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This paper analyses the cooling performance of different immersion fluids for a single-phase immersion/liquid-
cooling technique, which integrates a direct-to-chip water-cooling system with passive single-immersion cooling
technology. The choice of dielectric fluid is a key factor in determining heat dissipation performance, as its
thermophysical properties directly affect cooling efficiency. An experimental setup tested the impact of four
dielectric fluids — SL 3568 (Shell), FES 822-6542 (Fuchs), EGEN 100R8 (Motul) and BioLife 4 (TotalEnergies
Fluids) — on the thermal behavior of the system. The selection of these dielectric fluids offers insights into
different development focuses such as diverse viscosity grades, flash point and biodegradability. The impact of
the Figure of Merit for Natural Convection (FOM1), developed by the Open Compute Project (OCP) Immersion
Cooling Sub-Project to assess the combined influence of fluid properties, was discussed and used as an evaluation
indicator to investigate the impact of the dielectric fluids on the IT equipment. The results indicate that
approximately doubling the FOM1 value (when comparing BioLife 4 to SL 3568) reduces the Prandtl number by
around a factor of ten. This enhancement translates into notable thermal improvements for components directly
immersed in the dielectric fluids, with RAMs, NVMEs, and SSDs exhibiting temperature reductions of approxi-
mately 6.7 °C, 6.4 °C, and 5.9 °C, respectively. Conversely, CPU temperatures were found to be highest when
using fluids with elevated FOM1 values. Since the CPUs are cooled via cold plates and not in direct contact with
the immersion fluid, this trend is attributed to the possible infiltration of the dielectric fluid into the thermal
interface material applied between the CPUs and the cold plates. Such infiltration appears to significantly reduce
the viscosity of the TIM, by at least 94.4 %, thereby degrading its thermal performance. To enable a more
extensive evaluation of immersion fluids available in the industry, a numerical simulation of the fluid flow and
thermal behavior of the IT equipment within the hybrid system was conducted and validated against experi-
mental results.

1. Introduction

With the rapid expansion of cloud computing and Al technology, the
number of high-performance operational data centers (DCs) has
increased rapidly, reaching 700 facilities in 2021 [1]. As a result, the
electrical energy demand of DCs has increased sharply. According to
International Energy Agency (IEA), DCs consumed about 460 TWh in
2022, accounting for nearly 2 % of global electricity consumption [2].
This figure is projected to rise to 752 TWh by 2030 [3,4]. A substantial
portion of this energy, up to 40 %, is attributed to cooling systems, which

* Corresponding authors.

are essential for maintaining optimal operating temperatures and pre-
venting equipment failure due to overheating [5]. However, these sys-
tems are also among the most energy-intensive devices of DC
infrastructure, primarily due to the high power requirements of con-
ventional cooling technologies [6]. In response to these challenges,
significant research is underway to develop more energy-efficient and
innovative cooling techniques.

Air cooling, the most widely adopted method, relies on fans to direct
airflow over electronic components to dissipate heat [7,8]. However, the
heat transfer limitations of traditional air cooling are inadequate for

E-mail addresses: ayoub.ruichek@ovhcloud.com (A. Ruichek), mohamad.hnayno@ovhcloud.com (M. Hnayno).

https://doi.org/10.1016/j.applthermaleng.2025.128355

Received 9 July 2025; Received in revised form 2 September 2025; Accepted 13 September 2025

Available online 17 September 2025

1359-4311/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0770-1806
https://orcid.org/0000-0003-0770-1806
https://orcid.org/0009-0000-5380-0421
https://orcid.org/0009-0000-5380-0421
https://orcid.org/0000-0002-3530-2514
https://orcid.org/0000-0002-3530-2514
https://orcid.org/0000-0003-0725-3847
https://orcid.org/0000-0003-0725-3847
mailto:ayoub.ruichek@ovhcloud.com
mailto:mohamad.hnayno@ovhcloud.com
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2025.128355
https://doi.org/10.1016/j.applthermaleng.2025.128355
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2025.128355&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Ruichek et al.

meeting the requirements of low-power, high-efficient, and eco-friendly
DCs. Specifically, the cooling capacity of air-based cooling systems is
typically restricted to below 37 W/cm?, posing a significant limitation
especially for high-performance computing [9,10].

Liquid cooling systems have appeared as a more efficient alternative,
offering enhanced heat absorption and dissipation capabilities [11].
With cooling capacities exceeding 100 W/cm? [12], these systems uti-
lize fluids with higher densities and thermal conductivities than air [13].
Liquid cooling can be categorized into indirect and direct liquid cooling
approaches [14]. In indirect liquid cooling, the coolant circulates
through cold plates affixed to the main heat-generating IT components,
such as central processing units (CPUs) and graphical processing units
(GPUs) [15,16]. However, with new and more powerful server profiles,
more disks and RAMs are being integrated. In this context, implement-
ing cold plate would require additional space and often necessitate
multiple custom designs to accommodate the diverse hardware config-
urations [17].

On the other hand, direct liquid cooling —specifically immersion
cooling— submerges IT components in a thermally and non-electrically
conductive fluid, allowing for direct contact with all surfaces. This
approach substantially increases the effective heat transfer area and
significantly enhances cooling performance [18]. According to existing
literature, immersion cooling can be classified into single-phase im-
mersion cooling (SPIC) and two-phase immersion cooling (TPIC),
depending on the thermal behavior of the dielectric coolant when
exposed to heat generated by electronic components [19,20]. In SPIC
systems, servers are entirely submerged in the dielectric fluid that will
cool them by convection, without undergoing a phase change. To ensure
that the coolant remains in the liquid phase throughout operation, high-
boiling-point fluids are typically employed [21]. SPIC configurations are
further divided into two categories: gravity-driven systems [22], which
rely on natural convection, and pump-driven systems, where the im-
mersion coolant is actively circulated by pumps [23]. While pump-
driven systems generally offer higher heat dissipation efficiency
compared to natural convection systems, careful optimization of the
pump and its control is essential to minimize power consumption, as
demonstrated by Sun et al. [24] and Liu et al. [25]. Conversely, TPIC
systems utilize low-boiling-point dielectric fluids that undergo phase
transition during operation. Upon direct contact with heated server
components, the fluid begins to boil, forming vapor that rises to a
condenser located at the top of the tank. The vapor subsequently con-
denses and returns to the liquid phase, enabling continuous cooling
[26].

