet temperature of the
blower, 7 — the blower efficiency, W [KW] — the blower power, ¢, [Jkg=1°C] — the specific
heat capacity of air, k — the adiabatic index of the air (k = 1.4), zc — the blower pressure ratio,
and om [kgs™] — the air-flow rate.

The outlet temperature and power of the turbocharger compressor are obtained from:

cout — lcin +A (3)

Tc,in ) (4)
where Tcout [°C] is the exit temperature of the compressor, Tcin [°C] — the compressor inlet
temperature, 5. — the compressor efficiency, W [kW] — the compressor power, and 7. — the
COmpressor pressure ratio.

The outlet temperature of the heat exchanger is obtained from:

W, =c,q,, (T,

cout

Th,out = Th,in - (Th,in _Tcold,in )nex (5)

where Thout [°C] is the exit temperature of the heat exchanger, Th,in [°C] — the inlet temperature
of the heat exchanger, Teolain [°C] — the inlet temperature of the cold side heat exchanger, and
nex — the heat exchanger efficiency.

The outlet temperature and power of the turbocharger expander are obtained from:
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where Teout [°C] is the exit temperature of the expander, Te,in [°C] — the inlet temperature of the
expander, . — the expander efficiency, We [KW] — the expander power, and 7. — the expander
pressure ratio.

The total power W is obtained from:

W =W, +W_ -W, (8)
The system cooling capacity Q is obtained from:
Q :Cpqm(TO _Ts) (9)

where To [°C] is the temperature of the data center room and Ts [°C] — the temperature of the
supply air temperature.
The cooling COP is obtained from:

_Q
coP= - (10)

The calculation flow chart of the air compression cooling for data center cooling is
shown in fig. 2.
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Figure 2. Calculation flow chart

Table 1 shows the simulated working conditions of the air cooling cycle, including
supply air temperature, ambient temperature, pressure ratio and temperature range of the date
room. Table 2 shows the performance parameters of the main components of the system.

Model validation

Sui et al. [15] studied the effect of pressure ratio and efficiency of rotating components
on the performance of an air compression refrigeration system. To verify the accuracy of the
model, the performance parameters of the air refrigeration cycle system were simulated and
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calculated under the same operating conditions data points in [15]. When the efficiency is 0.8,
the difference between the simulated value and the reference value is less than 7.2%, when the
efficiency is 1, the difference between the simulated value and the reference value is less than
5.4%, which indicates that the model can accurately reflect the change of the operating perfor-
mance of the system.

Table 1. Simulated working conditions

Cooling capacity|  Supply air Ambient Pressure | Data center room | Dimensions of the
[kW] temperature [°C]| temperature [°C] ratio temperature [°C] | data center room [m]
1.5 12~17 15~35 1.2~2.0 18~28 3.5x2.5x2.5
Table 2. Main component parameters
Main components Parameter
Blower r¢=1.1~2, ng=0.8
Turbocharger compression end re=1.1~13, n.=0.76
Turbocharger expansion end te=11~2, 5.=0.76
Heat exchanger Air-to-air heat exchanger, 7ex=0.6
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Figure 3. Comparison results of
model validation

Figure 4. Variation of cycle performance
parameters with pressure ratio

Results and analysis

Effect of pressure ratio

Figure. 4 shows the variation of cooling capacity and cooling COP with the pressure
ratio. Under the conditions of Ty = 35 °C, To= 24 °C, data center room pressure P = 101.3 kPa,
As the pressure ratio increases, the expansion ratio increases, the outlet temperature of the ex-
pander decreases, and the unit cooling capacity, Q, increases. Cooling COP increases and then
decreases with the increase of pressure ratio, and the system has the highest cooling COP when
the pressure ratio is 1.3. When the pressure ratio is greater than 1.3, although the unit cooling
capacity increases as the pressure ratio increases, but the compression power consumption also
increases, and the final cooling COP decreases as the pressure ratio increases. In actual opera-
tion to meet the requirements of the data center room cooling capacity, the pressure ratio should
be controlled at 1.3.
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Effect of supply air temperature

