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Abstract: Heat dissipation has emerged as a critical challenge in server cooling due to the escalating
number of servers within data centers. The potential of immersion jet technology to be applied in
large-scale data center server operations remains unexplored. This paper introduces an innovative
immersion jet liquid cooling system. The primary objective is to investigate the synergistic integration
of immersion liquid cooling and jet cooling to enhance the heat dissipation capacity of server liquid
cooling systems. By constructing a single-server liquid cooling test bench, this study compares
the heat dissipation efficiencies of pure immersion and immersion jet liquid cooling systems and
examines the impact of inlet water temperature, jet distance, and inlet water flow rate on system
performance. The experimental outcomes show that the steady-state surface heat transfer coefficient
of the immersion jet liquid cooling system is 2.6 times that of the pure immersion system, with
increases of approximately 475.9 W/ (m2-K) and 1745.0 W/(m?2-K) upon adjustment of the jet distance
and flow rate, respectively. Furthermore, the system model is streamlined through dimensional
analysis, yielding a dimensionless relationship that encompasses parameters such as inlet water
temperature, jet distance, and inlet water velocity. The correlation error is maintained below 18%,
thereby enhancing the comprehension of the immersion jet cooling mechanism.

Keywords: data center; immersion jet; heat transfer coefficient; temperature difference; experiments

1. Introduction

As information technology advances rapidly, data centers have expanded in scale, and
the computing power of servers has increased significantly, resulting in a continuous rise
in their overall energy consumption. The Power Usage Effectiveness (PUE) is the primary
indicator for assessing the energy efficiency of data centers. A PUE value approaching 1
suggests that the data center is highly efficient and aligns with low-carbon energy-saving
standards [1]. In recent years, strategies like east-west computation and carbon neutrality
have led to stricter governmental oversight of data center PUE indices. Most regions
mandate PUE values below 1.3 for data centers, with some specifying even lower limits of
1.2 or 1.15. However, statistical data indicate that the average PUE for currently operational
data centers is between 1.6 and 1.7, while newly designed centers average between 1.35 and
1.39 [2]. It is evident that reducing energy consumption and enhancing efficiency within the
data center industry has become a central concern. Conventional air-cooled heat exchange
systems are no longer sufficient for the heat dissipation demands of high-density servers.
Therefore, addressing the issue of reducing data center energy consumption and fostering
low-carbon sustainable development within the industry is an urgent necessity.

Liquid cooling technology, characterized by an elevated heat transfer coefficient,
fluidity, and stability, has emerged as a pivotal innovation in data center refrigeration [3].
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Data center liquid cooling encompasses two principal methods of heat dissipation: indirect
and direct liquid cooling. Cold plate liquid cooling, the earliest form of indirect liquid
cooling, has been widely used in data centers, high-performance computing, and other
industries. In comparison to cold plate conduction, immersion liquid cooling—where the
coolant is in direct interaction with the thermal source—offers higher thermal conductivity,
greater specific heat capacity, a reduced temperature variation, and improved cooling
efficiency [4]. Jet cooling, another advanced technique, involves directly spraying the
coolant onto the heat transfer surface to facilitate heat exchange. This approach enhances
cooling performance through localized convective heat transfer generated by the jet, making
it particularly effective for managing heat dissipation in areas with concentrated heat
loads [5,6].

In direct liquid cooling systems, where the coolant comes into direct contact with elec-
tronic components, maintaining insulation between the coolant and the devices is essential.
Currently, common coolants include deionized water, ethylene glycol, fluorocarbon-based
fluids, and mineral oils. Among these, deionized water, when used as an immersion fluid,
offers significant advantages over non-conductive dielectric heat transfer fluids, includ-
ing higher availability and reduced costs. Prior research has substantiated the efficacy
of deionized water for cooling electronic equipment. Birbarah et al. [7] applied Parylene
C, a material with electrical insulating properties, to printed circuit boards to prevent
current leakage between electronic components and water, thereby allowing the direct
immersion of electronic devices in water. This treatment results in a heat flux reaching
562 W /cm? in water, double that of other dielectric coolants. Li et al. [8] developed a battery
thermal management system by applying a silicone and boron nitride (55/BN) sealant
and subsequently performed water immersion cycling tests on the coated modules. It was
observed that the battery module’s maximum temperature was capped at approximately
35 °C, demonstrating that the SS5/BN module, when immersed in water, can mitigate the
battery module’s temperature increase and safeguard its long-term safe operation. Jithin
et al. [9] assessed the cooling effect of deionized water, mineral oil, and engineering fluid in
a lithium-ion battery system under single-phase immersion mode. Studies have shown that
the lower the viscosity of the coolant, the better its cooling effect. Compared to mineral oil
and engineering fluids, deionized water effectively caps the temperature increase of lithium
batteries at below 2.2 °C, exhibiting the lowest power consumption and pressure drop.
Based on these findings, this study adopted strict insulation measures for the simulated
thermal source and selected deionized water with its superior thermal conductivity and
higher latent heat of vaporization as the coolant, thereby effectively improving the cooling
efficiency.