While TPIC offers enhanced heat transfer through latent heat ab-
sorption, it often requires more complex design and operation, pre-
senting maintenance difficulties and high costs. From an economic and
practical standpoint, SPIC is more favorably positioned for large-scale
deployment than TPIC [26]. Consequently, current research in immer-
sion cooling predominantly focus on the development and optimization
of SPIC systems.

Recent literature identifies several categories of immersion coolants
commonly used in SPIC systems, including fluorinated electronic lig-
uids, oil-based coolants, and nanofluids [27]. Numerous comparative
studies have been conducted to evaluate the thermal performance of
these fluids, with a focus on their thermal properties. Pambudi et al. [28]
experimentally investigated the cooling effectiveness of mineral oil
(MO) and virgin coconut oil (VCO) as coolants for a SPIC system. The
results indicated that the MO achieved a lower temperature of 47 °C at
maximum CPU temperature, compared to 51 °C for VCO. Luo et al. [29]
conducted a computational analysis comparing the thermal perfor-
mance of silicon carbide (SiC) oil-based nanofluids with conventional
mineral oil in SPIC systems. The study demonstrated a significant
enhancement in thermal conductivity with the use of SiC nanofluids.
However, it was also noted that increasing nanoparticle concentration
led to a reduction in specific heat capacity, thereby diminishing overall
heat transfer efficiency, particularly at low flow rates. Dharanegowda
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et al. [21] performed an experimental evaluation of deionized water,
mineral oil, and propylene glycol in SPIC systems, assessing their ther-
mal performance across varying flow rates and heat inputs. The findings
showed that deionized water outperformed the other fluids, maintaining
the lowest outlet temperature under all test conditions, attributed to its
superior thermal conductivity and specific heat capacity.

Shrigondekar et al. [30] carried out both experimental and numer-
ical investigations to compare the thermal performance of FC-40
dielectric fluid and PAO-6 dielectric oil in SPIC systems for a 1U
server. The study examined the influence of parameters such as fluid
flow rate, inlet temperature, and heat load. The results indicated that
PAO-6 exhibited superior heat transfer performance at higher flow rates,
whereas FC-40 was more effective under lower flow conditions. The
higher viscosity of PAO-6 was identified as a key factor influencing its
thermal behavior. Chen et al. [31] performed a numerical analysis of
electronic fluorinated liquids (EFLs) in SPIC systems, comparing three
different fluids—EFL-F1, EFL-F2, and EFL-F3—to assess their heat
transfer characteristics and flow behavior. The findings demonstrated
that fluids with lower dynamic viscosity, such as EFL-F1, enhanced heat
transfer efficiency and minimized pressure losses, thereby improving
overall system performance. Conversely, despite its high thermal con-
ductivity, EFL-F3's elevated viscosity resulted in reduced cooling effi-
ciency. Kim et al. [32] conducted a computational investigation into the
thermal performance of nine different dielectric fluids in single-phase
immersion cooling (SPIC) systems. Among the fluids evaluated, TMC-
7200 —characterized by the lowest dynamic viscosity— was found to
be the most effective in reducing CPU temperatures. Alkasmoul et al.
[33] performed a numerical study comparing the thermal behavior of
Al;O3-water, TiOy-water, and CuO-water nanofluids in SPIC systems
designed for data center servers. The findings demonstrated that the
Al;0O3-water nanofluid provided the best thermal performance due to its
high thermal conductivity, resulting in a significant reduction in CPU
temperatures. However, the study also highlighted that its elevated
viscosity contributed to higher pressure drops and increased pumping
power requirements.

Validating immersion fluids for cooling IT equipment remains a key
strategy within the industry. Given the wide variety of dielectric liquids
currently in use, a systematic evaluation is necessary to ensure these
fluids meet the thermal performance requirements of modern DC envi-
ronments. For this reason, the Immersion Cooling Sub-Project from the
Open Compute Project (OCP) is actively developing specifications out-
lining the thermal performance requirements for immersion coolants
used in IT equipment cooling [34]. This standardization effort aims to
enable the IT industry to evaluate and identify the most suitable im-
mersion fluids by balancing performance with economic considerations.
Dimensionless Figures of Merit (FOMs) are defined in the OCP Base
Specification for immersion fluids, for Natural Convection (FOM1) and
Forced Convection (FOM2). These indicators represent respectively the
natural convection and the forced convection effectiveness for immer-
sion liquids. FOMs can be used to evaluate and compare the thermal
performance of several candidate immersion cooling fluids and hence
guide the selection and optimization of dielectric fluids. FOM1 is used as
an evaluation indicator in this study. This metric is derived from Nusselt
number correlation for heatsink with vertically oriented plate-fins [35].
It can be defined as:

0.2813
FOM1 — k(ﬂcp—”z> o)
uk

where k is the thermal conductivity (W.m’l.K’l), B is the thermal
expansion coefficient (K’l), ¢, is the specific heat (J .kg’l.K’l), p is the
density (kg.m™>) and y is dynamic viscosity (Pa.s) of the immersion
fluids.