Figure 5 shows the changes of system performance parameters with supply air tem-
perature Ts. It can be seen that as the supply air temperature Ts increases, the temperature of the
data room remains constant, the system unit cooling capacity, Q. gradually decreases, and the
air-flow rate gradually increases. The supply air temperature increases from 12 °C to 17 °C, the
unit cooling capacity decreases from 11.9 kJ/kg to 7.1 kJ/kg, decreased by 67.6%, and the air-
flow rate increases from 350.1 m? per hour to 594.1 m? per hour, decreased by 69.7%. The
higher the supply air temperature, the higher the rate of increase of the air-flow rate. From fig.
5(b), it can be seen that as the supply air temperature Ts increases, the system cooling COP
gradually decreases, and the higher the supply air temperature, the faster the cooling COP de-
creases. Although the increase in supply air temperature reduces the unit compression power
consumption, the increase in air-flow rate has a greater impact on system performance, resulting
in a decrease in system COP. In actual operation, it is necessary to adjust the supply air tem-
perature reasonably. It is not allowed to cause the supply air temperature to be too high, result-
ing in a lower COP of the system, or to cause the supply air temperature to be too low, resulting
in a decrease in air-flow rate and not meeting the requirements of the data room.
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Figure 5. Variation of system performance parameters with supply air temperature;
(a) Q and air-flow rate and (b) cooling COP

Effect of ambient temperature

Under the conditions of To = 24 °C, pressure ratio of 1.3, and data center room pressure
P = 101.3 kPa, the changes of performance parameters corresponding to Tx = 15 °C, 20 °C,
25 °C, 30 °C, and 35 °C, the effect of ambient temperature are calculated, and the results are
shown in fig. 6. From fig. 6(a), with the increase of ambient temperature T, the unit cooling
capacity, Q, gradually decreases, the system air-flow rate increases, due to the increase of am-
bient temperature T leads to the condenser side outlet temperature increases, the expander inlet
temperature increases, which makes the expander outlet temperature increases, the unit cooling
capacity, Q, gradually decreases, when the ambient temperature increases from 15°C to 35 °C,
the cooling capacity from 16.3 kJ/kg decreases to 9.1 kJ/kg. On the contrary, the air-flow rate
increases with the increase of ambient temperature. From fig. 6(b), with the increase of ambient
temperature Ty, the cooling COP decreases gradually, when the ambient temperature is higher,
to improve the system performance, the pressure ratio can be appropriately increased to reduce
the air-flow rate.
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Figure 6. Variation of system performance parameters with ambient temperature;
(a) Q and air-flow rate and (b) cooling COP

Effect of data center room temperature

Under the conditions of ambient temperature Ty = 25 °C, pressure ratio of 1.3, and
data center room cooling load of 1.5 kW, the impact of temperature changes in the room on the
performance of the system is shown in fig. 7. From fig. 7(a), as the temperature of the data
center room To gradually increases, the system unit cooling capacity, Q, gradually increases,
and the air-flow rate gradually decreases, when the refrigeration capacity is maintained 1.5 kW,
the date center room temperature is 22 °C and 28 °C, the system air-flow rate is 352.7 m? per
hour and 291.5 m2 per hour, respectively, the air-flow rate reduced by 21%. Figure 7(b) can be
obtained, with the temperature of the date center room T, gradually increased, the cooling COP
of the system gradually increased. When the temperature required by the data center server
room increases, in order to ensure the stability of the temperature in the data room, the supply
air temperature also increases, the system's power consumption decreases, the cooling COP
increases.
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Figure 7. Variation of system performance parameters with data center room temperature;
(a) Q and air-flow rate and (b) cooling COP