In the realm of immersion jet cooling applications, prior research has primarily concen-
trated on the cooling of small electronic devices. Robinson et al. [10] examined a rectangular
jet array with a diameter of 1.0 mm arranged at various spacings. They measured the mean
heat transfer and pressure drop across different nozzle spacings and volume flow rates.
Their findings indicated that for submerged jets, the heat transfer coefficient is strongly
affected by nozzle spacing, with the smallest heat transfer coefficient for free surface jets oc-
curring at H/dn = 10. Additionally, the relationship between the pump power required for
the free surface jet and the submerged jet differs, with the submerged jet achieving a higher
heat transfer coefficient. Sung et al. [11] combined the cooling effects of microchannel flow
and micro-jet impingement with indirect refrigeration. Their studies demonstrated that
increasing the jet velocity allows the jet to flow through the microchannel to the heated
surface, thereby greatly reducing the wall temperature. Furthermore, a superposition
technique was employed to segment the heat transfer surface into multiple regions, with
every region governed by distinct heat transfer mechanisms and assigned unique heat
transfer coefficient values. Barrau et al. [12] introduced a novel hybrid cooling method
that merges the advantages of microchannel and jet impingement cooling technologies to
optimize temperature uniformity in high heat flux power devices. Fan et al. [13] compared
and analyzed the heat transfer performance between submerged jet impingement and con-
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fined jet impingement while also summarizing the performance of conventional coolants,
dielectric fluids, and nanofluids. They also examined the impact of surface roughness,
contact angle, heater size, and other parameters on boiling heat transfer. In a subsequent
study, Fan et al. [14] studied the heat transfer characteristics of submerged jet impingement
boiling, finding that increasing the jet velocity or reducing the nozzle diameter enhances
single-phase flow heat transfer, while liquid subcooling has minimal impact on the single-
phase heat transfer coefficient. While these schemes verify the superiority of immersion
jet cooling technology in small electronic components, its application in large-scale, high-
power density scenarios of data center servers remains in the early stages of exploration.
To address this research gap, this paper proposes and validates the immersion jet liquid
cooling system design tailored for data center servers. The applicability of immersion
jet cooling technology is enhanced through the optimization and design of jet parameter
configurations, nozzle layouts, and the integration of cooling systems.

The core innovation of the immersion jet liquid cooling system involves completely
immersing the server in the coolant and integrating jet cooling to directly spray coolant
onto the server surface for heat exchange. This effectively controls the server surface
temperature and reduces the generation of hot spots. Furthermore, the immersion jet
technology accelerates the coolant’s disturbance within the liquid cooler, ensuring that the
fluid is distant from the nozzle, which also effectively contributes to heat transfer. This
not only promotes the uniform distribution of the coolant but also significantly enhances
its heat-carrying and transfer capabilities. The main focus of this study is to explore
the integration of immersion liquid cooling with jet cooling, thereby enhancing the heat
dissipation capacity of server liquid cooling systems. Through a comparative analysis of
heat transfer performance against traditional immersion cooling systems, the significant
benefits of immersion jet cooling technology in terms of temperature control and heat
dissipation efficiency are clearly established.

2. Single Server Liquid Cooling Test Bench and Experimental Method
2.1. Immersion Jet Liquid Cooling Test Bench

This study presents the design and construction of an immersion jet liquid cooling test
bench intended to emulate the heat dissipation process of a server within an immersion
liquid cooling environment. Figure 1 illustrates a schematic representation of a single-
server immersion jet cooling system. The test bench design incorporates considerations of
the liquid cooler’s dimensions, the power density of the heating load, and the equipment
selection. The impact of various parameters on heat dissipation performance was studied
by adjusting the inlet temperature, jet distance, and inlet flow rate (Figure 2).
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Figure 1. Diagram of single server immersion jet cooling system with its components.
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Figure 2. Real photo of the single server immersion jet experimental platform.

2.1.1. Immersion Part Design

Immersion liquid cooling is categorized into two types: single-phase and two-phase
cooling [15]. The study primarily focuses on single-phase immersion liquid cooling,
wherein deionized water remains in a single phase throughout the heat transfer process. The
experimental platform consists of a liquid cooling cabinet, heating load, water pump, and
data acquisition system. The dimensions of the liquid cooler are 0.4 m x 0.35m x 0.8 m,
with the enclosure walls fabricated from transparent acrylic to facilitate experimental obser-
vation, as shown in Figure 3. The outer wall of the liquid cooler is equipped with an inlet
and an outlet, and the heating load is positioned above the inner wall. The layout of the
heating load ensures that its bottom is in contact with the inner wall of the liquid cooler,
the top height is lower than the outlet, and it is parallel to both sides of the box. Figure 4
displays the simulated server’s heating load, which measures 0.3 m x 0.6 m x 0.02 m and
is rated at 3500 W. The heating element uses a high-temperature-resistant tubular electric
heating element configured in an M-shape to achieve uniform heating. The temperature
controller includes a buffer function to ensure the accuracy of temperature control of the
heating plate and to avoid overshoot.

