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The present research designs a mechanically pumped cooling loop system and conducts an experimental investigation on the dynamic heat transfer characteristics of the system. The effects of the start-up heat load and heat load variation on the dynamic characteristics of the system are analyzed. The results indicate that during the start-up period, as the heat load rises, the temperature overshoot and duration time of adjustment decrease, while the pressure oscillation amplitude increases. During the regular operation period, as the heat load increases, the temperature at the evaporator outlet gradually increases until it approaches the saturation temperature and then remains constant. The pressure evolution at the evaporator outlet can be divided into four stages: steady state, drastic oscillation, damped oscillation, and slight oscillation.
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INTRODUCTION
The development of very large-scale integration (VLSI) contributes to the extensive attention given to thermal control technologies for equipment with a high power density, including data center servers, avionic devices, hybrid vehicles, microwave military systems, and high-energy laser diodes (Thome, 2006). Since the power density of these devices approaches 300 W/cm2, the research emphasis has shifted from traditional air cooling and liquid cooling to two-phase cooling with a higher heat dissipation potential (Lee et al., 2014). Because of the considerable potential of two-phase cooling technology, space agencies of various countries have devoted their efforts to studying two-phase thermal control systems (Chen et al., 2010; Liu et al., 2013) for the future requirements of spacecraft and space-borne equipment with a high power density. Particularly, the mechanically pumped cooling loop (MPCL) system has been a research hotspot in recent years in the active thermal control of space applications due to its better thermal performance and higher stability (Meng et al., 2020).
Nowadays, several efforts devoted to investigate the vapor-liquid and liquid-liquid two-phase flow by using numerical method (Zhou et al., 2019) and experimental test (Chen et al., 2013). By these available experimental and numerical data, it is well known that two-phase flow heat exchange systems tend to cause temperature and pressure pulses when converting from a single phase to two phases. If the pulse is too large, the system becomes unstable and can even cause fatal damage (Jie et al., 2008). Although there is no problem associated with start-up obstacles in the MPCL system, there are few studies on the start-up characteristics of the system change from single-phase heat transfer to two-phase heat transfer. Therefore, further research is needed to supplement the factors affecting pulse size. Shi et al. (2021) conducted a numerical simulation of a loop rotating heat pipe, exploring the effects of heating power and rotation speed on flow behavior and heat transfer characteristics. Zhang et al. (2021) conducted an experimental study on temperature control of a mechanically pumped two-phase cooling loop for the active cooling of high-heat-flux microelectronic devices via microchannel boiling, in which the thermal control system is configured with the active disturbance rejection control. Meng et al. (2020) reported an experimental study on the transient behaviors of the mechanically pumped two-phase loop with a novel accumulator, focusing on the temperature variation during start-up and heat sources load-on/off. A brief comparison of the two-phase cooling loop systems is summarized in this section, as shown in Table 1.
TABLE 1 | Summary of two-phase cooling loop research.
[image: Table 1]In general, the current research on pumped two-phase heat exchange systems mainly focuses on testing the performance of the system and discussing the temperature control system. However, there are few studies on the heat transfer mechanism at different stages of the system, and many factors affect the cycle performance of the system, which limits the availability of research data in this area. Besides, the pressure oscillation during temperature overshoot under the start-up process is rarely reported, while the mechanism research of pressure oscillation is of great significance in strat-up planning of two-phase loop.
In this paper, an MPCL system is designed to further study the heat transfer characteristics of two-phase cooling systems. To describe the thermal performance of the MPCL system, an experiment to measure the system temperature and pressure is conducted. The control variable method (CVM) is utilized to study the effects of the heat load on the dynamic heat transfer characteristics of the system. Furthermore, the start-up characteristics and thermal response characteristics to variations in the heat load are analyzed.
DESCRIPTION OF THE EXPERIMENT
Experimental Device
To investigate the dynamic heat transfer characteristics of an active two-phase cooling system, the MPCL system shown in Figure 1 is designed in this paper. The experimental device consists of a two-phase cooling loop, power supply system, and data acquisition system. The two-phase cooling loop is a carrier for transferring the heat of the working medium. The power supply system provides a heat source with a high power density to simulate heat generation by an electronic chip. Moreover, the measurement and recording of temperature and pressure are carried out through the data acquisition system.
