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ARTICLE INFO ABSTRACT
Keywords: Two-phase immersion cooling (TPIC) is positioned to become a critical thermal management solution for next-
Heat sink generation high-power chips. However, maintaining temperature uniformity remains challenging, with case

Liquid cooling
Two-phase immersion
Data center

temperatures often exceeding 70 °C under high power loads. This study introduces an integrated multi-scale
structured heat sink, incorporating a vapor chamber (VC) as a heat spreader, to replace conventional cooling
solutions. Experimental results demonstrate that this hybrid design achieves superior thermal performance: at a
power input of 600 W, the maximum case temperature remains stable below 65 °C, with system thermal
resistance below 0.026 °C/W. High-speed visualization reveals enhanced boiling dynamics achieved through
multiscale surface engineering. Micro/nano-structured coatings promote bubble nucleation, while macro-scale
pin-fin arrays augment the heat transfer area. This synergistic design significantly improves temperature uni-
formity, reducing the maximum temperature difference across the chip by 75 % (from 14.3 °C to 3.8 °C).
Compared to baseline, the proposed architecture lowers the mean temperature by 22.1 %, and reduces the
average thermal resistance by 6.4 %. This work presents a viable strategy for efficient thermal management of
kilowatt-class chips, supporting the advancement of next-generation high-power computing systems.

density and distribution of nucleation sites govern both the heat transfer
efficiency and thermal uniformity [11].

In practical implementations, however, bare or packaged chips often
exhibit suboptimal boiling performance when directly immersed.
Enhanced surface architectures are therefore essential, especially for
high-power components [12]. Current enhancement approaches span
multiple scales and involve competing physical mechanisms [13],
including surface area expansion, fin efficiency [14], micro-nano
structures (nucleation sites) [15,16], liquid spreading [17] and re-
wetting ability [18], and bubble escape dynamics [19]. At the macro-
scale, fin arrays [20] and porous foams [21] enhance boiling by
increasing surface area and nucleation site density. Micro/nano-scale
modifications, such as brazed copper particle (49-283 pm) [22] or
carbon nanotube networks [23] boost critical heat flux and reduce wall
superheat via microcavities and nano-porous vapor pathways. Recently,
multi-scale structures combining two or more fabrication techniques
have gained attention [24], effectively balancing capillary and viscous
forces during phase change [25] and enhancing heat transfer through
promoting transient conduction, micro-convection, microlayer

1. Introduction

Innovative thermal management strategies enable substantial cool-
ing energy consumption in high-density electronic systems [1]. Among
these, two-phase immersion cooling (TPIC) represents a transformative
paradigm for data center thermal management. Unlike forced-
convection microchannel cooling [2] and single-phase immersion sys-
tems [3,4], which rely on complex flow architectures and are highly
sensitive to coolant conditions [5], TPIC operates via passive pool
boiling and remains largely unaffected by external fluctuations. More-
over, it exhibits strong potential for improving sustainability outcomes
[6]. This method immerses server hardware directly in a dielectric fluid
with tailored boiling properties [7], leveraging latent heat absorption
during phase change and uniform temperature distribution through
direct dielectric contact [8]. The self-sustaining thermal cycle involves
nucleate boiling at the chip surface, vapor transport to condensers, and
gravity-driven liquid return [9], typically operating atmospheric pres-
sure [10]. Chip-scale nucleate boiling is particularly critical, as the
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Nomenclature

Symbol Description (Unit)

T Temperature (°C)

n Rate of decrease (%)

AT Temperature difference (°C)

Q Power input (W)

R Thermal resistance (°C/W)

D, Diameter of cylinder pin—fin (mm)
H, Height of cylinder pin—fin (mm)
I Length of square gear (mm)

Sgy Vertical space of gears (mm)
Sgh Horizontal space of gears (mm)
CA Contact angle ()

Dy Diameter of liquid (mm)

Vo Initial velocity (m/s)

I Current (A)

U Voltage (V)

q Heat flux (W/cm?)

g Gravity (m/s?)

