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Abstract

:

In this paper, a rear door oil-cooling heat exchanger for data center cabinet-level cooling has been proposed. In order to solve the heat dissipation problem of high heat density data center, this paper applied the mature transformer oil cooling technology to the data room. The heat dissipation of liquid-cooled cabinets and traditional air-cooled cabinets was compared, and the heat dissipation performance of the oil-cooled system was theoretically and experimentally investigated. To investigate the heat dissipation system, the cabinet operating temperature, circulating oil system temperature and cabinet exhaust temperature, cabinet heat density, oil flow rates and fan power were analyzed. It was found that the average cooling efficiency of the liquid-cooled cabinet increased by 66% compared with the average cooling efficiency of the conventional air-cooled cabinet. The operating temperature in air-cooled cabinets is as high as 55 °C, and the operating temperature in liquid-cooled cabinets does not exceed 50 °C. Among which, the maximum heat dissipation efficiency of the liquid-cooled cabinets can reach 58.8%. The oil temperature could reach 46.9 °C after heat exchange, and the exhaust air of the cabinet could reach 42.8 °C, which could be used to prepare domestic water and regenerative desiccant. The results from established calculation model agreed well with the testing results and the model could be used to predict the heat dissipation law of the oil cooling system under different conditions. The research has proposed the potential application of the oil-cooled in cabinet-level cooling, which can help realize saving primary energy and reducing carbon emission.
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1. Introduction


Due to the rapid development of the big data era, not only the growth has been in the number of the data centers, but also in the scale and thermal density of the data centers. The increasing demand for communication and computing for IT services has led to a significant increase in power demand (kW) and energy consumption (kWh) in data centers. The power density of a single server rack is approximate 5–10 kW, and the heat dissipation of the microelectronic chip alone has reached 60–90 W/cm2. More specifically, the power density of the single server rack is expected to exceed 50 kW by 2025 and Information and Communications Technology infrastructure could use up to 50% of the world’s electricity in 2030, requiring greater efforts to preserves the power grid’s stability. Beyond that, the total power consumption of the data center has accounted for 1.3% of global power consumption and continues to increase [1,2,3,4,5,6,7].



In terms of the thermal management strategy, the data center commonly uses two thermal management strategies: room-level and cabinet-level [8]. The room-level thermal management strategy is to achieve the purpose of heat dissipation for each cabinet through the cooling of the whole data room. Although the room-level cooling has the advantages of low investment cost and easy layout, due to the expanding size of the data center; if the room-level thermal management strategy is continuously adopted, the total energy consumption of the cooling system will further increase.



The researchers proposed the cabinet-level thermal management strategy. This strategy designs a one-to-one cooling system for each cabinet with different heat dissipation, and places it in different forms inside the cabinet. This approach has higher energy efficiency and better energy saving potential.



With regard to the cooling technology commonly used in data centers, it can be categorized into three categories: air-type, water-type and heat-pipe type. Air-type is more widely used in room-level thermal management data centers. In a data center equipped with high-temperature IT equipment, it is necessary to run a huge cooling system throughout the year. Because of the low heat dissipation performance of air, many scholars have actively studied how to reduce the energy consumption of air cooling systems. Many scholars have proposed to reduce the cooling energy consumed by introducing air-side economizers, thereby improving heat source efficiency [9,10]. Park et al. [11] analyzed the energy-saving effects of direct and indirect air-side economizers in Korean data centers; the results showed that its annual cooling-energy consumption increased by approximately 6.1% compared to the case with no recirculation, and the indirect air-side economizer also exhibited an approximately 9% increase in cooling-energy consumption. Cho et al. [12] proposed that the air cooling system will have problems such as hot air recirculation and cold air bypass, which reduces cooling efficiency and generates local hot spots. Wang et al. [13] pointed out that inefficient cooling systems and immature control methods are the most significant problems in cooling telecommunications base stations. Samadiani [14] proposed that blade servers can dissipate more than 60 kW of heat, while the current CRAC systems are designed for 10–15 kW racks. At present, the heat dissipation of the data center is nearly 100 W/cm2, and the heat dissipation capacity of air cooling is only 37 W/cm2 [15]. Although air cooling methods have the characteristics of a simple system, low failure rate and mature technology, its limitations are increasingly obvious, and its heat dissipation capacity is low, which makes it difficult to meet the heat dissipation requirements of high-density equipment rooms.



The working principle of heat pipe cooling is to drive the heat transfer medium to undergo phase change and flow by using the temperature difference between the evaporation end and the condensation end to finally achieve heat dissipation [16]. Heat pipe cooling is an indirect liquid cooling without direct contact between the heat source and liquid coolant, contrasting the traditional indirect liquid cooling method. Many scholars usually focus on microchannel heat sinks and their efficiency enhancement as they have superior augmented heat transfer characteristics compared to the traditional indirect liquid-cooled methods [15,17]. Wherein, the heat pipe coolant may be water, methanol, acetone, ammonia, R141b, NF or SiO2-H2O, and the condenser coolant may be air or water [18]. The heat-pipe type is more widely used in cabinet-level thermal management data centers. Jouhara and Wang [19,20] both proposed combining heat pipe cooling with conventional compression refrigeration and applying them to the data center cooling system. It was found that the heat pipe can be used for natural cooling, reducing the operating energy consumption of the air conditioning unit and the PUE value of the data center. Ding et al. [21] used a separate heat pipe for cabinet cooling, and the experimental results showed that the PUE value of the data center could reach 1.20. Dang et al. [22] proposed a new rack structure with inner air channel and pulsating heat pipe; the simulation found that the temperature distribution in the rack was relatively even, effectively eliminating local hot spots. Although the heat pipe has strong heat transfer capacity, it has the maximum heat transfer limit, and its engineering application stability and energy conservation still need further in-depth research.