[image: Figure 1]FIGURE 1 | Experimental setup: (A) schematic and (B) dimensions of the heating unit and thermocouple positions.
The two-phase cooling loop is composed of a mechanical pump, an isothermal water bath, a liquid accumulator, a needle valve, a plate condenser, and an evaporator. The vacuumization and the charge processes of the two-phase cooling loop are completed by a rotary-vane vacuum pump (2XZ-4) and an auxiliary charging device, respectively. The working medium utilized here is acetone. A liquid accumulator with a capacity of 0.5 L is connected to the system not only to maintain the pressure stability of the system by recycling the expanding medium but also to adjust the pressure of the system through the temperature control unit. Therefore, the charging capacity is set to 0.45 L to fill the two-phase cooling loop and leave a certain amount of margin. The two-phase flow loop is powered by a mechanical pump (Q = 0∼2 L/min, P = 0∼4 bar). The evaporator is an aluminum heat sink with a size of 100 mm × 35 mm × 10 mm, and it contains a channel with a diameter of 5 mm to provide access to the working medium. The cooling capacity of the plate condenser is supported by an isothermal water bath, and the evaporation temperature of the system is controlled by the temperature control unit for the liquid accumulator. In the experiment, the evaporation temperature ranges from 37°C to 57°C with a step of 10°C, and the fluid temperature at the exit of the condenser is set to 2, 11, and 20°C.
The power supply system includes an adjustable AC voltage regulator, a power meter, several electrical heating rods, and two aluminum blocks. A larger block with a size of 100 mm × 35 mm × 10 mm is the heating unit (shown in Figure 1), in which six holes with a diameter of 6 mm are fabricated to install electrical heating rods. The smaller block with a size of 10 mm × 20 mm is the local heat source that simulates the chip. To reduce the contact thermal resistance, liquid metal heat conductors encapsulated by thermally conductive adhesive are arranged between the heating unit and the heat sink base. The power input of the heating unit can be controlled by adjusting the AC voltage regulator and is displayed in real time on the power meter. In the experiment, the heat load is augmented in steps of 75 W until the heat transfer limitation is reached to study the dynamic response characteristics of the system under different operating conditions.
The data acquisition system, which aims to monitor and record the pressure, temperature, and flow rate, includes several thermocouples (K-type, accuracy±1°C), a data acquisition instrument (Agilent 34970A), a PC, two Setra pressure sensors (accuracy 0.1%), and an ultrasonic flowmeter. Several thermocouples are arranged at the entrance and exit of each main component. To understand the dynamic heat transfer process of the evaporator, four thermocouples are evenly located 1 mm below the center channel with a pitch of 20 mm (see Figure 1B). The flow rate of the system is displayed on an ultrasonic flow meter in real time. The Setra pressure sensors are placed at the inlet and outlet of the evaporator to study the dynamic thermal response of the system. All of these signals are acquired by an Agilent acquisition instrument and then recorded on a PC.
Data Reduction
The effective convective heat transfer coefficient is used to characterize the heat transfer performance of the evaporator, which is defined as
[image: image]
where qw is the effective heat transfer amount of the working medium, Tw is the inner-wall temperature of the channel equal to the average temperature of the thermocouples located at the evaporator, Aw is the effective heat-transfer area of the channel, and Ts is the average temperature of the working medium. Considering the variable heat flux in the horizontal direction of the evaporator due to the limitation of the thermal conductivity, the average temperature of the working medium can be calculated as
[image: image]
where the subscripts represent the temperature of the working medium in the inlet and outlet of the system.It is noteworthy that heat loss is inevitable in a practical experiment, and the effective heat transfer amount of the working fluid is given by
[image: image]
where qnet is the total heat supplied by the power system and η is the heating efficiency accounting for the heat loss to the ambient environment, which is set to 95% hereafter comparing the heat dissipation of the fluid with the amount of heating many times.