This study advances the evaluation of immersion cooling fluids by
considering the combined influence of multiple fluid properties, rather
than a single parameter. The use of FOM1 as an evaluation indicator
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provides a more comprehensive assessment, allowing the identification
of fluids with enhanced overall heat dissipation capabilities. This paper
aims to compare experimentally the cooling performances of four fluids
for immersion cooling by using these metrics to analyze the thermal
behavior of a 620 W server submerged in a single-phase immersion/
liquid cooling system. Furthermore, this criterion is compared with
other more conventional indicators, such as the Rayleigh number and
the Prandtl number, to assess whether it reliably reflects the effective-
ness of natural convection for an immersion fluid. In addition, a nu-
merical investigation was conducted to assess the thermal behavior of
the fluid and IT equipment in the hybrid system with a chosen immer-
sion fluid (SL 3568). The CFD model was validated against experimental
data to enable a more extensive evaluation of a range of immersion
coolants available in the industry.

2. System description

Each server is submerged in its own tank for independent cooling, as
shown in Fig. 1 a). The server rack design contains up to 48 servers (1U)
or 24 servers (2U), with 3 stacks. The immersion cooling (IC) rack is
shown in Fig. 1 b). A pumping substation (PSS) ensures the pumping of
water to the racks and a dry cooler are used to cool the water supplied to
the PSS and evacuate heat outside the DC. While CPUs, which are the
most power-consuming components in servers, are cooled by using cold
plates (also called water blocks (WBs)), other IT components in the
server (such as RAMs and disks) are cooled by the dielectric fluid via
natural convection. Additionally, a serpentine convection coil commu-
nicates with the WBs through a closed-loop circuit and forms a signifi-
cant exchange surface for cooling the dielectric coolant. One possible
circuit configuration is to circulate the water from WBs to serpentine.

This novel technology supports high-power racks with cooling ca-
pacities of up to 54 kW and accommodates inlet temperatures as high as
45 °C, thereby removing the need for evaporative cooling systems at the
dry coolers level and ensuring reliable operation across a wide range of
climatic conditions. Moreover, a 20 K water temperature differential can
be achieved due to its high thermal efficiency. The system achieves a
cooling partial Power Usage Effectiveness (pPUE) of 1.004 and reduces
water consumption (WUE) to zero. Furthermore, the technology en-
hances heat recovery, that leads to new opportunities for energy valo-
rization. The passive rack design without fans contributes to a quieter
DC environment and lower operational expenditure (OPEX). Addition-
ally, the hybrid system achieves a compact footprint of up to 37 U/m?2,
supporting higher compute density. By employing dielectric fluids with
low ozone depletion potential (ODP) and global warming potential
(GWP), this solution aligns with increasing demands for environmental

Fig. 1. A) hybrid immersion liquid cooling system, b) immersion cooling rack
(48 servers).
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sustainability [36].

In the following section, an experimental setup was used to examine
the effects of 4 dielectric fluids —SL 3568, FES 822-6542, EGEN 100RS8,
and BioLife 4— within the hybrid system. The Figure of Merit for Nat-
ural Convection FOM1, developed by the OCP Immersion Cooling Sub-
Project to evaluate the combined influence of thermophysical proper-
ties, was validated and adopted as an assessment metric to investigate
the impact of the dielectric fluids on IT equipment performance.

3. Fluids comparison experimental test
3.1. Experimental setup and procedure

An Intel-based 1U open computing server with a total power con-
sumption of 620 W is used. The server was configured with two CPUs,
twelve RAM modules, and six NVME disks. Four dielectric fluids which
differ in their development focus were investigated: SL 3568, FES
822-6542, EGEN 100R8 and BioLife 4. Their chemical and physical
properties are listed in Table 1.

The water-cooling system consists of a primary cooling circuit and a
secondary cooling circuit, as represented in Fig. 2 a). In the primary
cooling circuit, water coolant is pumped to cool the immersed server
using a Cooling Distribution Unit (CDU) consists of a pump and a Plate
Heat Exchanger (PHEX). In this regard, a serpentine convection coil,
with a diameter of 30 mm and linear length of 5.8 m, is connected to the
WBs through the primary circuit and cools the immersion coolant by
natural convection. Water flows from the WBs to the serpentine coil. The
heated water then passes through the PHEX to transfer heat to the sec-
ondary cooling water circuit. The latter is connected to a dry cooler to
evacuate heat outside the DC.

The server is immersed in dielectric fluid, which is contained in an
insulated tank of 600 x 500 x 50 mm? to avoid heat transfer between
the tank and the environment. It should be noted that the heat transfer
between fluids and the server can be considered as natural convection
since no pump was used to circulate the dielectric coolant around the IT
equipment.

The experimental setup, including the sensor distribution illustrated
in Fig. 2 a) and b) was implemented in an IC lab within the OVHcloud
experimental DC in Croix-France. This setup was designed to investigate
the impact of different dielectric fluids on an operational server. The
tests were accompanied by temperature, flow rate, pressure and differ-
ential pressure measurements. All sensors were connected to a compact
DAQ data acquisition system.