(a) Side view of liquid cooling cabinet (b) Top view of liquid cooling cabinet

Figure 3. Physical drawing of liquid cooling cabinet.
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(b)

Figure 4. Physical drawing of temperature controller heating load and low constant temperature

water bath. (a) Left is temperature controller, right is heating load. (b) Constant temperature water
bath.

Driven by the liquid cooling pump, the coolant enters the liquid cooler through the
inlet, fully immersing the heating load and absorbing the heat to achieve dissipation. The
system regulates the inlet water temperature using a low constant temperature water bath,
set at 18 °C, 22 °C, and 27 °C to emulate various environmental conditions. The high-
temperature water, after heat exchange with the heat load, flows out through the outlet
and enters the pipeline connecting to the low constant temperature water bath. When the
coolant circulates in the water bath, it exchanges heat with the refrigerant, transferring heat
to the refrigerant and cooling itself. After cooling, the water returns to the inlet of the liquid
cooler through the pipeline. The load was heated to 60 °C, initiating the circulation of the
water system. The experiment monitored the temperature variations on the heating load’s
surface and the internal temperature gradients within the liquid cooler.

2.1.2. Jet Part Design

Based on immersion liquid cooling, the horizontal main pipe of the coolant is con-
nected to the liquid inlet of the liquid cooler, with its vertical main pipe penetrating the
cooler’s inner wall to establish a connection with the jet horizontal pipe. The jet horizontal
pipe is positioned close to the bottom of the inner wall of the liquid cooler, with three jet
risers arranged equidistantly along it. Coolant is sprayed through the jet impingement
holes on these risers, covering the server’s surface and creating multiple regions of high
convective heat transfer, thereby enhancing the cooling effect.

Figure 5 presents the design and fabrication diagram of the jet pipe. The specific
dimensional parameters are detailed below: the horizontal main pipe of the coolant features
a diameter of 20 mm and a length of 300 mm; the vertical main pipe features a diameter of
16 mm and a height of 40 mm. The horizontal tube has a diameter of 20 mm and a length
of 300 mm. The jet riser measures 12 mm in diameter and 600 mm in height, with small
holes of 1.8 mm in diameter spaced 20 mm apart.
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(a) Jet pipe design diagram (b) The real processed jet pipe
Figure 5. Jet pipe design and processing diagram.

During the experiment, the coolant passes through the inlet from the horizontal main
pipe and completely submerges the heating load. Simultaneously, coolant is expelled
through the jet standpipe’s impact hole at high velocity via the vertical dry pipe and
the jet horizontal pipe, impinging directly on the heating load’s surface for efficient heat
dissipation. After mixing with the submerged coolant, the sprayed coolant exits through
the outlet adjusts its temperature through the low constant temperature water bath, and
returns to the liquid cooler to complete the cycle.

This study thoroughly evaluates the impact of various parameters on the heat dis-
sipation efficacy of the immersion jet liquid cooling system, as detailed in Table 1. Two
experimental conditions were established:

Table 1. Immersion jet liquid cooling system performance test condition table.

Load Heating Inlet Water .
Test Condition Temperature Temperature Jet Flo“( Rate Jet Distance
©0) ©C) (L/min) (cm)
Condition A 60 22 13 10/5/3/1
Condition B 60 22 8/13/18 3

Condition A: The load heating temperature is kept constant at 60 °C, with an inlet
deionized water temperature of 22 °C and a jet flow rate of 13 L/min. The jet distance
varies to 10 cm, 5 cm, 3 cm, and 1 cm, respectively, to assess both the temperature of the
heating load and the internal temperature of the liquid cooler.

Condition B: The load heating temperature is kept constant at 60 °C, with an inlet
deionized water temperature of 22 °C and a jet distance of 3 cm. The jet flow rate varies
to 8 L/min, 13 L/min, and 18 L/min, and both the load temperature and the internal
temperature of the liquid cooler were measured.

2.2. Experimental Method and Instrument Parameters
2.2.1. Experimental Procedure

1. The ambient temperature of the laboratory was controlled at 28 £ 2 °C, and the
humidity was maintained at 40 + 5% RH. There was no significant external heat or
cold source interference.

2. Aliquid-cooled test bench was constructed with installed pipeline systems and instru-
ment accessories. Heating loads were positioned on the inner wall of the liquid-cooled
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cabinet, and a dedicated temperature controller was connected to regulate the heating
plate’s temperature.

3. The heating load was heated to 60 °C by the temperature controller, and the inlet water
temperature of the coolant was set and adjusted using a low constant temperature
water bath (18 °C, 22 °C, 27 °C). The jet distance (10 cm, 5 ¢cm, 3 cm, 1 cm) and the
inlet water flow rate (8 L/min, 13 L/min, 18 L/min) were adjusted according to the
experimental design requirements.

4. The experiment was initiated, and the surface temperature changes in the heating
load were continuously monitored. The experiment continued until the heating load’s
surface temperature achieved a steady state, defined as a temperature fluctuation
within the +0.5 °C error margin, indicating that thermal equilibrium had been attained
within the system.