RESULTS AND DISCUSSIONS
The study of the heat transfer characteristics of the MPCL system focuses on investigating the start-up characteristics and variable-condition characteristics. The exploration of start-up characteristics aims to predict potential problems and develop corresponding preventive and improvement measures. The investigation of the dynamic thermal response to the variable thermal load is intended to better understand the influencing mechanism of the thermal load on the performance of the MPCL system, which provides a reference for the optimal operation of the system.
Start-Up Characteristics
Studies on the start-up characteristics of the system focus on the pulse conditions caused by the transition of the system from a single-phase state to a two-phase state, including the amount of temperature overshoot, duration time before stabilization, and amplitude of pressure oscillations. The temperature overshoot can be defined as the value of the instantaneous temperature rise at the evaporator outlet when the system transitions from a single phase to two phases. The duration time can be defined as the time from the start of an overshoot to temperature balance, and the amplitude of the pressure oscillation can be defined as the difference between the amplitudes of adjacent peaks and valleys.
Figure 2 depicts the dynamic variations in the temperature and pressure at the evaporator outlet under various heat loads during the start-up stage of the system. In this process, the mass flow rate of the working medium is 110 kg/m2 s, the evaporation temperature is set to 37°C, the condenser outlet temperature is set to 11°C, and the initial heating power is set to 50 and 100 W. As shown in the figure, there is a temperature overshoot and a corresponding pressure oscillation at the evaporator outlet during the start-up period. The occurrence of temperature overshoot is related to the heating power, we have pointed out in our previous study (Deng et al., 2021) that the temperature overshoot reflects that the working fluid is developed from the single-phase to the two-phase state. The temperature overshoot as depicted in Figure 2 is identical to the typical transformation of the working fluid state. When the heating module is started, the heat source continuously generates heat, and the temperature of the working medium gradually rises due to heat conduction. Once the superheat of the wall reaches a certain level, the nucleation sites on the channel surface are activated. Before reaching the critical radius of the bubble detachment, it needs to absorb enough heat for bubble nucleation, contributing to the sharp increase in the temperature of the working medium (Wang et al., 2018). After that, the nucleation point will continuously generate new bubbles, and a large amount of latent heat is simultaneously absorbed due to the generation of bubbles, which finally leads to a decrease in temperature. Moreover, acetone has a relatively large gas-liquid density, and the working fluid expands rapidly during the vaporization process in the evaporation section, thereby generating a pressure pulse. In general, bubble generation and motion not only enhance the heat transfer but also lead to pressure oscillation of the system (Liu et al., 2016). It is worth noting that the increase in the heat load leads to a decrease in the temperature overshoot and duration time of the adjustment while resulting in an augmentation in the amplitude of the pressure oscillation. In this work, as the input heat power increases from 50 to 100 W, the temperature overshoot is decreased by 50%, from 3 to 1.5°C, and the duration time of the adjustment is reduced from 24 to 10 s, while the pressure oscillation amplitude is increased from 4 to 12.5 kPa. The explanation is that the gasification rate of the working medium is accelerated with increasing heat load, and more latent heat is absorbed, thus reducing the temperature overshoot. However, because of the acceleration of the gasification process, the gas generated per unit time increases, which contributes to the intensity of pressure oscillations.
[image: Figure 2]FIGURE 2 | Effect of the initial heat load on the dynamic start-up characteristics: (A) 50 W and (B) 100 W.
Variable-Condition Characteristics
Research on the variable-condition characteristics of the system is conducted mainly to explore the adaptability to heat load variation during operation. The dynamic variations in the temperature and pressure with a varying heat load are monitored.