Since the heat transfer coefficient of liquid is much larger than air, researchers have proposed to apply liquid cooling technology in high heat density data centers. Zimmermann et al. [23] studied the energy efficiency of Aquasar, the first hot water cooled supercomputer prototype and found that the water cooling system can dissipate the server with a shorter and more efficient heat transfer path and save 40% energy consumption. Kim et al. [24] integrated a hot water cooling system with a desiccant assisted evaporative cooling system for cooling the data center, the heat removed by the hot water is used for the regeneration of the desiccant. The operating energy consumption of this system is 95% lower than that of the conventional CRAH system. Furthermore, domestic and foreign scholars have proposed hybrid cooling. Gao et al. [25] proposed a hybrid cooling system model realized by the rear door heat exchanger. Based on the analysis of two CFD simulation methods, it was found that the model has better heat dissipation ability and is suitable for high heat density data center. Chi et al. [26] compared the full energy consumption of a hybrid air-water cooling system and enclosed liquid cooling system, and found that in the partial PUE of 1.14, hybrid air-water cooling system improved efficiency by 34% compared to enclosed direct liquid cooling systems. As a commonly used liquid cooling medium, water has certain defects, namely liquid leakage risk and water pollution. Therefore, the relevant design specifications of the data center stipulate that water is not allowed to enter the machine room and its engineering application is limited.



In addition, some scholars [27,28] discussed the current status of data center cooling technology, including air side energy savers, water side energy savers and heat pipe technology. They proposed that the use of free cooling on the airside or water side depends to a large extent on environmental conditions. On the other hand, although heat pipes have unique characteristics, they only transfer heat at a small temperature difference, and there are still some limitations.



Furthermore, electrical transformers are one of the essential and expensive devices in supplying electrical energy for industries and buildings. Nevertheless, high temperature is known as one of the major sources of failure and aging of a transformer, which must be removed by efficient cooling techniques [29]. In view of availability and low cost, precisely with the beginning of energy evolution, insulating liquids have been used for the insulation and cooling of electrical devices, such as transformers, cables, switches and capacitors [30]. Kim et al. [31] introduced prediction and experimental study on the cooling performance of radiators used in oil-filled power transformer applications and found that the maximum cooling capacity of direct-oil-forced flow increased by 20.1% compared with non-direct flow.



In view of the above-mentioned two thermal management strategies and various characteristics of three cooling technologies, it is also considered that oil cooling technology has been widely used in transformer cooling for a long time, and insulating oil is already ideal working fluid in liquid cooling technology. Under these conditions thereupon, in order to solve the heat dissipation problem of high heat density data center, this paper proposed a rear door oil-cooling heat exchanger device that could be applied to cabinet level cooling, and combined the thermal management strategy of cabinet level with oil cooling technology. More specifically, compared with the traditional CRAH system, the cabinet-level RDHE system of this paper was more targeted; it could effectively eliminate local hotspots in the data center, and avoided waste of cooling as much as possible. Likewise, compared with the water cooling system, the insulating cooling oil can effectively reduce the damage caused to the server due to the leakage of the working fluid and reduce the limitation of engineering application. Finally, the high-temperature cooling oil after cooling the cabinet could be utilized for the preparation of hot water, or regenerative desiccant and other uses to achieve waste heat recovery and reuse.




2. System Description


2.1. System Principle


The proposed system (Figure 1 and Figure 2) consisted of two parts, a communication cabinet system and a cooling system. Among them, the communication cabinet system comprised two cabinets, one was an air-cooled cabinet, and the other was a liquid-cooled cabinet. Both cabinets have a built-in analog heat source, which are used to simulate the heat dissipation of the real server. The working principle of the system could be summarized as the heat dissipation process of the communication cabinet. When the cabinet is operating, the simulated heat source starts to work and continues to generate heat. The air is responsible for all the heat of the air-cooled cabinet. The processing path is as follows: the cold air is sent into the communication cabinet through the downside air supply, and then the exchange heat with the heat source, which is eventually discharged by the top exhaust fan of the communication cabinet. The heat dissipation process of the liquid-cooled cabinet included the following two parts: one part of the heat was taken up by the cold air, and finally, by the top exhaust fan of the communication cabinet; another part of the heat was taken out of the cabinet by the RDHE system and finally stored in the heat storage oil drum.



The characteristics of the system could be explained in the following three aspects: (1) the liquid medium cooling oil used in the RDHE system has insulation property, does not cause any damage to electronic components and has no risk of liquid leakage, and is flexible in installation; (2) the system adopted a hybrid cooling method combining cooling oil and air cooling to improve the heat dissipation efficiency and energy utilization rate of the communication cabinet; (3) the heat dissipation system of the device belonged to the cabinet-level cooling. Different heat dissipation schemes could be implemented for cabinets with different heating densities.




2.2. Construction of the Testing Rig


2.2.1. Testing Rig


The communication cabinet system included a communication cabinet and a built-in analog heat source, which was used to simulate the heat dissipation of the real server. The heat dissipation system consisted of the RDHE system, the top exhaust unit and a movable downside air supply system. More specifically, the RDHE system was composed of a finned oil tube exchanger, an oil pump, an oil circuit system and a heat storage oil drum. The movable downside air supply system was connected to the communication cabinet to achieve the function of deliver cold air to the cabinet, and the operation of the whole system could be monitored in real time by the power detector.



In order to study the heat dissipation performance of the cabinet-level RDHE system, a novel testing rig was constructed in Guangdong University of Technology, China, as shown in Figure 3 and Figure 4. The test rig was mainly composed of three parts, namely the communication cabinet module, the heat dissipation system and the data acquisition system. The communication cabinet module consisted of two rack modules and a built-in analog heat source control system. The built-in analog heat source system included a voltage stabilizer, a voltage regulator and a PTC electric auxiliary heater. The heat dissipation system consisted of the RDHE system and an air-cooling system. Four finned oil tube exchanger, oil pump, heat storage oil drum and oil circuit system made up the RDHE system. The air-cooling system consisted of a movable downside air supply unit and a cabinet top exhaust unit. The data acquisition system included a multi-channel temperature and humidity monitor, a multi-channel temperature recorder and a power detector.