5. Once the heating load surface temperature stabilized, the outlet temperature of the
coolant, along with the temperatures at the upper, middle, and lower levels of the
liquid cooler, were recorded.

6.  To ensure the reliability and repeatability of the experimental results, each experimen-
tal condition was repeated three times. Each experiment was performed according
to the above steps, and the data were recorded separately. To reduce the influence of
random error, the arithmetic mean of the corresponding temperature readings from
the three experiments was taken.

7. Based on the collected data, the heat dissipation capability of the immersion jet liquid
cooling system was evaluated against that of the pure immersion liquid cooling
system. Specific parameters such as jet distance and flow rate were evaluated to
ascertain their respective impacts on system heat dissipation efficiency.

2.2.2. Laboratory Apparatus
The specific equipment information of the system is shown in Table 2.

Table 2. Experimental instrument parameters.

Instrument Name Type-Specification Range Ability
3
Self-priming pump 25WBZ3-8-0.25 ﬂo;l\llej;iecircr)lwéﬁbge; i\f\/m/
Cut-off valve J11W
Low constant temperature water bath DC-0530 —5~100 °C
Water flow sensor flow rate 1~30 L/min
Temperature thermistor K-type 0~600 °C
Digital thermometer CX-WDJ200C —50~200 °C

2.3. Error Analysis

Heat flux density, described as the heat transfer rate per unit area over a given time, is
a critical physical quantity for characterizing heat transfer processes. The detailed formula
is presented as follows:

=7 (1)

where g represents the heat flux density on the exposed area of the heating load, W/m?;
Q is the electrical power consumed by the heating load, W; A denotes the contact area
between the heating load and the coolant, m?.

The surface heat transfer coefficient of the simulated thermal source is calculated as:

_ q
h= Tw — Tin @)

where /1 denotes the surface heat transfer coefficient, W/(m?2-K); Ty is the temperature of
the simulated thermal source surface, K; T, is the inlet temperature of the coolant, K.
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Temperature measurements of the heating load were performed using a K-type thermo-
couple, with an uncertainty of +0.8 K. Additionally, a digital thermometer was employed
to record the coolant’s inlet and outlet temperatures, with an uncertainty of £0.5 K. The
uncertainty in the thermocouple installation position, primarily due to the limitations of
the laser drilling method, is 0.1 mm. Furthermore, physical damage to the surface of
the heating load during production and handling introduces an additional uncertainty of
+0.05 mm.

The error transfer formula is as follows [16]:

SR [(8X1\? | [0X2\? 5Xm \ 2
R‘¢<&>*(x2 Tt e ©
where R is a factor that needs to calculate the error; X;~Xyp are all variables related to this

factor.
The uncertainty in heat flux density is described by the following:

8q  [(SAN? [8T\* [éy\*

q‘V(A)+(T>+ v @
where A represents the contact area between the heating load and the coolant, mZ; T is
the temperature recorded by the K-type thermocouple, K; y is the separation between the

thermocouple and the exposed area of the thermal source, mm.
The uncertainty in the surface temperature of the simulated thermal source is as

follows:
5T ST\? [ oy\?
Tw T Ay

The uncertainty of surface heat transfer coefficient is as follows:

Sh 5q\ 2 ST 2 L\ 2
Y (L R (CEL R R (L (6)
h q Tw — Tin Tw — Tin

where Tj, is the inlet temperature of the coolant, K.
The calculated errors in the experiment for heat flux density, surface temperature, and
surface heat transfer coefficient are 3.7%, 2.4%, and 6.1%, respectively.

3. Experimental Results and Analysis
3.1. Experimental Results of Immersion Liquid Cooling System

This section analyzes the heat dissipation performance of immersion liquid cooling
systems across varying inlet water temperatures. Studies have demonstrated that server
temperatures vary according to different traffic environments [17]. As task processing
commences, the CPU temperature escalates rapidly to approximately 50 °C, whereas under
high traffic conditions, the CPU temperature may reach approximately 65 °C. Hence,
a temperature of 60 °C was chosen as the constant load heating temperature for the
experiment. Given the necessity of maintaining an adequate safety margin between the
server chip’s operating temperature and its limit temperature, studies have indicated that
the inlet temperature of the coolant on the cold source side is typically capped at 45 °C [18].
However, it should be noted that an increase in the coolant inlet temperature correlates with
increased server power consumption [19], thus affecting the overall efficiency of the system.
To optimize the heat dissipation effect and explore the optimal heat transfer conditions,
this paper selects a lower inlet temperature span of 18 °C to 27 °C, thereby achieving an
increased thermal gradient.

Table 3 clearly illustrates a direct correlation between the increase in the inlet water
temperature and the corresponding rise in the outlet water temperature, highlighting the
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system’s thermal response to varying input conditions. When the inlet temperature is
elevated from 18.0 °C to 27.0 °C, the outlet temperature concurrently rises from 27.0 °C
to 32.3 °C, demonstrating that the coolant effectively absorbs the heat generated by the
heating load, consistent with fundamental thermodynamic principles. Although decreasing
the inlet water temperature can markedly enhance the server’s heat dissipation efficiency,
it concurrently results in an augmented temperature gradient between the inlet and outlet
waters. A decrease of 9 °C in the inlet water temperature is observed to cause a 3.7 °C eleva-
tion in the temperature differential between the inlet and outlet, signifying a corresponding
increase in the system’s thermal load.