A thermocouple is used to measure the ambient temperature of the IC

Table 1
Thermophysical properties of the dielectric fluids used in the experiments.
Properties SL 3568  FES EGEN BioLife 4
822-6542 100R8
Company Shell Fuchs Motul TotalEnergies
Fluids
Colour & Odour Colourless / Odourless
Kinematic viscosity* 43 11.5 8.1 4
(mmz.s’l)
Flash point (°C) 265 204 166 145
Density* (kg.m~3) 811 813 787 771
Specific heat* (kj.kg™'  2.00 2.25 2.24 2.235
K'Y
Thermal conductivity* 0.139 0.134 0.140 0.138
W.m K™
Thermal diffusivity* 8.6 7.3 7.9 8
0.108 m%s™)
Expansion rate* (K1) 0.00065  0.0008 0.0009 0.00071

Environmental Ecology
Biodegradability (28
Days)

Ultra-low vaporization / Nontoxic and Non allergenic
> 60 % 88 %

*Properties are taken at a reference temperature of 40 °C, as it is the expected
average fluid temperature in an immersion cooling system.
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Fig. 2. A) experimental setup scheme of the ic lab, b) photo of the experimental setup.

lab. Besides, seven thermocouples were installed inside the tank to Additionally, thermocouples measured the inlet and outlet of the water-

measure the fluid temperature. It should be noted that eight thermo- cooling circuit and the pipelines of each component (serpentine, WBs,
couples were installed on the wall surfaces to measure the shelter wall and dry cooler). All the temperature sensors were type-K thermocouples
temperatures. Therefore, the heat losses were estimated to be negligible. with an accuracy of + 0.210 °C after calibration. The temperature
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measurement devices were calibrated by using a high-precision tem-
perature sensor as reference.

Two Kobold flow-rate sensors (0.05-10 1. min"1) were installed on
secondary and primary circuits to measure the cold-water flow rate
feeding the heat exchanger and the IC tank. Two Kobold pressure sensors
(0-6 bar) were installed at the IC tank inlet and outlet. A Kobold dif-
ferential pressure sensor (3.73-373 mbar) was installed on the IC tank
circuit inlet and outlet to measure the pressure drops across the
serpentine and WBs.

A high-accuracy solenoid valve was installed in the secondary cir-
cuit, integrated with a temperature probe, to ensure a smooth regulation
of the supplied water temperature in the primary circuit.

The operating procedure of the experimental setup is summarized as
follows:

1. Before experiments, the experimental loop circuits were fully filled
with pure water. Air was then vented from the high points of the
circuit, ensuring an entire air-free system.

2. The water flow rate supplied in the primary circuit was manually
adjusted for each test.

3. The inlet temperature of cooling water was regulated by controlling
the flow rate in the secondary circuit, which connected to the dry
cooler.

4. A flexible 1/0 (fio) tester script was used to apply computational
stress to the server components. An Intelligent Platform Management
Interface (IPMI), a standardized interface for monitoring and man-
aging hardware independently of the operating system, was
employed to collect real-time data from the IT components (CPU and
memory temperatures, IT individual power consumption, CPU fre-
quency, RAM bandwidth, and other performance metrics).

5. The server power was measured continuously with a time step of 1 s
using a power distribution unit (PDU).

Each evaluation test was experimentally characterized by varying
the water flow rate and the inlet water temperature from 30 to 45 °C in
5 °C increments. Flow rates in both the primary and secondary circuits
were recorded. The measurements were monitored using a data acqui-
sition system at a frequency of 1 Hz (one sample per second). Fluid
temperatures were reported when all the measurements reached steady-
state conditions.

The thermal heat load was estimated as:

Q=mCpAT (2

where m (kg.s_l) is the water mass flow rate, Cp (kJ .kg_l."C_l) is the
specific heat of water, and AT (K) is the water temperature difference in
the server water circuit.

Absolute pressure sensors, differential pressure sensors, thermocou-
ples and flow rate sensors calibrations are carried out by comparing the
response measured by each component to those measured by high pre-
cision sensor probes. Uncertainties are evaluated using the method of
Kline and McClintock [37]. For example, the uncertainty of the thermal
heat load (Q) is evaluated by:

Q  \* [/oQ 2 r0Q 2
<%Am) +(EAT1) +<EAT2) 3)

where m is the water flow rate, T; is the inlet temperature, T, is the
outlet temperature while Am, AT; and AT, denote their respective ab-
solute uncertainties.

Uncertainties for measured parameters are given in Table 2.

AQ =

3.2. Results and discussion

3.2.1. FOM1 Criteria evaluation
FOML1s are calculated for the four selected immersion fluids at 40 °C
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Table 2
Uncertainties for measured parameters.
Parameter Uncertainty
Temperature, T (°C
P €O +0.210 °C
Pressure, P (Pa)
+0.5 %
Differential pressure, AP (Pa)
+0.25 %
Flow rate, m (Lmin™1H
+1 %
Heat load, Q (W
QW) +1.8 %

and the corresponding values are plotted in Fig. 3. It is evident that SL
3568 exhibits the lowest cooling capability, whereas BioLife 4, with the
lowest viscosity and flash point compared to the other fluids, demon-
strates the highest cooling capability for buoyancy-driven immersion
cooling system, as indicated by its maximum FOM1 value. This suggests
that heat diffusion within this fluid would be more efficient relative to
the other fluids.

Nevertheless, as noticed from Table 1, BioLife 4 does not possess the
highest thermal diffusivity. In static conditions, fluids with higher
thermal diffusivity diffuse heat more effectively. However, under dy-
namic conditions involving fluid motion, thermal diffusivity must be
considered in conjunction with momentum diffusion, which is influ-
enced by viscosity and can hinder the flow. Hence, Prandtl number is
used to evaluate the relative effects of viscosity and thermal diffusion
within the fluid.

Prandtl number can be expressed as:

pr=2 &)
a

where v is the kinematic viscosity (mz.s’l) and a is thermal diffusion
(m2s1) of the fluid.