To investigate the dynamic thermal response of the MPCL system to the heat load, Figure 3A shows the dynamic variations in the temperature and pressure at the different positions illustrated in Figure 1. The mass flow rate of the working medium is 110 kg/m2 s, and the evaporation temperature and condenser outlet temperature are set to 37 and 11°C, respectively. The initial heating power of the evaporator is 75 W. When the system reaches a steady state, a heat load of 75 W is applied to the evaporator until a boiling crisis (i.e., the critical heat flux density) occurs. As shown in the figure, there is a rapid increase in the temperature of the heating unit and the working medium at the outlet of the evaporator when the system starts up. This is attributed to the low specific heat capacity of the liquid working medium. When the single-phase flow changes to a two-phase flow, obvious temperature fluctuations appear; under some conditions, the evaporator temperature overshoot phenomenon occurs, which is a critical metastable state. In contrast, when the working medium starts to gasify, the rate of temperature rise slows due to the high required gasification latent heat. With further augmentation of the input heat power density, the working medium temperature at the outlet of the evaporator correspondingly increases until it approaches the saturation steam temperature. It is noteworthy that the difference between the inlet and outlet temperatures of the evaporator is approximately 30°C, which indicates the high efficiency of two-phase flow heat transfer. However, when the input power density increases from 150 W/cm2 to 187.5 W/cm2, the evaporator undergoes a great step change in temperature. The explanation is that the critical heat flux density of this circumstance is between 150 W/cm2 and 187.5 W/cm2; once the input power density exceeds this critical value, the evaporator shifts from nuclear boiling to film boiling, and the wall surface is covered by a layer of hot gas film, leading to the deterioration of the heat transfer between the working medium and evaporator.
[image: Figure 3]FIGURE 3 | (A) Dynamic thermal response of the MPCL system to a heat load. (B) Pressure fluctuation of the evaporator outlet in two-phase flow: (i) drastic oscillation; (ii) damped oscillation; and (iii) slight oscillation.
The heat load also has a significant influence on the pressure response at the outlet of the evaporator. The pressure evolution at the evaporator outlet can be divided into four stages: steady state, drastic oscillation, damped oscillation, and slight oscillation. During the steady-state stage, the pressure is nearly unchanged due to the steady flow of the liquid working medium, and the heat transfer mechanism is mainly forced convection heat transfer. However, the outlet pressure evolution of the evaporator in the two-phase flow stage is quite different from that in the steady-state stage. Figure 3B shows the pressure fluctuations at the evaporator outlet during different stages of two-phase flow. During the early stage of the two-phase process, the pressure oscillations are drastic due to unsteady bubble generation and motion. The continuous small bubbles combine in clusters to form larger bubbles and then burst or stretch because of bubble motion, which all contribute to the large-amplitude pulsation at the outlet pressure of the evaporator (see Figure 3Bi). The damped oscillation of the evaporator outlet pressure is observed in Figure 3Bii. The explanation is that the increase in bubbles leads to the formation of a large bubble column in the channel center, and the liquid working medium is pushed against the channel wall, where it forms a local liquid film, thereby inhibiting the further formation of bubbles and leading to attenuation of the pressure oscillation at the evaporator outlet (i.e., the pressure oscillation amplitude changes from 17 kPa to 2 kPa). Figure 3Biii shows that the pressure oscillation is finally slight (i.e., the pressure oscillation amplitude is 1.5 kPa) as the system enters a stable annular flow heat transfer mode, where a stable liquid film is attached to the pipe wall with the steam core zone in the middle. The heat transfer at this mode is mainly achieved by forced convective evaporation of this liquid film, and the heat transfer efficiency of this heat exchange mode is very high. Moreover, as the heat flux density increases, the liquid film becomes thinner, and the heat transfer efficiency further improves. However, it is noteworthy that after the system is started, the increase in input power density correspondingly increases the system pressure but is independent of the pressure oscillations.
CONCLUSION
In the present work, an MPCL system was constructed to perform an experimental investigation on the dynamic heat transfer characteristics of the MPCL system, including the start-up characteristics and variable-condition characteristics. The dynamic thermal response to the heat load and the pressure oscillation were examined and analyzed. The main conclusions of this study are summarized as follows:
 (1) During the start-up period, pressure oscillation and temperature overshoot phenomena occur at the evaporator outlet when the system loop shifts from a single phase to two phases. An increase in the input power density leads to a decrease in the temperature overshoot and duration time of adjustment while resulting in an augmentation in the amplitude of pressure oscillations.
 (2) During the regular operation period, with the augmentation of the input power density, the outlet temperature of the evaporator gradually increases until it approaches the saturation temperature and then remains constant. The pressure evolution at the evaporator outlet can be divided into four stages: steady state, drastic oscillation, damped oscillation, and slight oscillation. However, once the input power density exceeds the critical heat flux density under these circumstances, the evaporator temperature no longer increases slowly but undergoes a great step-like increase.
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