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Abstract 
In order to reduce the energy consumption of the data center, according to the actual 
heat load of the data center, the pump driving two-phase loop system will reduce the 
speed of the fan, resulting in the reduction of heat exchange performance. In order to 
study and analyze the heat transfer performance of the pump-driven two-phase circuit 
under low airflow rate and low heat load, a steady-state model which can predict the heat 
transfer performance of pump driven two-phase circuit system under low airflow rate is 
established. And the reliability of the model is verified by comparing with the 
experimental results, and the maximum prediction deviation is 7.2%. The model was 
used to study the effect of operating parameters on the heat transfer performance of the 
pump-driven two-phase loop system and the safe operating temperature of the data 
center under low airflow rate. Under different airflow rates, the exhaust air temperature 
of electronic devices rises from 27 °C to 38 °C, and the system heat exchange is more than 
45%; when the outdoor temperature increases from 6 °C to 20 °C, the heat exchange 
drops by up to 59%. At an airflow rate of 400 m3/h -1500 m3/h, increasing the speed of 
the pump can increase the heat transfer performance of the system and the mass flow of 
the working medium, and the larger the airflow rate, the higher the percentage of heat 
exchange. However, at the same airflow rate, with the increase of pump speed, the 
increasing rate of heat exchange decreases gradually. The results of the study have a 
certain effect on the energy-saving operation of the pump-driven two-phase circuit 
system in the data center. 

Keywords 
Data Center; Energy Consumption; Two-phase; Energy Saving; Heat Transfer 
Performance. 

 

1. Introduction 

In recent years, with the commercialization of 5G and the rise of artificial intelligence, the problem 
of high energy consumption has become increasingly prominent. According to the data, the energy 
consumption of the refrigeration system accounts for 40% of the total energy consumption of the data 
center [1]. With the continuous development of data centers, the heat flow density is also increasing, 
so it puts forward higher requirements for the cooling of data centers, and provides sufficient cooling 
for data centers while reducing energy consumption. 

The pump-driven two-phase cooling circuit system has been widely used in data centers due to its 
efficient heat transfer performance, long-distance heat transfer performance, flexible installation form, 
and good energy saving. The pump-driven two-phase cooling system replaces the traditional air 
conditioner when the outdoor temperature is low, which reduces the power consumption of the 
cooling system and is of great significance for the energy saving and consumption reduction of the 
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data center. Yan et al. [2] designed and tested the year-round operating air conditioning unit for 
communication base stations, installed the compressor in parallel with the gear pump, opened the 
compressor in summer to provide cooling capacity, and opened the gear pump for cooling in winter 
and transition season. The results show that when the outdoor temperature is -5°C, the heat exchange 
in the pump mode is the same as the cooling capacity of the compressor, and the heat exchange 
gradually increases as the outdoor temperature decreases. Liu et al. [3] introduced two hybrid cooling 
systems for computers and data centers, analyzing their energy-saving effects. The results show that 
the average annual performance coefficient of the ideal hybrid refrigeration system is 33 and 34, 
which is nearly 90% energy-saving per year compared with steam compression refrigeration 
Crepinsek et al. [4] experimentally studied the two-phase circuit cooling device of double evaporators 
driven by liquid pump and capillary force, and found that under the same working conditions, the 
heat exchange of two evaporators in parallel is significantly greater than that in series. Dong et al. [5] 
proposed an integrated system that combines a pump-driven two-phase circuit with a vapor 
compression circuit, and concluded that this system is more feasible in Harbin and Beijing, which 
can provide a reference for the integrated system and minimize the energy consumption of the data 
center cooling system. Liu Jie et al [6] studied the start-up performance of mechanical pump driven 
two-phase cooling system and the influence of periodic boundary on the system. The results show 
that when the system is started, The results show that after the system is started, the working fluids 
in each evaporator branch are from single-phase liquid to superthermal liquid to two-phase state, and 
it is found that the system maintains good heat dissipation when the converter boundary temperature 
fluctuation exceeds 30°C. 