Table 3. Average temperature of immersion liquid cooling system under different inlet water

temperatures.
Inlet Water  Inlet Velocity Outlet Water Water Coolant Temperatur;ecinside Liquid Cooler
Temperature (L/min) Temperature = Temperature O - ¢
o) Q) Difference Upper Middle Bottom emperature
Q) Difference
18.0 13 27.0 9 28.2 19.6 18.9 9.3
22.0 13 28.9 6.9 29.1 239 22.6 6.5
27.0 13 32.3 53 32.7 28.0 27.2 55

Further examination of the temperature distribution within the liquid cooler was
conducted. The experimental data show that at an inlet temperature of 18.0 °C, although
the temperature of the coolant inside the liquid cooler is the lowest, the temperature
difference under this condition is the largest. At an inlet temperature of 22.0 °C, the
outlet temperature is 28.9 °C, the corresponding temperature difference is 6.9 °C, and the
temperature gradient inside the liquid cooler is 6.5 °C, indicating a smaller temperature
difference and a better cooling state. The upper temperature of the coolant inside the liquid
cooler is greater than at the bottom, indicating that the heat transfer efficiency of the upper
part of the liquid cooler may be insufficient, resulting in heat accumulation in this area.
This non-uniformity of temperature distribution, particularly during conditions of elevated
heat loads, may adversely affect the system’s overall heat dissipation performance [20]. To
optimize the heat dissipation effect and achieve a more consistent heat flux distribution,
adjustments to the design of the liquid cooling system are necessary.

Figure 6 illustrates the trend of surface temperature variation in the heating load
under various inlet water temperatures in the immersion liquid cooling system. At the
outset of the experimental phase, a substantial temperature differential exists between the
coolant and the heating load, resulting in rapid heat exchange and a swift decline across
all temperature curves. As time elapsed, the rate of temperature decrease progressively
diminished, achieving stabilization after 300 s, signifying the system’s progression toward
a state of thermal equilibrium. When the inlet temperature is adjusted to 18 °C, the
temperature of the heating load surface finally stabilizes at about 41.0 °C. Incrementing
the inlet temperature to 22 °C elevates the stable temperature to 43.8 °C. At an inlet water
temperature of 27 °C, the heating load surface temperature stabilizes at 47.4 °C, which is
marginally higher than the former two.
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Figure 6. The surface temperature change in heating load at different inlet water temperatures in an
immersion liquid cooling system.

Figure 7 depicts the fluctuations in the surface heat transfer coefficient over time under
varying inlet water temperatures. Maintaining a constant heat flux density on the heating
load surface causes inlet temperature to result in a smaller temperature difference with
the simulated thermal source, thereby leading to a higher transient surface heat transfer
coefficient. Approximately 30 s into the experiment, the surface temperature of the heating
load gradually decreased while the heat transfer coefficient increased rapidly. Throughout
the experimental progression, the coolant continuously absorbed heat while the heating
load released heat continuously. The system gradually approached thermal equilibrium,
with the heat transfer coefficient stabilizing. At inlet water temperatures of 18 °C, 22 °C,
and 27 °C, the system’s steady-state surface heat transfer coefficients are 845.4 W/ (m2~K),
891.9 W/ (m?-K), and 953.2 W/(m?-K), respectively. These data suggest that the inlet
temperature is a critical parameter influencing the performance of the immersion liquid
cooling system. To attain greater cooling efficiency and reduce the heat load surface
temperature, selecting the appropriate inlet water temperature is essential.
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Figure 7. The surface heat transfer coefficient changes at different inlet water temperatures in an
immersion liquid cooling system.

3.2. Experimental Results of Immersion Jet Liquid Cooling System

Deionized water offers higher purity and lower conductivity than tap water, thereby
reducing potential interference with experimental results. Figure 8 shows the pivotal jet
process within the immersion jet liquid cooling system. The jet device generates a high-
speed fluid jet through the jet hole, directly impacting the surface of the heating load and
enhancing the thermal mixing between the coolant and the thermal source.
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Figure 8. Jet process of deionized water in immersion jet liquid cooling system.

3.2.1. Comparison of Heat Dissipation Effect of Different Jet Distance

This section evaluates the impact of jet distance on the efficacy of heat dissipation
within the immersion jet liquid cooling system. With an inlet temperature set at 22 °C, the
inlet-outlet temperature difference measures 6.9 °C, complemented by an internal tem-
perature gradient of 6.5 °C. Relative to the temperature difference at an inlet temperature
of 18 °C, these values exhibit a reduction. In addition, although the steady-state surface
heat transfer coefficient at 22 °C is 891.9 W/ (m?-K), slightly lower than 953.2 W/(m? K) at
27 °C, the surface temperature of the heating load at 22 °C is 3.6 °C lower than at 27 °C.
Consequently, taking into account the control of temperature differentials, the efficiency of
heat exchange, and the surface temperature of the heat load, an inlet water temperature of
22 °C was selected for the experimental setup.