Effect of heat exchanger efficiency

With data center room pressure P = 101.3 kPa, Tx = 25 °C, and To = 24 °C, the effect
of different heat exchanger efficiencies on the system performance was analyzed, and the results
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are shown in fig. 8. It can be seen from fig. 8(a) that unit cooling capacity, Q, of the system
gradually increases with the increase of pressure ratio. The higher the efficiency of heat ex-
changer is, the higher the unit cooling capacity, Q, is. When the pressure ratio is 1.6, the effi-
ciency of the heat exchanger increases from 0.8 to 1, and the increase in cooling capacity is
1.29 kJ/kg, the efficiency of the heat exchanger increases from 0.6 to 0.8, and the increase in
cooling capacity is 4.84 kJ/kg. The process of increasing the efficiency of the heat exchanger
from 0.6 to 0.8 has a more significant impact on system performance.
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Figure 8. Variation of circulation performance parameters with pressure ratio at different heat
exchanger efficiencies; (a) Q and (b) cooling COP

From fig. 8(b), the system cooling COP decreases with the increase of pressure ratio.
The higher the efficiency of the heat exchanger is, the higher the COP of the system is. The
efficiency of the heat exchanger has a significant effect on the COP of the system. At a pressure
ratio of 1.6, when the efficiency of the heat exchanger is 0.8, the COP is 0.994, when the effi-
ciency of the heat exchanger is 0.6, the COP is 0.807.

Performance comparison

The annual energy efficiency of the air compression refrigeration system applied in
the data center was calculated. According to GB50174-2017 Data Center Design Code, five
ambient temperature calculation conditions was selected, respectively, A condition: ambient
temperature 35 °C, B condition: ambient temperature 25 °C, C condition: ambient temperature
15 °C, D condition: ambient temperature 5 °C, E condition: ambient temperature -5 °C, and the
indoor temperature remains unchanged at 24 °C. When the ambient temperature is greater than
15 °C use air compression refrigeration mode, open the blower and turbocharger, the expander
outlet of the low temperature air into the data center room cooling, refrigeration COP for the
unit refrigeration capacity and the blower unit cycle of the work of the ratio. When the ambient
temperature is lower than 15 °C the system switches to natural cooling mode, at this time the
system refrigeration COP is the ratio of the unit refrigeration capacity and the blower unit cycle
work. The system's annual energy efficiency AEER is obtained from:

AEER = EER, 4, + EER, 4, + EER. A, + EER, A, + EER, A (11)

where Aa~Ag are the ratio of the corresponding test conditions A~E to the annual operation and
EERA~EERE are the efficiency of cooling under the corresponding test conditions.

According to the Thermal Design Code for Civil Buildings, China's building climate
zones can be categorized into five climate zones: severe cold region, cold region, hot summer
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and cold winter region, hot summer and warm winter region, and mild region. The representa-
tive cities of the five climate zones are selected, namely Harbin, Beijing, Shanghai, Guangzhou
and Kunming, and the annual energy efficiency values of the system operating in typical regions
are calculated respectively. Table 3 shows the annual energy efficiency values of the air com-
pression refrigeration system operating in typical regions of China.

Table 3. Annual energy efficiency values for air compression refrigeration operating

. . City
Working condition| EER Harbin Beijing Shanghai Guangzhou Kunming
A T=35°C 0.77 0.8% 4.2% 3.5% 10% 0.1%
B : T=25°C 0.92 17.5% 28.5% 38.8% 55.7% 22.8%
C:T=15°C 7.11 24.7% 25.8% 29.8% 31.2% 57.0%
D: T7T=5°C 1522 16.9% 23.5% 26.3% 3.1% 19.8%
E: T=-5°C 23.34 40.1% 18.0% 1.6% 0 0.3%
AEER — 13.85 9.91 6.88 3.28 7.35

Table 3 lists the annual proportion and cooling EER of each calculation working con-
dition of the five representative cities of the five climate zones, calculated its annual perfor-
mance AEER. The calculation results were compared with the reference [20], which analyzed
the annual energy efficiency of the air conditioner in the integrated room with vapour compres-
sion/loop heat pipe natural cooling, and the comparison results were shown in tab. 4.