Wang Xuan et al [7] put forward a pump-driven two-phase cooling system for natural cooling of data 
center, and studied its energy saving, optimization of system performance and variable refrigerant 
characteristics. The results show that using this unit can save at least 26.77% energy than using air 
conditioner. The reduction of internal resistance contributes to the reduction of unit power and the 
increase of EER. Ma  et al. [8] experimented to study the operation performance of the pump-driven 
two-phase circulation system in the data center, and the results showed that when the indoor 
temperature was 25 °C and the outdoor temperature was 10 °C, the system can meet the load 
requirements of the data center and save at least 26.77% of electric energy compared with the original 
air conditioning unit. Ma Guoyuan[9] studied the influence of the working fluid pump frequency on 
system performance, and found that the heat exchange increased first and then decreased with the 
increase of the working fluid pump frequency, reaching the maximum value at 35HZ; The initial 
change of EER is not obvious, and then it decreases with the increase of pump frequency. Ma [10] 
established a model of pump-driven two-phase loop system, studied the effect of charge volume, 
indoor and outdoor temperature difference and working fluid flow on the heat transfer performance 
of the system, and found that the system heat exchange and mass flow rate are nonlinear, and the 
optimal charge amount of the system exists. Ma et al. [11] et al. have found that when the indoor and 
outdoor temperatures are 25 °C and 15 °C, the heat exchange of the system can reach 3.429 kW and 
9.241 kW, respectively, and the EER is 12.9 and 9.7, respectively. Li Cuicui et al. [12] studied 
theoretically and experimentally the cooling loss rate of the pump in different working conditions 
(temperature, area, frequency, temperature difference) of the pump-driven two-phase loop system. 
The results show that the higher the temperature of high-temperature water source, the lower the 
cooling loss rate. When the high-temperature water source is 26℃, the cooling loss rate is less than 
2.82%. 

However, the above studies are all conducted when the data center is running at full capacity and the 
inlet air temperature and airflow rate of the evaporator are constant. The load of data centers varies 
with demand. The load volume of data centers changes with demand, and most data centers are in a 
partial load operation state for a long time, generally 50.61%, while the load rate of large data centers 
is only 29.01%[13]. In order to reduce the energy consumption of the data center, the fan can be 
adjusted according to the outlet temperature of the evaporator, so that the overall heat transfer 
performance of the system will be reduced. It is necessary to study the operational performance of 
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pump-driven two-phase cooling systems for data centers at low airflow rates and low loads. In this 
paper, a one-dimensional model of the pump-driven two-phase circuit heat pipe system is established, 
which selects the heat exchange correlation formula suitable for low airflow rate, and the reliability 
of the model is verified by comparing with the experimental data. he effects of internal and external 
operating parameters and pump speed on the heat transfer performance of pump-driven two-phase 
loop under different airflow rate are analyzed by using the model. The research results can promote 
the application and energy-saving operation of pump-driven two-phase loop system in data center.  

2. Numerical Model 

The heat pipe driving the pump two-phase loop consists of the evaporator located on the back panel 
of the cabinet, the condenser located outside the machine room, the pump and the connecting pipeline. 
Its working mode is shown in Figure 1, the server of the cabinet sucks in the cold air cooling chip, 
and the hot air passes through the evaporator and the temperature decreases, and then it is sent into 
the machine room. The working medium in the evaporator undergoes a phase change due to the 
absorption of hot air heat, and the phase-changed working medium is sent to the condenser for heat 
exchange and condensation with the outside air. Finally, the working medium is transmitted to the 
evaporator by the pump to absorb heat and circulate. For these components, steady-state heat transfer 
models are established. The air side, the water side and the working medium side all adopt the existing 
heat transfer correlations. The specific parameters of the microchannel heat exchanger (evaporator 
and condenser) are shown in the table 1. In the simulation, the flow and heat transfer of refrigerant 
follow the conservation of mass, momentum and energy. In the simulation, the following assumptions 
are made: 1) the working medium is compressed isothermally at the inlet and outlet of the pump; 2) 
the working medium is in a one-dimensional flow state in the heat exchanger; 3) The working medium 
in two-phase state is in thermodynamic equilibrium, which is regarded as homogeneous flow. 

 

 
Figure 1. working principle diagram 

 

Table 1. Heat exchanger geometry parameters 

Numerical Parameter Numerical Parameter 

Flat pipe spacing/mm 8 number of channels 19 

Flat pipe spacing/mm 2 fin spacing/mm 2 

Width of flat tube /mm 25.4 fin thickness /mm 0.105 

Flat tube length /mm  1580 fin height/mm 8 

Total number of flat tubes 30 louver length /mm 7 

Number of flat tubes  1 Louver spacing /mm 1 
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2.1 Heat Exchange Model of Evaporator 