Fig. 4 shows the Prandtl numbers associated with the four immersion
fluids. BioLife 4, which exhibits the highest FOM1, is also characterized
by the lowest Prandtl number among the fluids studied. Moreover, the
influence of viscosity on heat diffusion in SL 3568 is approximately
three, five and ten times greater than in FES 822-6542, EGEN 100R8
and BioLife 4, respectively. This suggests that the viscosity of BioLife 4
has the least impact on heat diffusion. In contrast, fluids with higher
Prandtl numbers, such as SL 3568, indicate that their temperature fields
are more strongly influenced by viscosity forces than fluids with lower
Prandtl numbers. Furthermore, the four considered fluids exhibit rela-
tively high Prandtl numbers (ranging from 50 to 502), which indicates
that in all cases the thermal boundary layer remains thinner than the
velocity boundary layer. Nevertheless, a decrease in the Prandtl number
increases the ratio of thermal to velocity boundary layer thicknesses,
leading to a slight relative thickening of the thermal boundary layer
[38]. While this effect locally reduces the near-wall convection around
IT components, the reduction in Prandtl number is primarily driven by a
decrease in viscosity, which strongly enhances buoyancy forces at the
tank scale. This increase in flow intensity largely compensates for the
local weakening of heat transfer near the wall, so that fluids with lower
Prandtl numbers can promote more vigorous convective transport. This
analysis underscores the importance of taking a global view of the
thermo-fluidic properties to better assess the relative influences of vis-
cosity and thermal diffusivity for each of the fluids studied.

Furthermore, Rayleigh number is the common dimensionless num-
ber used to characterize the flow and heat transfer regime of the im-
mersion coolants in natural convection, under the effect of buoyancy
forces and a temperature difference.

Rayleigh number is defined as:

gP(Ts — T, )L

Ray =>————— (5)
va
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Fig. 4. Prandtl numbers for the four tested fluids.

Where T; is the average server temperature (°C), T,, is the average fluid
temperature (°C), L is the characteristic length of tank (m), g is the ac-
celeration of gravity (m.s’z), p is the thermal expansion coefficient of
the fluid (K’l), a is the thermal diffusivity of the fluid (m%s Y and vis
the kinematic viscosity of the fluid (mz.s’l).

Rayleigh numbers are calculated for each of the selected fluids to
verify the relevance of the FOM1. Average server and fluid temperatures

Table 3
Average server and fluid temperatures for 30 °C water inlet temperature and a
0.55 L.min~! flow rate.

Dielectric Fluid Average server temperature  Average fluid temperature

T; (°C) T O
SL 3568 (FOM1 = 29) 64 61.5
FES 822-6542 (FOM1  59.7 56.3
=45)
EGEN 100R8 (FOM1  57.1 54.3
=52)
BioLife 4 (FOM1 = 56.9 54.1

59)

are listed in Table 3. Representative values are taken for an inlet tem-
perature of 30 °C and a flow rate of 0.55 L.min"'. The average server
temperature, T, was calculated by considering the main heat-generating
components directly in contact with the dielectric fluid, namely twelve
RAM modules, six NVMEs, and two SSDs. It was computed as follows:

Ts = 0.6Tran + 0.3Tnymze +0.1Tssp (6)

where Tray is the average RAM temperature, Tyyyme is the average
NVME temperature and Tssp is the average SSD temperature.

Fig. 5 illustrates the Rayleigh number for each IC fluid. The Rayleigh
numbers obtained for the tested fluids are consistent with the corre-
sponding FOM1 trends. Hence FOM1 can be considered as a reliable
indicator of the thermal performance of immersion fluids that cool IT
components by natural convection. These conclusions must be
confirmed by analyzing the experimental temperature values of the
fluids and IT equipment.
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Fig. 5. Rayleigh number for the four tested fluids.

3.2.2. Effect of varying water flow rate and inlet water temperature on the
fluid temperature

To assess the influence of various immersion coolants on the heat
transfer capability of the hybrid SPIC system, the impact of different
operating conditions on cooling performance were investigated.

3.2.2.1. Impact on the fluid temperature. Fig. 6 analyses further the ef-
fects of varying water flow rate and inlet water temperature on the
average temperature of the four selected fluids. The fluids show globally
similar thermal behavior, with comparable temperature trends observed
for all tested conditions. The fluid temperature increases with rising
inlet water temperature and decreases with increasing water flow rate.
The average fluid temperature increases by approximately 7.6 %,
respectively, when the water inlet temperature increases by 5 °C.
Moreover, the fluid temperature decreases by approximately 2.9 %
when the water flow rate increases by 0.05 1. min!. This reduction can
be explained by the fact that a higher flow rate enhances the convective

70

heat transfer between the serpentine coil and the dielectric fluid,
thereby improving the overall thermal exchange efficiency. BioLife 4,
with the highest FOM1, demonstrated the best thermal performance,
exhibiting the lowest average temperature under all operating condi-
tions. EGEN 100R8 was the second-best fluid and FES 822-6542 the
third one based on the average temperature values. It should be noted
that SL 3568 consistently resulted in the highest fluid temperatures. This
classification confirms that immersion fluids with higher FOM1 values
are more effective in maintaining lower average temperatures during
server operation. It is noteworthy that, although BioLife4 has the lowest
viscosity, it does not have the highest specific heat (FES 822-6542),
thermal conductivity (EGEN 100R8), or thermal diffusivity (SL 3568).
This finding highlights the importance of considering all fluid properties
collectively when assessing thermal performance.

Fig. 7 illustrates the reduction in fluid temperature relative to SL
3568, which was chosen as the baseline due to its highest average
temperature among the tested fluids. The maximum temperature
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Fig. 6. Variations in the IC fluid temperature, under different temperatures conditions (TC) and flow rates, using SL 3568, FES 822-6542, EGEN 100R8, and BioLife

4 fluids.
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reduction is observed at a flow rate of 0.5 Lmin~" for both inlet water
temperature conditions. At this flow rate, the fluid temperatures
decrease by approximately 7.9, 8.9 and 11.6 % when using FES
822-6542, EGEN 100R8 and BioLife 4 respectively. At the same flow
rate, a temperature reduction of approximately 7.7 °C is achieved with
BioLife 4, which corresponds to an approximative doubling of the FOM1
value compared to the baseline. These results further support the cor-
relation between higher FOM1 values and improved fluid thermal per-
formance in the hybrid SPIC system.