In contrast to pure immersion liquid cooling systems, the coolant temperature in the
upper section of the immersion jet system’s cooler diminished, whereas temperatures in
the middle and lower sections were relatively increased. This phenomenon indicates that
the jet effect facilitates more thorough mixing and disturbance within the cooler, thereby
promoting a uniform temperature distribution and enhancing the coolant’s heat-carrying ca-
pacity. Figure 9 illustrates that, under identical inlet water temperatures and flow rates, the
pure immersion system stabilizes the heating load’s surface temperature at approximately
43.8 °C, whereas the immersion jet system effectively lowers the temperature to a range
of 30 °C to 33 °C, significantly below that of the pure immersion system. Furthermore, as
depicted in Figure 10, the direct impact effect of the jet elevates the steady-state surface heat
transfer coefficient of the immersion liquid jet system to a maximum of 2342.7 W/(m?-K),
approximately 2.6 times that of the pure immersion system.
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Figure 9. The surface temperature change in heating load under different jet distances in immersion
jet liquid cooling system.
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Figure 10. The surface heat transfer coefficient change under different jet distances in immersion jet
liquid cooling system.

It can be seen from Table 4 that when the jet distance gradually decreases from 10 cm to
1 cm, the coverage area of the coolant on the heating load increases, resulting in more heat
absorption by the coolant. Consequently, the outlet water temperature increases, and the
inlet-outlet temperature difference also increases by 1.8 °C. The temperature distribution
of the coolant inside the liquid cooler indicates that although the decrease in jet distance
causes the temperature difference to increase slightly from 3.1 °C to 4.1 °C, this change is
much lower than the 6.5 °C temperature difference observed in the pure immersion liquid
cooling system. Additionally, in practical applications, while a smaller jet distance improves
local heat transfer efficiency, it is also necessary to consider temperature difference control
to guarantee the efficient, stable, and sustained operation of the system.

Table 4. Average temperature of immersion jet liquid cooling system under different jet distances.

Inlet Water Inlet Jet Outlet Water Tem- Coolant Temperature inside Liquid Cooler (°C)
Tempera- Velocity Distance =~ Water Tem-  perature ; Temperature
ture (°C) (L/min) (cm) perature Difference Upper Middle Bottom Difference

220 13 10 278 58 280 265 24.9 3.1
22.0 13 5 28.6 6.6 28.0 26.3 242 3.8
22.0 13 3 28.9 6.9 27.9 26.0 24.0 39
22.0 13 1 29.6 7.6 27.9 26.3 23.8 41

Figure 9 illustrates the temporal variation in the heating load’s surface temperature
across various jet distances. During the initial phase of the experiment, the cooling rate was
rapid for all curves. As time progressed, the curves gradually leveled off and stabilized,
indicating that the system had reached a thermal equilibrium state. When the jet distance
is set to 10 cm, the temperature of the heating load surface stabilizes at about 33.0 °C.
Reducing the jet distance to 5 cm lowers the surface temperature to 32.0 °C. With a jet
distance of 3 cm or 1 cm, the heating load surface temperature stabilizes at 30.3 °C and
30.7 °C, respectively. Reducing the jet distance enhances coolant disturbance, disrupts
the thermal boundary layer at the load interface, and effectively lowers the operating
temperature of the heating load.

Figure 10 demonstrates a higher surface heat transfer coefficient at jet distances of
1 cm and 3 cm compared to those at 5 cm and 10 cm. This suggests that reducing the
jet distance enhances the jet’s coverage area over the heating wall and intensifies wall jet
turbulence, thereby increasing the surface heat transfer coefficient and improving cooling
performance. However, the experimental results also reveal that reducing the jet distance
does not indefinitely enhance heat transfer performance. If the jet distance is too small,
mutual interference among the jet fluids can cause collisions, leading to backflow and
reduced heat transfer efficiency. The steady-state surface heat transfer coefficient at a jet
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distance of 1 cm is 2235.0 W/ (m?-K), whereas, at a jet distance of 3 cm, it is higher, reaching
23427 W/ (m2~K), as shown in Figure 10. Therefore, 3 cm was chosen for further testing to
attain a more balanced heat dissipation performance.

3.2.2. Comparison of Heat Dissipation Effect at Different Inlet Water Flow Rates

In this experiment, the power of the liquid-cooled pump was fixed at 0.37 kW, and a
cut-off valve was used to control the water flow, thereby adjusting the flow rate. Table 5
displays the effect of the inlet water flow rate on the efficiency of the immersion jet liquid
cooling system under the conditions of a fixed inlet temperature of 22.0 °C and a jet distance
of 3 cm.

Table 5. The average temperature of immersion jet liquid cooling system under different inlet flow

rates.