When the evaporator model is established,input the heat transfer correlation formula of the heat 
transfer coefficients of the air side and the refrigerant side. The selection of the correlation determines 
the calculation accuracy, and the Reynolds number on the wind side is less than 100 at low airflow 
rate. At present, the correlation formula of microchannel heat exchanger is mainly used to predict the 
heat transfer coefficient with Reynolds number above 100. The research shows that Kim and Bullard 
correlation [14] is applicable to microchannel heat exchangers with Reynolds number above 75 and 
louver angle of 23 ~ 30. Therefore, Kim and Bullard correlation is selected in this paper to calculate 
the heat transfer coefficient on the wind side, and the correlation is as follows: (1)-(4).  
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where j is Colburn factor; 𝑅𝑒  is the Reynolds number of the air side;  ℎ  is the heat transfer 
coefficient of the air side, W/(m ∙ k); 𝐴  is the effective heat exchange area of the air side, 
m2; ; μ  is the air kinematic viscosity, Pa∙s; Pr  is air prandtl number; 𝑘  is the thermal 
conductivity of air, W/(m ∙ k). 

The working medium includes three flow types in the microchannel heat pipe evaporator, namely 
nuclear boiling, bubble flow and plug flow. In the case of low airflow rate, Therefore, the modified 
Mohseni correlation [15] is selected for simulation calculation. Li Xiaohua et al. [15] studied the heat 
transfer correlation of the evaporator in the pump-driven two-phase flow circuit, he comparison error 
between the calculated value of the modified correlation and the experimental data is within 10%. 
The heat transfer correlations are (5)-(9). 
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Where x is the mass of steam, 𝜌  and 𝜌  is the density of liquid and gas respectively, 
kg/m ; 𝜇  and 𝜇  is the dynamic viscosity of liquid and gas respectively, Pa ∙ s; kl is the thermal 
conductivity of liquid, kg/(m ∙ k); q is heat flux, W/m ; G is the mass flow rate, kg/(m ∙ s); 𝐷  
is hydraulic diameter, m; ℎ  is the enthalpy of vaporization, kJ / kg. 

2.2 Condenser Heat Transfer Model 

In the condenser model, the heat transfer correlations corresponding to the heat transfer coefficients 
of the air side and the refrigerant side are input. When the refrigerant is in a single-phase region, its 
heat transfer coefficient can be calculated by using Dittus-Boelter correlation; In the two-phase region, 
Chen's correlation [16] is selected to calculate the refrigerant heat transfer coefficient. In reference 
[17], the heat transfer correlation of condenser in pump-driven two-phase flow loop was studied, and 
it was found that the prediction result of Chen correlation was good, and the error was within 10%. 

2.3 Energy Model of Pump 

The main function of the pump is to overcome the resistance and transport the cooled working 
medium. The pump model mainly refers to Quoilin[18], and the isentropic efficiency is calculated by 
empirical formula. The expressions are expressions (10)-(12). 
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Where, the coefficients 𝑎 , 𝑎 , 𝑎 , 𝑎  are taken as 0.93,-0.11,-0.2,-0.06 [18]; 𝑉 ,  is the 
maximum volume of fluid passing through the inlet of each pump per second, depending on the 
structural parameters of the pump ,which is 0.1024 L/s; 𝑚 ̇ is the mass flow of liquid transmitted by 
the pump, and N is the operating frequency of the pump (revolutions per second of the pump), r/s; 𝑉  
represents the volume that the pump can transmit by one revolution, L/s; 𝜌  refers to the density of 
working medium at the pump inlet, kg/m . 

2.4 Heat Transfer Model of Connecting Pipe 

In practical applications, the pipeline will take thermal insulation measures, and there is no heat 
exchange between the working fluid and the outside world, which can be regarded as an insulation 
process. The total pressure drop in the pipeline is mainly composed of three parts, namely frictional 
resistance pressure drop, local resistance pressure drop and gravity pressure drop, the simulation 
ignores the gravitational pressure drop and local resistance pressure drop in the tube, and only 
considers the frictional resistance pressure drop Δ P_f, and the calculation formula is: 
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where 𝑙 is the pipe length, m; d is the inner diameter of the tube, m; 𝜆 is the coefficient of friction, 
which is related to the Reynolds number of the working fluid flow and the condition of the pipe wall. 

2.5 Heat Exchange Model of Liquid Storage Tank 

In practical applications, the reservoir model adopts thermal insulation measures, so there is no heat 
exchange with the external environment, which is considered adiabatic. When building the model, 
the pressure drop and external heat transfer are ignored. 

3. Literature References Model validation 

The reliability of the model is verified by comparing the simulated values of the model with the 
measured results. Figure 2 shows the model of pump driven two-phase circuit and the structure of 
heat exchanger. The heat transfer and pressure drop correlations used in the model are shown in the 
table 2. According to the test data obtained in reference [22] under different working conditions, the 
specific test conditions are shown in the table 3. 