The two rack modules were made of 640 mm × 600 mm × 1050 mm traditional iron materials. In order to accurately calculate the heat dissipation capacity of the heat dissipation system, the surface of the rack was insulated with 20 mm thick insulation cotton, the outer door of the cabinet was made of 4 cm thick extruded board. The analog heat source system firstly regulated the circuit through the voltage stabilizer, and then adjusted the voltage regulator to control the PTC electric auxiliary heater to achieve different heating density conditions. The oil circuit system used a DN25 mm pipe for cooling oil delivery. In order to ensure the safe operation of the oil circuit system, the pipeline was equipped with a filter valve, a check valve, a flow valve and a turbine flow meter. The pipes connecting each oil-cooled radiator were transparent pipes, and the operation condition was checked regularly. The air-cooling system was coordinated by a movable downside air supply unit and a top exhaust unit of the cabinet, and the wind speed of the fan could be adjusted by a voltage regulator. Finally, the axial fan exhausted the hot air generated during the experiment through the galvanized pipe with a diameter of DN25. A multi-channel temperature recorder collected the temperature of the oil system, the temperature of the heat storage oil drum, and the internal temperature of the cabinet, and the temperature and relative humidity of the inlet air and the hot air of the cabinet were collected through a multi-channel temperature and humidity monitor. The performance parameters of main components were listed in Table 1.




2.2.2. Test Conditions


In view of the thermal guidelines for data processing environments [32], the equipment environment requirements for the data center were as follows: the dry bulb temperature was allowed to be 15–32 °C (recommended value is 18–27 °C) and the humidity range was allowed to be 20–80%, and no condensation is required. Moreover, based on experimental climatic conditions, the initial conditions of each set of experiments can be started within as small an error range as little as possible. Finally, we determined that the initial conditions of each test in this experiment started at a dry bulb temperature of 26 °C ± 1 °C and a humidity of 60% ± 10%.




2.2.3. Test Methods


The experimental test plan mainly included the arrangement of testing points, the testing procedures and the test data acquisition.



a. Arrangement of measuring points



The measurement parameters of this experiment mainly included the temperature and humidity of the inlet air of the cabinet, the temperature and humidity of the exhaust air of the cabinet, the temperature inside the communication cabinet, the cooling oil temperature of the oil system and the temperature of the heat storage oil drum. A total of 15 measuring points were arranged: three temperature and humidity measuring points and 12 temperature measuring points, all of which were arranged as shown in Figure 5. Among them, there were five measuring points in the communication cabinet system: measuring point 1, 4 and 5 were air temperature and humidity measuring points, measuring point 2, 3, 6 and 7 were air temperature measuring points; measuring point 8–15 were the temperature measurement point of the cooling oil.



b. The testing procedures



The test consisted of two parts, the comparison of the heat dissipation of the air-cooled cabinet and the liquid-cooled cabinet under the same working conditions, and the heat dissipation performance of the RDHE of the liquid-cooled cabinet under different working conditions. The initial test conditions of this experiment were started at a dry bulb temperature of 26 °C ± 1 °C and a humidity of 60% ± 10%. The PTC electric auxiliary heater was used to simulate the test conditions of different heating powers, and was set to 800 W and 1600 W. In this experiment, we measured the wind speed through a thermal anemometer. Since the different wind speeds of the fan match different fan powers, before the start of the experiment, the different powers of the fan were adjusted by the voltage regulator, and the wind speed of the fan was determined by the measurement with the thermal anemometer. Consequently, the average wind speed flowing through the surface of the heat exchanger was set to 3 m/s, 5 m/s and 7 m/s, respectively. The circulating oil flow was divided into large flow and small flow, which is 7.8 m3/h and 8.8 m3/h. Before the test, the quality of the oil drum was maintained at 170 kg. Then, the data acquisition system were opened, the test conditions debugged, and the test started immediately. The effective time of each test was 3 h. Specific test conditions are shown in Table 2 and Table 3.



c. The test data acquisition



The data acquisition system of this experiment performed data acquisition once every 1 minute. The main test method was direct measurement. However, there are factors such as long test time, more test instruments, more test conditions and inevitable errors between test points of the test instrument. In order to reduce the error caused by objective reasons, this experiment took the following measures during the test:




	
In order to reduce the error caused by the experimental external environment to the test platform, the experimental device was insulated with 20 mm thick insulation cotton, thereby ensuring the stability of the test parameters inside the experimental test platform.



	
In order to avoid random errors caused by measuring points, the method of averaging multiple points was used in the same position, to ensure the reliability of experimental test data.



	
In order to reduce the systematic error caused by the instrument itself, this experiment used a higher frequency test method to record the parameters of each test point of the experimental device under different working conditions on a time-by-time basis. In this experiment, the data acquisition time of the temperature tester and the temperature and humidity tester was set to 1 min during the test. At the same time, abnormal data could be clearly seen and removed in the data processing process, so that the experimental test data was more reliable.



	
In order to ensure the accuracy of the experimental data, during the experimental test, if abnormal data appears, the experiment need to be retested. When processing data, if there was data that occasionally floats large, it could be corrected according to the change rule of the data before and after.











3. Methodology


In this section, the analysis of the heat dissipation performance of this system in two ways is described. Firstly, from the perspective of theoretical analysis, the parameters such as cumulative heat dissipation, average heat dissipation efficiency and coefficient of performance were analyzed. Following this, based on this system, an energy balance model was established to further analyze and verify the heat dissipation performance of the system.



3.1. Theoretical Analysis


In order to characterize the heat dissipation performance of this system, the cumulative heat dissipation, the average heat dissipation efficiency and the coefficient of performance will be analyzed.