Subscripts

sat Saturated

max Maximum

mean Mean

avg Average

Die Die

TIM Thermal interface material
sp Spreading

f Fin

b Boiling

Abbreviation

HS Baseline copper heat sink
EHS Enhanced heat sink

VvC Vapor chamber

TTV Thermal test vehicle

TPIC Two-phase immersion cooling

evaporation, contact line evaporation, and macro-convection [26].

Industrial progress in two-phase immersion cooling has closely par-
alleled recent academic advances. For example, Intel Microelectronics
integrated an enhanced heat sink into a lidded package [27], achieving a
25-50 % reduction in thermal resistance for chips operating at up to 600
W under TPIC. Nevertheless, cooling performance continues to be
limited by manufacturing constraints and available heat transfer area
[28], which directly affect lid temperature and thermal resistance—key
factors in future heat sink design. Another major challenge lies in im-
mersion coolants, which must exhibit suitable thermophysical and
dielectric properties, along with chemical stability. According to a
comprehensive evaluation by the Chemours [29], many commercial
coolants suffer from high global warming potential (GWP), inadequate
dielectric characteristics, high boiling points, environmental persis-
tence, and elevated cost. Although a well-selected coolant can maintain
chip case temperatures below 70 °C at 600 W [30], considerable sig-
nificant thermal gradients may persist, especially on vertically mounted
boards [31].

Beyond thermal performance, wider adoption of TPIC requires
careful evaluation of life-cycle costs and integration compatibility. As
emphasized in a recent study [6], life cycle assessment (LCA) reveals
that two-phase immersion systems can exhibit lower environmental
impact and operational cost than single-phase immersion and micro-
channel cooling, owing to reduced coolant consumption and lower
pumping energy. However, successful integration of enhanced heat
sinks into existing server architectures over the system lifetime requires
more deliberate design to avoid compromising cooling efficiency or
long-term reliability. While vapor chambers (VCs) have shown potential
in immersion cooling applications [32], a systematic experimental study
on a heat sink integrally designed with a VC to simultaneously suppress
peak temperature and spatial thermal non-uniformity remains lacking.

This study aims to address this gap by introducing an integrated two-
phase immersion cooling solution. A monolithic cylindrical pin—fin sink
was fabricated to minimize interfacial thermal resistance. The macro-
scopic pin-fins were machined with micro-scale serrations, followed by
the application of a nano-scale graphene coating via high-temperature
spray deposition. This multi-tier structure extends the heat transfer
area, promotes nucleation, and enhances liquid spreading. Using a novel
low-cost fluorinated coolant, experimental results demonstrate the
ability to maintain chip surface temperatures below 65 °C. High-speed
imaging captured bubble dynamics and departure patterns, clarifying
the relationship between input power, bubble density, and temperature

distribution. Furthermore, integration of a vapor chamber as a heat
spreader reduced both peak temperatures and spatial thermal gradients,
enabling effective cooling of a 600 W chip.

2. Experimental setup

A schematic of the custom-designed TPIC system for server chip
thermal management is shown in Fig. 1 (a). The primary components
consist of a sealed metal containment tank (150 mm x 250 mm x 400
mm) with an integrated copper plate condenser, a constant-temperature
chiller, a high-speed imaging system, and data acquisition modules. The
containment tank was constructed with an aluminum alloy upper sec-
tion and acrylic lower observation windows, sealed with O-ring gaskets
and socket-head fasteners to ensure pressure integrity. Aviation plug
interfaces on the right panel enable secure power delivery to the thermal
test unit while maintaining dielectric isolation. Fig. 1 (b) demonstrates
the server-scale simulation configuration featuring a vertically mounted
PCB assembly with pressurized thermal test unit. An Intel Thermal Test
Vehicle (TTV) replicates actual CPU thermal profiles through five
distributed die heaters. The central die 3 configuration emphasizes the
maximum high-power design emulation (up to 340 W design target, chip
package up to 600 W). According to the design dimensions of the heating
zone (defined as die 1 to die 5) provided by the supplier (die 2 to die 4:
31 mm x 20.66 mm edge dimensions, die 1 and die 5: 31 mm x 8.24 mm
edge dimensions; 104.5 mm x 70.5 mm TTV package size), the calcu-
lated area of the total heat region is 24.27 square centimeters. Three T-
type thermocouples (accuracy 4+0.5°C) were installed in machined
grooves on the lid and connected to a KEYSIGHT 34972A data acquisi-
tion system. Given that the system's maximum error is significantly
lower than that of the thermocouples, its contribution to measurement
uncertainty was considered negligible. This setup enabled accurate
monitoring of the case temperature (T). Flexible bus bars ensure low-
impedance power delivery to the die heaters.