 

Heat exchanger structure 

 
Figure 2. Pump driven two-phase circuit model and heat exchanger structure diagram 

 

Table 2. Heat transfer and pressure drop correlation 

 zone type Correlation formula 

Refrigerant side Single-phase zone coefficient of heat transfer Churchill [19] 

pressure drop Gnielinski [20]  

Evaporation zone coefficient of heat transfer Mohseni revise [15]  

pressure drop Muller-steinhagen-heck [21]  

Condensation zone coefficient of heat transfer Chen [17]  

pressure drop Muller-steinhagen-heck [21] 

Connect the pipes pressure drop Darcy–Weisbach 

Air side  coefficient of heat transfer Kim and Bullard [14] 

pressure drop Kim and Bullard[14] 
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Table 3. Test conditions 

 Evaporator parameters Plate condenser   
parameters 

parameter Temperature 
/℃ 

Relative 
humidity /％ 

Inlet airflow 
rate/(m3/h) 

Temperature 
/℃ 

Flow 
/(m3/h) 

working 
condition 

35 40 600-1400 14 1.71 

 

The experimental system is a separate heat pipe, which differs from the simulation system only in the 
driving force. During the simulation, the pump speed is adjusted to achieve the same mass flow rate 
as the experimental condition. The experimental and simulated values of heat exchange capacity and 
outlet air temperature of evaporator under different airflow rates are shown in the figure 3, and the 
calculation formula of absolute deviation of the model is as follows: 

 

MAD =
1

𝑁

|Test value - analog value|

Test value
 

(14) 

 

  

(a) (b) 

Figure 3. Comparison of test and model prediction results under different airflow rates 

 

As can be seen from the figure, under different low airflow rates, the simulated absolute deviation 
value of the heat exchange is 6.0%, and the simulated absolute deviation value of the evaporator outlet 
air temperature is 7.2%, which proves that the model has certain prediction accuracy. 

4. Results and Discussion 

4.1 The Influence of Exhaust Air Temperature of Electronic Components on Heat Transfer 
Performance 

Figure 1 shows the trend of heat transfer performance with the exhaust temperature of electronic 
components under different airflow rates. The exhaust temperature can be changed by adjusting the 
load rate of electronic components. The increase of exhaust temperature can increase the temperature 
difference between the working medium inside the evaporator and the heat exchanger outside, thereby 
improving the heat transfer performance of the pump-driven two-phase circuit. When the exhaust air 
temperature of the electronic components rises from 27 °C to 38 °C, the heat exchange of the pump-
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driven two-phase circuit increases by 46.2%, 50.0%, 53.2%, 53.2%, 55.9% respectively under the 
airflow rate of 400m3/h, 700m3/h, 1100m3/h, 1500m3/h. This is because with the increase of airflow 
rate, the wind speed is constantly increasing, and the heat transfer coefficient of the air side is 
improved, which strengthens the heat transfer capacity of the evaporator. When the airflow rate is 
400m3/h, the outlet temperature of the evaporator and the heat exchange amount fluctuate. Compared 
with other working conditions, with the increase of the exhaust temperature of electronic components, 
the heat exchange amount with the airflow rate of 400m3/h increases slowly. However, when the 
airflow rate is 700m3/h and 1000m3/h, the heat exchange rate increases with the rise of the exhaust 
temperature of electronic components. due to the rise of the exhaust temperature of the electronic 
device, the temperature difference between the working fluid side and the air side of the evaporator 
gradually increases, and the temperature dominates at this time, which promotes the increase of heat 
exchange. According to the design criteria [23], the temperature of the data center needs to be below 
27 °C, and for data centers with pump-driven two-phase loop systems, the outlet temperature of the 
evaporator can be considered the indoor temperature. Under different airflow rates, the outlet air 
temperature of the evaporator rises with the increase of the exhaust air temperature of electronic 
components. In the simulation results, the highest outlet air temperature of the evaporator is lower 
than 24℃, which meets the safety standards. Therefore, energy can be further saved by increasing 
the exhaust temperature of electronic components. The working temperature of electronic chips 
should be controlled below 85℃, while the heat exchange temperature difference of electronic chips 
is generally greater than 45℃, so the exhaust temperature of electronic components should be lower 
than 40℃, which is consistent with the simulation environment in this section. 