3.2.2.2. Impact on the IT temperatures. Fig. 8 a), b) and c) present the
temperature variations of RAMs, NVMEs and SSDs components under
different temperature and flow rate conditions, when using SL 3568, FES
822-6542, EGEN 100R8 and BioLife 4. These components exhibit
broadly the same thermal behavior in each case. Statistical analysis in-
dicates that their temperatures increase by approximately 6, 7.2 and 8
%, respectively, when the water inlet temperature increases by 5 °C.
Moreover, their temperatures decrease by approximately 1.2, 5.9 and
5.6 %, respectively, when the water flow rate increases by 0.05 L.min .
As shown in Figure, RAM temperatures consistently remain below the
critical limit of 78 °C regardless of operating conditions. Furthermore,
RAMs, NVMEs and SSDs temperatures decrease by approximately 6.7,
6.4 and 5.9 °C respectively, when comparing BioLife 4 to SL 3568, which
corresponds to an approximative doubling of the FOM1 value. These
results align with the previously observed fluid temperature trends and
can be attributed to the direct contact of these components with the
immersion fluid.

Fig. 9 a) and b) present the temperature variations of the two CPUs
(CPUO and CPU1) under the different operating conditions. The water-
cooling circuit is configured such that the flow is directed first
through CPUO and subsequently through CPU1. CPUO and CPU1 exhibit
broadly similar thermal behavior, with comparable temperature profiles
observed for all four immersion fluids. As illustrated in Fig. 9 a) and b),
CPU temperatures consistently remain below the critical limit of 95 °C,

regardless of the inlet temperature and flow rate conditions. CPUO and
CPU1 temperatures increase by approximately 4.1 and 5.3 %, respec-
tively, when the water inlet temperature increases by 5 °C. Moreover,
their temperatures decrease by approximately 3.2 and 2.9 %, when the
water flow rate increases by 0.05 L.min" .

In contrast to the other components (RAMs, NVMEs and SSDs), the
CPUs exhibit an inverse thermal trend with respect to the FOM1 values
of the dielectric fluids. Notably, the use of BioLife 4, which is the least
viscous fluid, results in the highest CPU temperatures. This inversion is
also confirmed for the other fluids.

It should be noted that, unlike the other IT components, the CPUs are
not directly immersed in the dielectric fluid but are instead cooled via
WBs. A thermal interface material (TIM), specifically the Kerafol Kera-
therm KP98 thermal paste, is applied between the CPU and the WB to
enhance heat transfer. This TIM behaves as a highly viscous liquid, with
a dynamic viscosity of 130 Pa.s, i.e. 5.9.10* cSt. The physical properties
of the thermal paste are listed in Table 4. Moreover, a gasket is employed
to prevent fluid penetration into the TIM, as illustrated in Fig. 10.

If the thermal paste is not adequately insulated from the dielectric
fluid, there is a potential risk of the coolant penetrating the paste,
leading to its partial degradation [39]. In such cases, direct contact
between the immersion fluid and the TIM may result in mixing, thereby
altering the physico-chemical properties of the paste and reducing its
thermal performance. Specifically, the TIM may become less viscous,
adversely affecting its heat transfer capability.

To evaluate the potential impact of the dielectric fluid on the
degradation of the thermal paste, the viscosity of the resulting mixtur-
e—comprising KP98 paste and the immersion fluid—is estimated using
Arrhenius’ mixing law [40]. The viscosity of the mixture can be
expressed as:

In(n) = x;1n(my ) + x21n(ny) @)

where: n is the viscosity of the mixture (cSt), n; the viscosity of the
thermal paste (cSt), nz the viscosity of the fluid (cSt), x; the mole frac-
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Fig. 8. Variations in (a) the RAMs, (b) NVMEs and (c) SSDs temperatures, under different temperature conditions and flow rates, using SL 3568, FES 822-6542,
EGEN 100RS8, and BioLife 4 fluids.

tion of the thermal paste and x; the mole fraction of the fluid. interesting to note a strong positive correlation is observed between the
The mole fractions are varied between 0.4 and 0.6 to realistically viscosity of the resulting mixture and that of the immersion fluid. Spe-
represent practical dilution scenarios. cifically, immersion fluids with lower viscosities tend to produce mix-
Fig. 11 further analyses the effect of infiltration of immersion cool- tures with significantly reduced viscosities, thereby indicating a higher

ants on the viscosity of the KP98 and immersion fluid mixture. It is degree of thermal paste degradation. The viscosity of the mixture is
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Fig. 8. (continued).

reduced by at least 94.4 % compared to the initial viscosity of the TIM.
This substantial reduction may account for the elevated CPU tempera-
tures observed when using low-viscosity coolants. These findings sug-
gest the necessity of either improving the insulation of the thermal paste
from direct contact with the immersion fluid or selecting appropriate
TIMs for immersion investigation.

4. Numerical methodology

To further evaluate the immersion fluids performance, this work
investigated a heat transfer CFD analysis of a dielectric fluid and the
immersed server experimentally tested.

4.1. Model description

In this study, SL 3568 fluid was selected for a model validation on a
developed CAD model of the 620 W server. Other fluids will be inves-
tigated numerically in further work. The simulation was performed at a
water inlet temperature of 30 °C and a water flow rate of 0.55 L.min!
for the water-cooling circuit. The geometry is shown in Fig. 12.