There are two types of heat dissipation media for the cabinet, namely oil and air. The validity of the heat transfer of the two media can be calculated using Equations (1) and (2), respectively. The cumulative heat dissipation of the RDHE was calculated by Equation (1):


   Q  o i l   =  m  o i l   ×  c  p , o i l   × Δ  t  o i l   ,  



(1)







The cumulative heat dissipation of the fan was defined according to Equation (2):


   Q  a i r   =  c  p , a i r   × Δ  t  a i r   ×  ρ  a i r   ×  A  a c   × v × τ ,  



(2)







Regarding the heat generation of the cabinet, this experiment used a simulated heat source heater for simulation, and monitored the operating power of the simulated heat source for statistics Equation (3) was given in the following calculation:


   Q T  =  P s  × τ × 60 ,  



(3)







In addition, when the system was running, the transportation process of the fan and the oil pump will generate a certain amount of heat. The specific numerical statistics were calculated according to Equations (4) and (5):


   Q  f a n   =  P  f a n   × τ × 60 ,  



(4)






   Q  p u m p   =  P  p u m p   × τ × 60 ,  



(5)







Next, the average heat dissipation efficiency of the RDHE will be calculated, and the average heat dissipation efficiency could directly reflect the heat dissipation of the device. The average heat dissipation efficiency was calculated according to Equation (6):


  η =    Q d     Q T    × 100 % ,  



(6)







With the exception of the average heat dissipation efficiency, the coefficient of performance (COP) could also directly reflect the energy efficiency conversion of the entire system, which was an important evaluation index. The coefficient of performance (COP) could be calculated by Equation (7):


  C O P =    Q  o i l   +  Q  a i r     (  P  p u m p   +  P  f a n   ) × τ × 60   ,  



(7)








3.2. The Energy Balance Model


There were three basic ways of transferring heat: heat conduction, heat convection, and heat radiation. According to the heat dissipation process of the cabinet (Figure 6), the energy balance of this system initially could be expressed with Equation (8):


    Q ˙   h e a t   p r o d u c e   =   Q ˙   c o n v 1   +   Q ˙   c o n v 2   +   Q ˙   c o n n d   +   Q ˙   r a d   ,  



(8)




where     Q ˙   h e a t   p r o d u c e     is the source of heat,     Q ˙   c o n v     is the heat loss by convection from heat surface to the air,     Q ˙   r a d     is the heat loss by long-wave radiation exchange from the heat source to the walls and     Q ˙   c o n d     is the heat loss by conduction through the wall surfaces to the surroundings.



Among them, as can be seen from Figure 6, since the system has adopted better insulation measures outside the cabinet, the outer surface of the cabinet was insulated with 20 mm thick insulation cotton, and the outer door of the cabinet was made of 4 cm thick extruded board. Therefore, the heat flow from the cabinet to the outside through heat conduction was generally considered to be small enough to be negligible (    Q ˙   c o n d     ≌ 0).



The heat produced by the cabinet was equal to the heat generated by the PTC analog heat source built into the cabinet. It could be calculated as follows:


    Q ˙   h e a t   p r o d u c e   = P ,  



(9)







During this experiment, the convection heat transfer consisted of two parts. The first part was that the hot air inside the cabinet transfers heat to the RDHE through heat convection, this part was named     Q ˙   c o n v 1    . The other part was that hot air transfer heat to the inner wall of the cabinet through heat convection, this part was named     Q ˙   c o n v 2    . These two parts of heat could be calculated by the following formula:


    Q ˙   c o n v 1   =  h a  ×  A  h t 1   × (  t  w , R D H E   −  t f  ) ,  



(10)






    Q ˙   c o n v 2   =  h a  ×  A  h t 2   × (  t  w , c a b i n e t   −  t f  ) ,  



(11)







The heat transfer from the heat source to the inner wall of the cabinet by long-wave radiation could be calculated on the basis of the Stefan-Boltzmann’s law. In this special case, the default cabinet was completely enclosed. Therefore, the amount of heat radiation by long-wave radiation was expressed by Equation (12):


    Q ˙   r a d   = ε × σ ×  A  r a d   × (  t  s u r  4  −  t  a i r  4  ) ,  



(12)









4. Analysis and Discussion of the Testing Results


In this part, preliminary experiments were conducted on the heat dissipation performance test of the air-cooled cabinet and the liquid-cooled cabinet, and the experimental results were analyzed and discussed. Furthermore, the heat dissipation performance of the RDHE of the liquid-cooled cabinet was studied. Based on the test results, the heat dissipation performance of the RDHE will be analyzed from four evaluation indicators for the system operating under different working conditions, namely the average heat dissipation efficiency, the cumulative heat dissipation, energy saving potential and the coefficient of thermal performance.



4.1. Comparison between Traditional Air-Cooled Cabinets and Liquid-Cooled Cabinets


This section compared the heat dissipation of traditional air-cooled cabinets with liquid-cooled cabinets. Taking the working conditions 1–4 as an example, the test was divided into four groups, and the heat dissipation of the two cabinets was analyzed from the average heat dissipation efficiency, the cumulative heat dissipation and the operating temperature of the cabinet. It could be seen from Figure 7 that, under the same working conditions, the average heat dissipation efficiency of the RDHE in the liquid-cooled cabinet was higher than that of the air-cooled cabinet Among them, compared with the traditional air-cooled cabinet, under the same heat source power, the average heat dissipation efficiency of RDHE could be increased by up to 66.6%. The statistics of the cumulative heat dissipation of the two cabinets are shown in Table 4; the cumulative heat dissipation of the liquid-cooled cabinet was much higher than that of the air-cooled cabinet. In addition, this section also compared the operating temperatures of the two cabinets. It can be seen in Table 5 that the operating temperature of the cabinet of the traditional air-cooled cabinet was higher than the temperature of the liquid-cooled cabinet, and the operating temperature of the liquid-cooled cabinet did not exceed 50.5 °C. There was no doubt that the heat dissipation capability of the liquid-cooled cabinet was much higher than that of the air-cooled cabinet, and the communication cabinet could be maintained stably and safely.