Inlet Water  Jet Dis- Inlet Outlet Water Water Coolant Temperature inside Liquid Cooler (°C)
Tempera- tance Velocity Temperature Temperature . Temperature
ture °C)  (cm) (L/min) ©C) Difference (°C) ~ Upper  Middle  Bottom .. o o

22.0 3 8 30.8 8.8 29.7 27.4 24.2 5.5
22.0 3 13 28.9 6.9 27.9 26.0 24.0 3.9
22.0 3 18 28.3 6.3 27.4 25.6 23.8 3.6

The findings indicate that as the flow rate increases, the outlet water temperature
decreases from 30.8 °C to 28.3 °C. At the same time, the inlet-outlet temperature difference
also decreased from 8.8 °C to 6.3 °C. This observation suggests that the coolant’s heat
absorption efficiency is enhanced by the increased flow rate. Further analysis reveals that
the coolant’s temperature distribution within the liquid cooler maintains a relatively low
overall differential across the upper, middle, and bottom regions. An inlet flow rate of
8 L/min yielded a temperature difference of 5.5 °C, while at a flow rate of 18 L/min, the
temperature difference was further reduced to 3.6 °C. The coolant’s accelerated passage
through the system increases the contact frequency and efficiency with the heating load,
diminishes the internal temperature gradient, mitigates the potential for local hot spots,
and thereby promotes a more uniform temperature distribution.

Figure 11 illustrates the variation in the heating load’s surface temperature over time
at various inlet flow rates. The figure clearly demonstrates a more pronounced downward
trend in load temperature with increasing flow rates. At an inlet flow rate of 8 L/min, the
heating load surface temperature was relatively highest, and the time required to reach
stability was the longest. When the flow rate increased to 13 L/min, the surface temperature
dropped to 30.3 °C. With a further increase to 18 L/min, the heating load temperature
stabilized at a lower 28.0 °C. This phenomenon can be attributed to the effective reduction
in the thickness of the thermal boundary layer adjacent to the heating load surface as the
flow rate increases, enhancing the system’s response speed to changes in load temperature
and achieving a more rapid temperature decrease, which improves overall heat exchange
performance.
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Figure 11. The surface temperature change in heating load under different inlet flow rates in
immersion jet liquid cooling system.

Figure 12 presents an analysis of the surface heat transfer coefficient at various inlet
flow rates. At low flow rates, the jet’s power is inadequate, failing to effectively impact
and cover the heating load’s surface, thereby limiting the system’s response to the heat
load. The experimental data indicate that a steady-state surface heat transfer coefficient of
approximately 1495.7 W/ (mz-K) is achieved at an inlet flow rate of 8 L/min. As the inlet
water velocity increases, the jet flow velocity correspondingly rises, propelling the heat
transfer surface into the core area of the potential flow. This action not only enhances the
coolant’s disturbance but also fosters heat exchange between the coolant and the heating
load surface. With a flow rate of 18 L/min, the steady-state surface heat transfer coefficient
notably escalates to 3136.2 W/(m?-K), approximately 2.1 times the value observed under
low flow rate conditions.
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Figure 12. The surface heat transfer coefficient change under different inlet flow rates in immersion
jet liquid cooling system.

By synthesizing the data shown in the chart, it is evident that raising the flow rate can
enhance the system’s heat exchange efficiency. However, such an increase is not boundless,
and escalating flow rates necessitate higher pump power, consequently increasing energy
consumption [21]. In practical applications, it is imperative to thoroughly evaluate the
system’s energy efficiency ratio and select an appropriate flow rate to guarantee long-term
stable system operation.

4. Model Dimensionless Analysis

In the quantitative analysis of immersion jet liquid cooling systems, the presence of
numerous influencing factors and complex models poses challenges for traditional analysis
methods. To address this issue, building upon existing research, this paper employs
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the dimensional analysis method to streamline the model. Dimensional analysis is a
mathematical modeling method proposed in the early 20th century in the field of physics.
It is based on a basic understanding of the problem, combined with experiments and
experience, and uses the principle of dimensional homogeneity in the laws of physics to
determine the quantitative relationship between different physical quantities [22].

Dimensional analysis facilitates the transformation of numerous physical variables
into dimensionless forms, simplifying physical parameters and enhancing the efficiency
of problem-solving processes. In this study, the pivotal physical quantities encompass
inlet water temperature (T), jet distance (%), and inlet water velocity (v). Based on these
quantities, the following dimensionless relations are established:

Dimensionless temperature: T* = Tlo

Dimensionless jet distance: h* = %

Dimensionless flow rate: v* = &

In the investigation of convective heat transfer, organizing experimental data into a
power function of established criteria has proven to be a highly effective method [23]. The
Nusselt number (Nu) characterizes the dimensionless number of convective heat transfer
characteristics. Therefore, the mean thermal transmittance of the impacted surface can be

formulated as the following function form:

hTD = Nu = f(T*, h*,v*) = mT*"h*o*c )
where 1 is the surface heat transfer coefficient, W/(m2-K); D is the jet hole diameter, m; A is
the thermal conductivity, W/ (m-K).