The numerical simulation was carried out to understand the flow
behavior of the dielectric coolant within the IC tank. The Ansys Fluent
software was used for simulation, with turbulent flow conditions. The
no-slip boundary conditions prevailed on the solid surfaces. The steady
state, three dimensional, and incompressible flow assumptions were also
considered. Thermal power densities were specified for the IT compo-
nents and the tank walls are considered adiabatic. The volumetric heat
losses were uniformly distributed throughout each IT component, a
reasonable assumption when considering the heat-generating regions.
Moreover, some fluid properties were given as a function of temperature
as listed in Table 5, and the gravity effects were also included in the
simulation. The electrical cables connected to the various server com-
ponents were modeled as an equivalent porous medium. For the water-
cooling circuit, a Velocity Inlet boundary condition was imposed at the
inlet, while an Outflow boundary condition was applied at the outlet. In
addition, the computation time ranged from 40 s to 1 min per iteration.

The continuity, momentum, and energy equations are simulta-
neously solved to predict the flow field and temperature distribution in

10

the IC tank. The continuity, momentum, and energy equations are listed
below,
Continuity equation:

V-V =0 (8
Momentum equation:

p(?v)V = VP VUV V + V-lurpitons + P g ©
Energy equation:

(pC,)V.VT = V-kVT (10)

where p is the density of the dielectric fluid (kg.m ™), P is the pressure
(Pa), u is the dynamic viscosity (Pa.s), T is the temperature (°C), k is the
thermal conductivity (W.m ! K1), g is the acceleration due to gravity

(m.s_z), and V is the velocity vector (m.s‘l).

The term 7,y Tepresents the Reynolds stress tensor based on an
eddy viscosity assumption. The standard k-e turbulence model was
employed in combination with the Enhanced Wall Treatment approach
to accurately capture the effects of the viscous sublayer and resolve
temperature gradients near hot surfaces, thus ensuring a reliable
description of natural convection effects [41]. To ensure numerical
stability and improve convergence behavior, a pseudo-transient solution
method was adopted together with a Coupled pressure-velocity scheme.
Spatial discretization was performed using the Second-Order Upwind
scheme for all transport equations, except for the pressure equation, for
which the Body Force Weighted scheme was applied due to the domi-
nant influence of body forces on the flow field.

4.2. Grid independence analysis

The temperature of the two CPUs and the fluid at seven locations
were considered as parameters to verify the mesh sensitivity on the
numeric results. Meshes of approximately 8, 15, 31, and 85 million cells
were compared. The mesh consists of hexahedral cells (boundary layers)
and polyhedral cells. Besides, the mesh was locally refined near the
CPUs. As reported in Table 6 and Table 7, the CPUs and fluid
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Table 4
KP98 TIM physical properties.

temperatures showed variations of about 0.5 % and less than 1.5 %
respectively, when the number of mesh elements was increased to nearly

Property

15 million, which was not the case for the 8-million-cell mesh. Hence,

Thermal conductivity (W.m K1)
Density (g/cm®)
Viscosity (.10* cSt)

Specification the model with 15 million cells, with a minimum cell size of 0.25 mm,
6 was adopted for further numerical simulation as it offered a suitable
2.2 compromise between accuracy and computational cost. In particular,
5.9

the 31 million-cell mesh required approximately 1.67 times more

computational time than the 15 million-cell mesh, without providing
significant improvements in accuracy.
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Water block (WB)

Gasket —

Fig. 10. Photo of the seal gasket fixed around the water block base cop-
per surface.

4.3. Results and discussion

For the analysis, fluid temperature fields and component tempera-
tures were modelled and the CFD model is validated by comparing with
the experimental results.

4.3.1. Water and fluid behavior

Fig. 13 illustrates the temperature distribution of CPUO in a hori-
zontal plane intersecting its midsection. It is shown that CPUO is cooled
by the WB, independently of the dielectric fluid. The thermal energy
generated by CPUO is transferred to the water-cooling system through
the CPU casing. In addition, the temperature field reveals an apparent
gradient, with higher temperatures observed on the motherboard sup-
port side compared to the water-cooling side. This temperature distri-
bution effectively characterizes the conductive heat diffusion near the
CPUs. Since the temperature sensors measuring the CPUs’ temperature
are located close to the motherboard support side, the reported CPU
temperature values are in good agreement with the experimental mea-
surements. Moreover, it is noteworthy that the surface temperature of
the water block is weakly impacted by the surrounding hot dielectric
fluid, while a local temperature gradient is still observed in the fluid
region around the water block.

Applied Thermal Engineering 280 (2025) 128355

The variation of the fluid temperature represented with 3D current
lines is presented in Fig. 14. Streamlines are plotted from the interfaces
of the power supply. The figure reveals a thermal gradient with
maximum temperatures occurring in the upper region and minimum
values near the bottom. At the right region, a notable increase in tem-
perature is observed in the vertical direction, particularly across the
power supply. In contrast, a descending flow pattern is observed along
the serpentine coil at the left-hand side, where the dielectric fluid is
cooled. Therefore, these streamlines confirm that the convective motion
within the system is governed by natural convection. The numerical
calculation indicated an average dielectric fluid temperature of 62 °C,
compared to the experimental value of 61.5 °C, representing a negligible
variation of 0.8 %.