Although the liquid cooling system had the above benefits over other air-cooled base systems, the main disadvantage was to ensure liquid sealing and thus avoid leakage problems. The system was a rear door liquid-cooled cabinet, compared with the general liquid-cooled cabinet, the leakage of electronic components was reduced as much as possible, but there were still hidden dangers and the system needs to be sealed.




4.2. Average Heat Dissipation Efficiency of the RDHE


The average heat dissipation efficiency is the ratio of the cumulative heat dissipation to the total heat generation of the simulated heat source during the experimental test conditions. It is one of the main indicators reflecting the heat dissipation performance of the heat dissipation device of the communication cabinet.



The average heat dissipation efficiency is one of the main indicators reflecting the heat dissipation performance of the RDHE. Under the same test conditions, the larger average heat dissipation efficiency means greater heat dissipation capability. The average heat dissipation efficiency of the RDHE was tested by changing the cooling oil flow rate and the fan wind speed under the same simulated heat source power, as shown in Table 6. When the simulated heat source power in the range of 800–1600 W, the average heat dissipation efficiency of the heat dissipation performance of the RDHE was 44.1%. The RDHE has a larger heat dissipation capacity when the heat source power is 800 W, and the average heat dissipation efficiency could reach 58.8%.



According to the test results, it could be concluded that under the same cooling oil flow rate, the average heat dissipation efficiency of the RDHE under the influence of different wind speeds showed a linear growth trend with the increase of wind speed, as shown in Figure 8 and Figure 9. It showed that the RDHE has better heat dissipation effect in the case of good airflow organization.




4.3. The Cumulative Heat Dissipation


The cumulative heat dissipation of the RDHE was mainly calculated by the temperature rise of the oil in the heat storage oil drum, and the cumulative heat dissipation of the device was calculated according to Equation (1). Table 7 showed the cumulative heat dissipation of the heat storage oil drum under different working conditions. When the simulated heat source power in the range of 800–1600 W, the average cumulative heat dissipation of the RDHE could reach 5226 kJ, and when the heat source power was 1600 W, the maximum could reach 6009 kJ.



4.3.1. The Trend of Heat Dissipation


The entire experimental test time was 3 h. In order to study the trend of heat dissipation of the RDHE with time, the experimental results of the test 5–16 were taken as an example. It can be seen in Figure 10 and Figure 11 that in the early stage of the test, the heat dissipation rate of the RDHE increased rapidly, and the growth gradually became flat during the test period, and finally the heat dissipation amount tended to be stable. Choi et al. [33] pointed out that the operating temperature of the CPU is generally lower than 70 °C. Bar-Cohen [34] found that when the CPU operating temperature exceeded the allowable operating temperature, the reliability of the chip was reduced by 10% for every 2 °C. Through the data acquisition system, it was found that the final temperature in the cabinet is as shown in Table 8 after three hours of operation. Under the heat dissipation work of the RDHE, the temperature of the cabinet could be lower than 70 °C, and the maximum was 50.9 °C, which indicated that the heat dissipation of the RDHE is more effective and can maintain good operation inside the cabinet.




4.3.2. Cooling Oil Flow


In order to explore the heat dissipation of the RDHE compared the heat dissipation of the system under different flow rates. In this experiment, two flow rates were set, 7.8 m3/h and 8.8 m3/h. In the case of the same heat source power and the same air flow rate, a comparative test was carried out. In the case of the condition of 800 W heat source power, the experimental results of tests 1 and 7 were taken as an example. In the case of the heat source power of 1600 W, the experimental results of tests 4 and 10 were taken as an example for analysis. The experimental results are shown in Figure 12 and Figure 13. It can be seen from Figure 8 that the RDHE has better heat dissipation capability and could carry away higher heat when operating at a small flow rate of 7.8 m3/h. Due to the reduced flow rate, the cooling oil could be better exchanged in the cabinet. Through comparative analysis, it could find when the cooling oil is operated at a flow rate of 7.7 m3/h, the heat dissipation capacity can be increased by 6%.





4.4. Potential Heat Recovery Characterization


Based on the rapid development of data centers and the large amount of heat in the data center, waste heat recovery has become an important research direction. Regarding the waste heat recovery in data centers, Ebrahimi et al. [1] proposed several directions that could be applied to waste heat utilization in data centers, including the following uses: (a) domestic space and water heating; (b) power plant co-location; (c) absorption cooling; (d) organic Rankine cycle; (e) desalination; (f) biomass processing; (g) piezoelectrics; (h) thermoelectrics.



The allowable temperatures for waste heat recovery in different cooling systems varied from a higher range of 50–60 °C and a lower range of 25–35 °C [34]. Through experimental tests, it was found that the circulating cooling oil of this experiment and the exhaust at the top of the cabinet has a certain heat recovery value.



4.4.1. The Temperature of Cooling Oil


Due to the uncontrollable ambient temperature, there were small variations in the ambient temperature and humidity of each set of experiments and the initial temperature of the heat storage oil drum, but the initial conditions of each test in this experiment started at a dry bulb temperature of 26 °C ± 1 °C and a humidity of 60% ± 10%. The initial temperature of the oil was 28.5 ± 0.5 °C. The quality of the oil in the heat storage oil drum was always 170 kg before each test. Table 9 showed the temperature changes of the heat storage oil drum during the experimental test under the different working conditions. Under the different working conditions, the final temperature of the heat storage oil drum could be higher than 42.8 °C, and the highest temperature could reach 46.9 °C. In the London district heating network program, for secondary heat sources, heat from the data center at temperatures ranging from 32–40 °C was considered to be the most cost-effective and carbon-efficient heat source [1]. It could be seen that the cooling oil becomes high-temperature oil after the experiment, and could be used as a heat source at this time to prepare domestic water, which can improve energy utilization and achieve the purpose of utilizing waste heat of the data center. After the heat recovery is fully realized, the high temperature oil is returned to the low temperature oil and the data room is continuously re-cooled.