Table 4. Comparison of year-round performance of
air compression refrigeration system and
vapour compression/loop heat pipe natural cooling system

Region Severe cold Cold Mild Lalel SUmMmer i | Jela Sumimer =
cold winter warm winter
Air compression refrigeration 13.85 99] 735 6.88 308
system
Vapour compression/loop heat 13.0 9.0~13.0 | 7.0-8.0 6.0~10.0 4.0
pipe natural cooling [20]

The results show that the energy efficiency of air compression refrigeration system is
higher than that of vapor compression/loop heat pipe natural cooling system in severe cold
regions. The annual energy efficiency of air compression refrigeration system in cold region,
mild region, hot summer and cold winter region is 9.91, 7.35, and 6.88, respectively. The energy
efficiency range of vapor compression/loop heat pipe natural cooling system is 9.0~13.0,
7.0~8.0, and 6.0~10.0, respectively, and the annual energy efficiency of air compression refrig-
eration system is within its range. In hot summer and warm winter region, the annual energy
efficiency value of the air compression refrigeration system is 3.28, which is lower than the
annual energy efficiency value of the vapor compression/loop heat pipe natural cooling system
is 4.0. Air compression refrigeration systems have excellent performance in severe cold regions,
cold regions and mild regions, and have broader application prospects.

Conclusions

An air compression refrigeration performance calculation model applied to data center
cooling was established, and its operation performance was studied by numerical simulation
method. The influence laws of air supply temperature, ambient temperature, pressure ratio,
room temperature, heat exchanger efficiency on system refrigeration performance were
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analyzed. Compared with conventional vapour compression refrigeration, and the most im-

por

tant conclusions of this study are as follows.

With the increase of the pressure ratio, the unit cooling capacity increases and the cooling
COP first increases and then decreases, and the cooling COP is the highest when the pressure
ratio is 1.3.

As the temperature of the data center room rises, the unit cooling capacity and the cooling
COP gradually increase, while the system air-flow rate gradually decreases. With the in-
crease of the supply air temperature, the unit cooling capacity gradually decreases and the
cooling COP decreases with the constant temperature of the data center room. With the
increase of ambient temperature, the unit cooling capacity and the cooling COP decrease.
When the ambient temperature is high, the pressure ratio can be appropriately increased to
improve the system performance.

Under different heat exchanger efficiency, the unit cooling capacity of the system gradually
increases with the increase of pressure ratio. The process of increasing the heat exchanger
efficiency from 0.6 to 0.8 has a more significant impact on the system performance than that
of increasing the efficiency from 0.8 to 1.

In severe cold regions, the annual energy efficiency of air compression refrigeration systems
can reach to 13.85, it is higher than that of vapour compression/loop heat pipe natural cool-
ing systems. Air compression refrigeration systems have excellent performance in severe
cold regions, cold regions and mild regions, and have broader application prospects.

Acknowledgments

The research is done at State Key Laboratory of High-end Compressor and System

Technology, Supported by Open Foundation of State Key Laboratory of High-end Compressor
and System Technology.

Nomenclature
Cp — specific heat capacity, [kJkgK™] To — data center room temperature, [°C]
k — air adiabatic index, (k = 1.4) We  —blower power, [kW]
P — pressure, [kPa] We — compressor power, [kW]
Q — cooling capacity, [kW] We — expander power, [KW]
T — temperature, [°C]
Teowt — exit temperature of the compressor, [°C] Greek symbols
Tein  — compressor inlet temperature, [°C] nG — blower efficiency
Teoldin — inlet temperature of ne — compressor efficiency
the cold side heat exchanger, [°C] Mex — heat exchanger efficiency
Teout — exit temperature of the expander, [°C] e — expander efficiency
Tein  — inlet temperature of the expander, [°C] G — blower pressure ratio
Teout — exit temperature of the blower, [°C] e — compressor pressure ratio
Tein  — blower inlet temperature, [°C] e — expander pressure ratio
Thout — exit temperature of A — annual operating proportion
the heat exchanger, [°C]
Thin  — inlet temperature of Acronym
the heat exchanger, [°C] EER —energy efficiency refrigeration
Tk — ambient temperature, [°C]
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