The cooling enhancement strategy employs two complementary
surface engineering approaches: (1) Submillimeter copper pin-fin arrays
for intensified convective area, (2) Multiscale spray-coating for
controlled nucleation. These hierarchical structures are mechanically
bonded to the TTV using high-performance thermal interface material.
The selection of coolants for TPIC systems prioritizes thermophysical
parameters as the primary criteria. Additionally, procurement cost
constitutes another critical consideration. This is attributable to the fact
that, even when a well-sealed tank is utilized, the coolant is prone to
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Fig. 1. Two-phase immersion cooling experimental setup. (a) Schematic illustration of the experimental setup, (b) photograph depicting the interior of the im-
mersion tank, (c¢) the thermocouple sites of the TTV packaged lid and the distribution of dies within TTV.

volatilize into the surrounding environment during the operational
process. As previously reported [30], commercially available dielectric
coolants on the market generally demonstrate comparable thermo-
physical properties and exhibit similar boiling characteristics under
identical working conditions. In this study, the system employs the
Noah-2100A fluorinated coolant [33]. This coolant was chosen for its
optimal phase-change characteristics (atmospheric saturation point at
47 °C) and favorable thermophysical properties, which are elaborated in
Table 1. Significantly, the cost of Noah-2100A is substantially lower
compared to other coolants such as HFE-7100 (manufactured by 3 M
Co., USA) [34], which was procured through Chinese market channels.

Table 1

Physical properties of Noah-2100A at atmospheric pressure [33].
Thermophysical parameters Noah - 2100A
Molecular weight (g/mol) 300
Saturation temperature (°C) 47
Liquid density (kg/m®) 1601
Liquid thermal conductivity (W/m e K) 0.0609
Liquid heat capacity (kJ/kg e K) 1.279
Liquid surface tension (mN/m) 11.44
Latent heat of vaporization (kJ/kg) 93.22
Dielectric constant (12 GHz) 1.88
GWP 20
ODP 0

Once a coolant has been chosen, the reduction of the total thermal
resistance primarily focuses on the design of the heat sink geometry and
the selection of materials with high thermal conductivity [35].

3. Heat sink design and surface treatment
3.1. Heat sink design

The liquid-cooled heat sink was designed via 3D modeling to serve as
a direct replacement for conventional air-cooled designs, maintaining
identical base dimensions (Fig. 2 (a)). Fabricated from a solid copper
block through computer numerical control (CNC) machining (Fig. 2 (b)),
the structure integrates a 4-mm base with cylindrical pin fins. Each pin
fin has a diameter D, = 8 mm and a heigh H, = 6.5 mm, and is patterned
with crosswise square gears of lengthl, = 500-ym. The inter-fin channels
are spaced at s;; = 1lmm (Fig. 2 (c)). This monolithic construction
minimizes interfacial thermal resistance compared to additive
manufacturing or welded assemblies. The engineered surface architec-
ture (Fig. 2 (d)) simultaneously enhances the available boiling heat
transfer area (8 % increase versus bare cylindrical pin-fins baseline),
constrains bubble coalescence, and facilitates vapor evacuation. As
shown in Fig. 2 (e), the copper heat sink (HS) is subsequently mounted
vertically on the PCB board to be tested as a baseline. Meanwhile, the
original air-cooled heat sink (Fig. 2 (f)) is removed from the server,
shown here to illustrate the baseline system prior to modification. To
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Fig. 2. The design and fabrication of two-phase immersion heat sinks. (a) design drawing for the heat sink, (b) CNC machine tools utilized for mechanical processing
equipment, (c) the diagram depicting the structural dimensions of a cylinder pin-fin and gears, (d) physical photographs of the heat sink along with local enlarged
perspectives, (e) the baseline copper heat sink (HS) is vertically mounted on the PCB board, (f) the original heat sink was removed from the server.