4.3.2. IT components behavior

Fig. 15 shows the surface temperature of the IT components. The
temperature field shows ascending thermal plumes characteristic of
natural convection. The CPUO, CPU1, RAMs and NVMESs reached tem-
peratures of 59.3, 64.9, 73 and 50 °C, respectively. The RAM modules
exhibit similar thermal behavior since they are positioned along the
same horizontal alignment. In contrast, the power supply unit displays a
non-uniform surface temperature distribution, which can be attributed
to the vertical thermal stratification of the dielectric fluid inside the
tank. A comparison of experimental data and numerical results for the
RAMs, NVMEs, CPUO and CPU1 is plotted in Table 8. As indicated, the
average temperature of the RAMs, NVMEs, CPUO and CPU1 simulated
numerically fits well with the measurement data from the experiments
with a maximum difference of 10.7 % for NVMEs. This deviation could
be attributable to the thermal dissipation of the NVMEs. Indeed, the
model assumes a volumetric thermal dissipation across all the NVMEs.
Under practical conditions, the heat generation within the NVMEs is
more localized, which affects the measured temperature of the compo-
nents, especially if the temperature sensor is located close to the NVME’s
heat source. These results support the reliability of the current simula-
tion method for evaluating the thermal performance of different
candidate fluids for immersion cooling.

5. Conclusion
This paper investigates the cooling performance of different im-

mersion fluids in a hybrid single-phase liquid-cooling system, where
CPUs are cooled by direct-to-chip cold plates and other server
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Table 5
Thermophysical properties of SL 3568 fluid at different temperatures.
Properties at 0°C 40 °C 100 °C
Density (kg.m3) 838 812 773
Kinematic viscosity (cSt) 406 43 7.6
Thermal conductivity (W.m~1.K™1) 0.142 0.139 0.134
Specific heat (kJ.kg K1) 1.85 2 2.23
Table 6

Average CPUO, CPU1 and local fluid temperatures in °C for 8, 15, 31 and 85
million cell meshes.

85-million-cell-

8-million-cell 15-million-cell 31-million-cell

mesh mesh mesh mesh
CPUO  59.4 59.3 59.2 59.0
CPU1  65.1 64.9 64.7 64.6
P1 77.5 77.9 77.7 78.0
P2 80.2 80.7 80.6 81.2
P3 79.8 80.3 80.4 81.0
P4 62.1 61.5 61.1 61.1
P5 45.2 45.2 44.9 44.6
P6 44.4 44.5 44.2 44.0
P7 43.9 43.9 43.8 43.8

components (Motherboard, RAMs, NVMEs, SSDs...) are cooled by im-
mersion. An experimental setup was used to assess four dielectric fluids
— SL 3568, FES 822-6542, EGEN 100R8, and BioLife 4 — with thermal
performance evaluated using the Figure of Merit FOM1 indicator for
buoyancy-driven systems, as defined by the OCP Immersion Cooling
Sub-Project. The selection of these dielectric fluids offers insights into

Table 7
Relative errors in % on average CPUO, CPU1 and local fluid temperatures with

respect to the 85-million-cell mesh.

8-million-cell 15-million-cell 31-million-cell 85-million-cell-

mesh mesh mesh mesh
CPUO 0.70 0.53 0.35 Reference
CPU1 0.80 0.48 0.16 Reference
P1 —0.63 —0.16 —0.47 Reference
P2 -1.21 —0.61 -0.76 Reference
P3 -1.52 -0.91 -0.76 Reference
P4 1.63 0.61 0.00 Reference
P5 1.36 1.36 0.62 Reference
P6 0.99 1.23 0.49 Reference
pP7 0.26 0.26 0.00 Reference

different development focuses such as diverse viscosity grades, flash
point and biodegradability. A CFD model is validated against experi-
mental results to enable a broader evaluation and selection of candidate
immersion coolants. According to the above investigations, the
following conclusions could be drawn.

e When FOM1 is approximately doubled (BioLife 4 compared to SL
3568), a Prandtl number roughly ten times smaller could be ob-
tained, that indicates that the influence of the convective flow on
heat diffusion in the coolant is nearly reduced by a factor of ten.

e The fluids exhibiting the highest FOM1 demonstrated the lowest
average temperatures. Specifically, a near doubling of FOM1 resulted
in a decrease in fluid temperature by approximately 7.7 °C.
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Fig. 13. Temperature distribution of CPUO in a horizontal plane intersecting its midsection.
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Fig. 14. 3D temperature streamlines of SL 3568 fluid.

e As expected, RAMs, NVMEs and SSDs, which are in direct contact trend is probably due to partial infiltration of the dielectric fluid into
with the dielectric fluids, exhibited the lowest temperatures when the thermal paste (TIM) applied between the CPUs and the WBs.
using high-FOM1 coolants. Their temperatures decreased by e The numerical results fit well with the experimental ones with a
approximately 6.7, 6.4 and 5.9 °C respectively, when FOM1 was maximum temperature deviation of 10.7 %, for NVMEs average
roughly doubled. temperature. Thereby the CFD model could be used to compare a

e The highest CPU temperatures were observed when using the fluids variety of immersion coolants proposed in the industry.

with the greatest FOM1 values. It is demonstrated that this inverse
Finally, the fluids with the highest FOM1 values appear to be the
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Table 8
IT behavior temperature comparison between experimental and CFD model.
IT Numerical average Experimental average Error
components temperature (°C) temperature (°C) (%)
RAM 73 69.4 5.2
NVME 50 56 -10.7 Acknowledgement
CPUO 59.3 61.2 -3.4
CPU1 64.9 64 1.4

most effective for components cooled directly by immersion. However,
we observed potential incompatibility issues with the thermal interface
material (TIM) when using very low-viscosity fluids (i.e., those with
higher FOM1 values). Future work should therefore further investigate
equipment compatibility, particularly the TIM, with such fluids. In
addition, evaluating FOM1 locally in different regions of the dielectric
fluid would help account for temperature-dependent properties. This
would also provide a better assessment of flow resistance within the tank
and reveal whether significant variations occur.
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