4.4.2. The Temperature of the Exhaust Air of the Cabinet


When the liquid cooling device performed heat dissipation, the top exhaust unit of the cabinet also performed the heat dissipation work at the same time. Under the test of different heat source power, by adjusting the wind speed of different fans, it was found that the exhaust air temperature of the cabinet also had a certain utilization value. Table 10 shows the variation of exhaust air temperature during the experimental test under the different working conditions. It can be found that under the same oil flow rate and the same heat source power, the larger the air flow rate, the greater the temperature rise of the exhaust air. In the case of different working conditions, the final temperature of the exhaust air could be higher than 40 °C, and the highest could reach 42.8 °C. The temperature range of the captured waste heat from air cooled servers (35–45 °C) is more than sufficient for reuse in heating needs [35]. The high temperature exhaust air temperature embodies two aspects. On the one hand, it effectively maintains the temperature stability inside the cabinet and contributed to work normally. On the other hand, the high-temperature exhaust air temperature could have sufficient heat recovery value, and could be used as a heat source to regenerate the desiccant, and to improve energy utilization. After the heat exchange, the high temperature air could re-enter into the machine room for cooling work to achieve the purpose of rational use of resources.





4.5. The Coefficient of Thermal Performance


The coefficient of thermal performance (COP) is the ratio of the heat dissipation of the heat sink to the input shaft power under the test conditions. It is another important indicator of the heat dissipation performance of the reaction liquid cold cabinet test system. It can also reflect the energy conversion rate of the device.



The coefficient of performance (COP) calculation results are shown in Table 11 below. It can be seen that with the increase of wind speed and cooling oil flow, COP showed an increasing trend, indicating that in a good airflow organization environment, the heat dissipation environment in the cabinet is good, and the heat dissipation performance of RDHE is more effective. At different flow rates, smaller flows also exhibited better heat dissipation. In general, the average COP of the entire system could reach 0.85, indicating that the system has good heat dissipation performance.




4.6. The Discussion of the Model


In order to further illustrate the heat dissipation performance of this model, this part verified the experimental results and the energy balance calculation model. In addition, based on the experimental results, a calculation model was established to predict the increase trend in heat dissipation of RDHE with the test time.



4.6.1. The Verification of the Energy Balance Model


This part verified the experimental results and the energy balance calculation model. After verification, it was found that the system and the energy balance model can be well matched with an error of 8%. Thus, this energy balance model could be applied to the heat calculation of this system. The distribution of heat in the energy balance is shown in the Figure 14 below.




4.6.2. The RDHE Calculation Model


Based on the experimental results, a calculation model was established to predict the increase trend in heat dissipation of RDHE with the test time. The study found that the cumulative heat dissipation of the RDHE cooling device was a logarithmic change. Based on the experimental test data, we could assume that the logarithmic model equation is as follows:


   Q  o i l   =  Q ∞  −  Q ∞  × exp ( −  τ B  ) ,  



(13)







The coefficients and regression formula correlation are gained by the test results and shown in Table 12.



Comparing the test results with the calculating value by the calculation model, the calculation model can perform well in predicting the increase trend in heat dissipation of RDHE with the test time under different test conditions. The comparison of the test results with the model calculating value are show from Figure 15, Figure 16, Figure 17 and Figure 18 under different conditions.






5. Conclusions


This paper proposed a novel rear door oil-cooling heat exchanger device for cabinet-level cooling. The heat dissipation performance of the RDHE was tested experimentally and compared with the heat dissipation performance of the conventional air-cooled cabinet. In order to explore the heat dissipation performance of the RDHE, the test rig was constructed and tested in the laboratory of Guangdong University of Technology under different simulated heat source conditions and cooling oil flow conditions. The parameters used to evaluate the performance of the RDHE, namely the average heat dissipation efficiency, the cumulative heat dissipation, the potential heat recovery characterization and the coefficient of thermal performance. Moreover, a calculation model based on energy balance was established and the accuracy of the experiment was verified. Furthermore, according to the variation law of the cumulative heat dissipation of the RDHE, the regression fitting could be used to predict the heat dissipation law. It was found that:




	
Compared with the traditional air-cooled cabinet, the RDHE’s heat dissipation capacity has increased by an average of 56.2%, and the maximum can be increased by 66.6%.



	
When the simulated heat source power is in the range of 800–1600 W, the average heat dissipation efficiency of the heat dissipation performance of the RDHE was 44.1%. When the cooling oil flow rate was 7.8 m3/h, the wind speed was 7 m/s and the RDHE was operated at a heat source of 800 W, the heat dissipation efficiency was up to 58.8%.



	
After running for three hours, under the cooling work of the RDHE, the cabinet temperature under different working conditions could be lower than 70 °C (this temperature was the specified allowable operating temperature of the cabinet). The experimental results showed that the maximum temperature of the cabinet temperature in all tests was only 50.9 °C, which indicated that the heat dissipation of the RDHE is more effective and can maintain good internal operation of the cabinet.



	
Both the circulating cooling oil of this experiment and the exhaust unit of the cabinet have potential heat recovery values. Among them, the final temperature of the oil drum could be higher than 42.8 °C; the highest could reach 46.9 °C. The final temperature of the exhaust air could be higher than 40 °C; the highest could reach 42.8 °C. After heat reuse, the temperature of the circulating oil could be lowered, and the next cooling could be performed better.



	
With the increase of wind speed and cooling oil flow, COP showed an increasing trend, indicated that in a good airflow organization environment, the heat dissipation environment in the cabinet is good and the heat dissipation performance of RDHE is more effective. At different flow rates, smaller flows exhibited better heat dissipation. In general, the average COP of the entire system could reach 0.85, which indicated that the system has good heat dissipation performance.



	
After calculation, the system and the established energy balance calculation model could be well matched with an error of 8.1%. According to the logarithmic variation law of the cumulative heat dissipation of the RDHE, the regression fitting was carried out. It was found that under different experimental conditions, the model could predict the heat dissipation law of the RDHE well and have a good agreement with the experimental values.