Through an extensive evaluation of the experimental data, the subsequent correlations
were derived using nonlinear least squares fitting to quantitatively describe the heat transfer
properties in the liquid cooling system:

Figure 13 shows the comparison between the correlation obtained by fitting these
dimensionless parameters and the experimental data. The diagram shows that over 90% of
the calculated fitting points are within the £18% error margin of the experimental points,
indicating that the fitting model has high accuracy and reliability.

Caleulated Nu

Experiment Nu

Figure 13. Comparison of fitted values and experimental values when fitting the correlation.

A detailed examination of Equation (8) reveals the relative impact strength of dimen-
sionless physical quantities on the Nu number. The greater the power, the more pronounced
its influence on the Nu number. The coefficient of T* is the largest, indicating that the inlet
temperature is the dominant factor affecting the surface heat transfer coefficient. Secondly,
although the coefficient of v* is smaller than that of T*, its positive value still indicates
that the flow velocity is a positive promoting factor. Increasing the flow rate enhances the
dynamic characteristics of the fluid, thus effectively boosting the heat transfer efficiency.
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The negative coefficient of #* implies an inverse relationship between jet distance and
heat transfer efficacy, such that an increased distance results in diminished heat transfer.
Nevertheless, the small absolute value of its coefficient indicates that the jet distance has a
relatively modest influence on overall heat transfer performance.

In summary, dimensionless analysis simplifies the processing of physical parame-
ters and clarifies the influence order and degree of various physical quantities on heat
transfer characteristics. This approach is crucial for refining the design and enhancing the
performance of liquid cooling systems.

5. Conclusions

In this paper, the heat dissipation performance of pure immersion and immersion
jet liquid cooling systems is compared by constructing a single-server liquid cooling test
bench. The present analysis delves into the impact of various parameters on the system’s
heat dissipation efficiency, specifically focusing on the inlet water temperature, jet distance,
and inlet water flow rate. The ensuing findings are summarized as follows:

1.  Inthe immersion liquid cooling system, reducing the inlet temperature from 27.0 °C to
18.0 °C can decrease the server’s surface stable temperature by 6.4 °C and enhance the
steady-state surface heat transfer coefficient by 107.7 W/(m?-K). However, this also
augments the temperature disparity between the inlet and outlet water, concurrently
amplifying the internal temperature gradient of the liquid cooler by approximately
3.7 °C. To balance heat dissipation efficiency with the system’s heat load, an inlet
water temperature of 22 °C was chosen. At this temperature setting, the inlet—outlet
temperature difference was 6.9 °C, the internal temperature gradient was 6.5 °C, and
the surface heat transfer coefficient remained stable at 891.9 W/ (m?K).

2. The immersion jet liquid cooling system improves the mixing and disturbance of the
coolant inside the cooler through the jet effect, achieving a more uniform temperature
distribution and higher heat-carrying capacity. Compared with the pure immersion
system, the surface temperature of the heating load is reduced from 43.8 °C to 30.3 °C,
and the steady-state surface heat transfer coefficient is increased by 2.6 times to about
2342.7 W/ (m?-K).

3. When the jet distance decreases from 10 cm to 1 cm, the surface temperature of the
heating load in the immersion jet liquid cooling system decreases by 2.7 °C, and the
steady-state surface heat transfer coefficient increases by 467.3 W/(m?-K). However,
the inlet-outlet temperature difference increases slightly. Compared with a jet distance
of 1 cm, when the jet distance is adjusted to 3 cm, the backflow interference effect
between the fluids is significantly mitigated, the system’s heat transfer capacity is
enhanced by 107.7 W/(m?2-K), and the temperature difference between the inlet and
outlet water is lowered by 0.7 °C.

4. Under the premise of an inlet water temperature of 22 °C and a jet distance of 3 cm,
increasing the inlet water flow rate can reduce the temperature difference between
the inlet and outlet and achieve a more even temperature distribution inside the
liquid cooler. Raising the flow rate from 8 L/min to 18 L/min effectively lowers
the surface temperature of the heating load from 35.0 °C to 28.0 °C while also in-
creasing the steady-state surface heat transfer coefficient from 1495.7 W/ (m2-K) to
3136.2 W/(m?-K).

5. The immersion jet liquid cooling system model was simplified through dimensional
analysis, and a dimensionless relationship was established. By fitting the experimental
data using the nonlinear least squares method, a heat transfer correlation with an error
of no more than 18% was obtained. The analysis shows that the inlet temperature
is the dominant factor, the flow rate has a positive effect, and the jet distance has a
limited effect, providing guidance for system optimization.
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6. Patents

1.  Invention name: An immersion jet cooling device and method for data center server
heat dissipation.

Inventors: Yu Wang, Linhui Yuan, Na Kang.
Patent number: ZL 2022 1 1059615.2.

2. Invention Name: Immersion Jet Cooling Device and Method for Data Room Using
Natural Cold Source Pre-cooled Fluorinated Liquid.

Inventors: Linhui Yuan, Yu Wang.
Application Number: 202211237401. X.

3. Invention name: A hierarchical cooling system and method for data center coupled
with row-level air conditioning and immersion jet liquid cooling cabinet.

Inventors: Linhui Yuan, Yu Wang, Xincheng Wang.
Application number: 202310300696.9.
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