 

  

(a) (b) 

Figure 4. Influence of exhaust temperature of electronic devices on heat exchange and exhaust 
temperature of evaporator under different airflow rate 

4.2  Influence of Outdoor Temperature on Heat Exchange Performance 

Most data centers are under low load [13]. For the data center with pump driven two-phase circuit 
cooling system, the outdoor temperature can be increased, the service time of natural cooling source 
can be prolonged and the energy consumption can be reduced under the condition of ensuring its safe 
temperature. Figure 3 shows the influence of outdoor temperature on the heat exchange performance 
of pump driven two-phase circuit. It can be seen from the figure that the greater the airflow rate, the 
greater the influence of outdoor temperature on heat transfer. The outdoor temperature increased from 
12 ℃ to 20 ℃, and the heat exchange decreased by 53% at 400m3 / h airflow rate and 59% at 1500m3 
/ h. 
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(a) (b) 

Figure 5. Influence of outdoor temperature on heat exchange capacity and outlet temperature of 
evaporator under different airflow rate 

4.3 Influence of Pump Speed on Heat Exchange Performance 

For the data center with pump-driven two-phase loop system, the selection of pump should be 
considered in the design. The function of the pump is to overcome the resistance in the system to 
transport the refrigerant and adjust the flow rate of the refrigerant. It can be seen from Figure 6 that 
under different airflow rates, the increase of rotating speed leads to the increase of mass flow in the 
pump-driven two-phase loop, and the heat transfer performance is enhanced. However, at low airflow 
rates, heat exchange grows slowly with the increase of mass flow. At high airflow rates, the mass 
flow rate has a greater impact on the heat exchange. When the speed is from 500r/min to 1900r/min, 
the heat exchange increases by 24% when the airflow rate is 400m3/h, and the heat exchange 
increases by 32% when the airflow rate is 1900m3/h. This is mainly because when the airflow rate is 
low, the heat load of the pump driven two-phase circuit is small, and the cooling capacity brought by 
small mass flow can meet the heat exchange of the evaporator; When the airflow rate increases, the 
heat load also increases gradually, so the required mass flow also increases gradually. Increasing the 
mass flow by using the driving force of the pump can effectively improve the heat exchange 
performance. When the airflow rate is 1500m3/h, the speed increases from 500r/min, and for each 
200r/min increase, the heat exchange increases by 13%, 5%, 3%, 2%, 1%, 1%, 1%, and 1%, 
respectively. 

 

  

(a) (b) 

Figure 6. Influence of pump speed on heat exchange and outlet temperature of evaporator under 
different airflow rate 
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5. Conclusion 

For the data center operating with low heat load and low airflow rate, a one-dimensional steady-state 
model of the pump-driven two-phase circuit under low airflow rate is established and verified 
experimentally. For the heat exchange capacity of the pump two-phase loop and the outlet air 
temperature of the evaporator under the airflow rate of 400 m3/h -1500 m3/h, the absolute average 
deviation range of the prediction results of this model is within 10%, and it has good prediction 
accuracy. By using this model, the influence of operating parameters on the heat transfer performance 
of the two-phase circuit system driven by the data center pump is studied, and the influence of the 
parameters on the safe operating temperature of the data center is analyzed, and the following 
conclusions are drawn: 

(1) On the premise of ensuring the safety of electronic devices in data center, increasing the exhaust 
temperature of electronic devices can effectively improve the heat exchange performance of pump-
driven two-phase loop system. The higher the airflow rate, the greater the improvement of heat 
exchange performance. The rise of the exhaust air temperature of electronic devices will also lead to 
the rise of the exhaust air temperature of evaporator, but at the exhaust air temperature of 38℃, the 
exhaust air temperature of evaporator meets the requirements of data center and can still be raised. 

(2) The increase in outdoor temperature will lead to the pump drive two-phase circuit system heat 
transfer performance decline, the higher the airflow rate heat transfer performance drops more, at 20 ° 
C outdoor temperature, the evaporator outlet temperature meets the standard, so in the low load 
operation of electronic devices, you can extend the pump drive two-phase circuit the use of natural 
cold source time. 

(3) The increase of pump speed will cause the mass flow rate of pump-driven two-phase loop system 
to increase, but the increase of heat exchange rate will gradually decrease. The higher the airflow rate, 
the greater the impact. When the airflow rate is 1400m3/h, the pump speed is from 500 r/min to 1900 
r/min, and the heat exchange capacity is increased by 32%. However, under the same airflow rate, 
the growth rate of heat exchange tends to be stable with the increase of rotating speed. 
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