The study demonstrated that, compared with the traditional air-cooled cabinet, the RDHE could exhibit better heat dissipation and has a potential heat recovery value. The system is suitable for applying in high heat density data room, and it could be used in areas with district heating networks to achieve waste heat utilization in data centers. Typically, in practical applications, both liquid-cooled and air-cooled data centers would have completely different designs and hardware configurations, and it may be difficult to use them directly in practice. Although the liquid cooling system has the above advantages over other air-cooled base systems, the main disadvantage is to ensure liquid sealing and thus avoid leakage problems. In most liquid-cooled designs, coolant pumps are required for delivery. To ensure the safety of personnel and equipment, leak detection systems are required for practical applications. The system is a rear door liquid-cooled cabinet; compared with the general liquid-cooled cabinet, the system does not directly touch the electronic components inside the cabinet, the leakage of electronic components is reduced as much as possible, but there were still hidden dangers and the system needs to be sealed. The next step of this study is to study the thermal performance of the entire system, the economic benefits of heat recovery and the optimization of the experimental equipment, providing an effective theoretical basis for the use of the system in practical applications.
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Nomenclature




	IT
	information technology;



	PUE
	power usage effectiveness;



	CFD
	computational fluid dynamics



	PTC
	positive temperature coefficient



	CPU
	central processing unit



	CRAH
	computer room air handlers;



	RDHE
	rear door heat exchanger;



	NF
	nanofluid



	  η  
	the average heat dissipation efficiency (%);



	   COP   
	the coefficient of thermal performance;



	    Q d    
	the accumulated heat dissipation (kJ);



	    Q T    
	the total heat generation of the simulated heat source (kJ);



	    Q  o i l     
	the accumulated heat dissipation of RDHE (kJ);



	    Q  a i r     
	the accumulated heat dissipation of air (kJ);



	    Q  p u m p     
	the heat generation of the oil pump (kJ);



	    Q  f a n     
	the heat generation of the fan (kJ);



	     Q ˙   h e a t   p r o d u c e     
	the source of heat (W);



	     Q ˙   c o n v     
	the heat generated by heat convection from the object (W);



	     Q ˙   c o n d     
	the heat generated by heat conduction from the object (W);



	     Q ˙   r a d     
	the heat generated by thermal radiation from the object (W);



	    Q ∞    
	the accumulated heat dissipation after stabilization;



	  P  
	power (W);



	  τ  
	time (min);



	m
	mass (kg);



	    c p    
	specific heat (J/(kg∙K));



	    h a    
	the convective heat transfer coefficient of air (W/( m2∙K));



	  t  
	temperature (K);



	  A  
	area (m2);



	  v  
	air flow rate (m/s);







Subscripts




	pump
	pump;



	fan
	fan;



	oil
	oil;



	air
	air;



	d
	heat dissipation;



	T
	the total heat generation;



	DN
	nominal diameter;



	ac
	the air channel of the exhaust device;



	ht
	heat transfer;



	w
	wall;



	f
	fluid;



	s
	the analog heat source;



	sur
	the surface of the inner wall of the cabinet;



	rad
	radiation;



	ε
	the emissivity of the object;



	σ
	the Stefan Boltzmann constant;



	B
	constant;
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Figure 1. Schematic of the proposed system: 1―Movable downside air supply system; 2―Cabinet; 3―The top exhaust unit; 4―The top exhaust fan; 5―The rear door heat exchanger; 6―The flow valve; 7―The oil pump; 8―Oil pipeline; 9―The check valve; 10―The filter valve; 11―Oil return pipe; 12―The heat storage oil drum. 
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Figure 2. Schematic of the proposed system: 1―Movable downside air supply system; 4―The top exhaust fan; 5―The rear door heat exchanger; 13―The built-in analog heat source. 
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Figure 3. Image of the testing rig. 
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Figure 4. Image of the oil circuit system. 
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Figure 5. Image of the arrangement of all measuring points. 






Figure 5. Image of the arrangement of all measuring points.



[image: Energies 12 04385 g005]







[image: Energies 12 04385 g006 550] 





Figure 6. Schematic overview of the heat transfer balance for the cabinets. 
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Figure 7. Comparison of air-cooled cabinets and liquid-cooled cabinets. 






Figure 7. Comparison of air-cooled cabinets and liquid-cooled cabinets.



[image: Energies 12 04385 g007]







[image: Energies 12 04385 g008 550] 





Figure 8. Correlation between average heat dissipation efficiency and air flow rate (cooling oil flow is 8.8 m3/h). 
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Figure 9. Correlation between average heat dissipation efficiency and air flow rate (cooling oil flow is 7.8 m3/h). 
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Figure 10. Trend of heat dissipation (cooling oil flow is 8.8 m3/h). 
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Figure 11. Trend of heat dissipation (cooling oil flow is 7.8 m3/h). 
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Figure 12. The heat dissipation of the system at different flow rates (the heat source power is 800 W). 
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Figure 13. The heat dissipation of the system at different flow rates (the heat source power is 1600 W). 
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Figure 14. The distribution of heat in the energy balance. 
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Figure 15. Test value logarithmic model regression fitting (cooling oil flow is 8.8 m3/h). 
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Figure 16. Test value logarithmic model regression fitting (cooling oil flow is 8.8 m3/h). 
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Figure 17. Test value logarithmic model regression fitting (cooling oil flow is 7.8 m3/h). 
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Figure 18. Test value logarithmic model regression fitting (cooling oil flow is 7.8 m3/h). 
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Table 1. The Performance Parameters of Main Components.
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	Equipment
	Type
	Accuracy
	Performance Parameters





	Electric auxiliary heater
	PTC
	―
	Heating method: semiconductor heating; Electric strength: 1800 V/min; Surface temperature: ≤250 degrees



	Oil pump
	WCB-100
	―
	Rated power: 1100 W; Oil absorption height: 4 m; Maximum flow: 100 L/min; Maximum lift: 30 m; Pressure: 0.3 Mpa



	Multi-channel temperature and humidity monitor
	PC-2WS
	Humidity: ±2% RH; Temperature: ±0.2 °C
	Working environment: −10 °C–+120; Measuring range: 0–100%, −50–100 °C



	Multi-channel temperature monitor
	AT4532X
	± (0.5%хvalue + 1) °C
	Sensor: K-type thermocouple; Temperature test range: −50–1000 °C



	Thermal anemometer
	HT9829
	Wind speed: ±(5%+1d)reading; Wind temperature: ±1 °C/1.8 °F
	Working pressure range: 0–±8000 Pa; Wind temperature range: 0 °C–50 °C; Wind speed range: 0.1–25 m/s; Operating humidity: less than 80% RH



	Power detector
	BDYB
	Power: ±1%; Voltage: ±1%; Electricity: ±1%
	Working temperature: −10 °C–80 °C; Power range: 5–2200 W;
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Table 2. Comparison test conditions of two cabinets.
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Condition No.

	
Cabinet Type

	
Heat Source Power (W)

	
Wind Speed (m/s)






	
Condition1

	
air

	
800

	
3




	
liquid




	
Condition2

	
air

	
1600

	
3




	
liquid




	
Condition3

	
air

	
800

	
5




	
liquid




	
Condition4

	
air

	
1600

	
5




	
liquid
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Table 3. The Test Conditions of the RDHE.
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Cooling Oil Flow (m3/h)

	
Wind Speed (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
Condition5

	
Condition8




	
5

	
Condition6

	
Condition9




	
7

	
Condition7

	
Condition10




	
7.8

	
3

	
Condition11

	
Condition14




	
5

	
Condition12

	
Condition15




	
7

	
Condition13

	
Condition16
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Table 4. The Cumulative Heat Dissipation of the Cabinet.
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Air Flow Rate (m/s)

	
Heat Source Power (W)

	
The Cumulative Heat Dissipation (kJ)




	
Air-Cooled

	
Liquid-Cooled






	
3

	
800

	
4442.44

	
3086




	
1600

	
5369.28

	
3262.06




	
5

	
800

	
4698.12

	
3450.7




	
1600

	
5561.04

	
3558.2




	
average value

	
5017.72

	
3339.24
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Table 5. The Operating Temperature of the Cabinet.






Table 5. The Operating Temperature of the Cabinet.





	
Air Flow Rate (m/s)

	
Heat Source Power (W)

	
The Cumulative Heat Dissipation (kJ)




	
Air-Cooled

	
Liquid-Cooled






	
3

	
800

	
47.8

	
49.2




	
1600

	
50.5

	
54.7




	
5

	
800

	
43.3

	
47




	
1600

	
44.9

	
50.2
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Table 6. Average Heat Dissipation Efficiency of the RDHE.
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Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
51.4

	
31.1




	
5

	
54.4

	
32.2




	
7

	
57.3

	
33.1




	
7.8

	
3

	
54.7

	
31.6




	
5

	
57

	
33.3




	
7

	
58.8

	
34.8




	
average value

	
55.6

	
32.7
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Table 7. The Cumulative Heat Dissipation of the RDHE.
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Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
4443

	
5370




	
5

	
4700

	
5561




	
7

	
4954

	
5721




	
7.8

	
3

	
4730

	
5465




	
5

	
4922

	
5753




	
7

	
5082

	
6009




	
average value

	
4805

	
5647
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Table 8. The Temperature of the Cabinet.
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Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
48.9

	
50.9




	
5

	
47

	
49.2




	
7

	
45.9

	
48.6




	
7.8

	
3

	
48

	
50




	
5

	
46.4

	
48.8




	
7

	
44.6

	
47.8
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Table 9. The Temperature of Cooling Oil.
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Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
42.8

	
45.7




	
5

	
43.4

	
46.2




	
7

	
44.3

	
46.5




	
7.8

	
3

	
43

	
45.1




	
5

	
43.4

	
46.4




	
7

	
44.3

	
46.9




	
average value

	
43.5

	
46.1
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Table 10. The temperature of the exhaust air of the cabinet.
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Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
40.8

	
41.5




	
5

	
41.9

	
42.8




	
7

	
42.2

	
42.8




	
7.8

	
3

	
40.7

	
41.6




	
5

	
41.5

	
41.9




	
7

	
42.1

	
42.3




	
average value

	
41.5

	
42.2
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Table 11. The Coefficient of Performance of the System.






Table 11. The Coefficient of Performance of the System.





	
Cooling Oil Flow (m3/h)

	
Air Flow Rate (m/s)

	
Heat Source Power (W)




	
800

	
1600






	
8.8

	
3

	
0.61

	
0.7




	
5

	
0.79

	
0.88




	
7

	
0.98

	
1.07




	
7.8

	
3

	
0.63

	
0.7




	
5

	
0.81

	
0.89




	
7

	
0.96

	
1.07




	
average value

	
0.8

	
0.89
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Table 12. Exponential model coefficients and regression formula correlation.






Table 12. Exponential model coefficients and regression formula correlation.





	
Heat Source Power (W)

	
Cooling Oil Flow (m3/h)

	
Coefficient

	
Air Flow Rate (m/s)




	
3

	
5

	
7






	
800

	
7.8

	
R2

	
0.9977

	
0.997

	
0.9977




	
B

	
89.9905

	
88.7385

	
107.4383




	
8.8

	
R2

	
0.9989

	
0.9977

	
0.9994




	
B

	
89.2677

	
96.5492

	
96.3355




	
1600

	
7.8

	
R2

	
0.9995

	
0.9991

	
0.9974




	
B

	
104.2091

	
119.5873

	
137.4623




	
8.8

	
R2

	
0.9987

	
0.9989

	
0.9992




	
B

	
126.14

	
110.86

	
107.95
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