lower the incipient boiling point, it is necessary to fabricate bubble boiling heat transfer by up to 135 % [39]. This research inspired us to
nucleation sites on the surface. This can be accomplished via techniques explore a simple and efficient approach for surface modification via

such as sandblasting [36], pulse laser treatment [37], welding [19], and spraying coating.

spraying coating [38]. A recent study demonstrated that fabricating
patterned graphene surfaces can increase nucleation sites, enhancing
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Fig. 3. Preparation and characterization of boiling-enhanced micro-nano structures. (a) Spray coating process for preparation of boiling-enhanced surface, (b) the
heat sink after coating and SEM scanning for the analysis of micro-nano structures, (c) the wettability ability of Noah-2100A droplets on heat sink surfaces, (d)

Temporal evolution of the contact angles (CA) in correspondence with the images in (c).
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3.2. Coating process

Graphene was selected as the nano-coating material. It was supplied
in a pressurized canister (Fig. 3 (a)), from which the graphene nano-
material was ejected by manually actuating a spray valve. It is provided
by Sugian Nakaitai New Materials Co., Ltd. When sprayed at a height of
around 20 cm above the heat sink, it can cover a specific area of the heat
sink's surface. After 2-3 rounds of spraying, the entire surface can be
coated. Subsequently, the sprayed heat sink is baked on a high-
temperature table at 200°C for 5 min and then left to natural cooling,
promoting uniform adhesion and solvent evaporation and forming a
graphene nanosheet texture on the surface. This high-temperature-
spraying coating approach [40] is capable of forming a uniform nano-
structure on the surface. Moreover, it offers the advantages of low
production cost and high production efficiency. Scanning electron mi-
croscopy (SEM) characterization reveals hierarchical micro-
nanostructures (500 nm-1 pm graphene sheets) increasing nucleation
site density by compared to bare copper surface (Fig. 3 (b)). These
features promote an augmentation in the liquid wetting ability and the
quantity of bubble nucleation sites. Consequently, it might enhance the
boiling heat transfer performance.

Wetting dynamics were quantified in the droplet spreading experi-
ment via high-speed camera photography. A Noah-2100A liquid droplet
of diameter D; ~ 1.4mm was released from a blunt needle with a low
initial velocity (Vo ~ 0.15m/s), eventually spreads on the target bare
copper and coated surfaces (as shown in Fig. 3 (c)). Note that during the
spreading experiments, there might be a slight variation in the initial
velocities. To account for this, the experiment was replicated three times
in different regions of the heat sink surface. The resulting velocity
variability was within 3 %. We traced the temporal evolution of the
contact angles (CA) after droplets came into contact with the surface. It
indicated that the Noah-2100A liquid droplet spread rapidly within a
few milliseconds due to its low surface tension. The superior wettability
of liquid on micro-nano structured surfaces is evidenced in Fig. 3 (d).
Specifically, the CA decreases from 45° (on the bare copper surface) to a
state approaching near-perfect wetting (<15°) on the coated surfaces.
When the droplet comes into contact with the structured surfaces, both
capillary-driven wicking within the micro-nano structures and wetting
on the surface of these structures occur simultaneously. This is because
capillary force-induced wicking triggers spontaneous wetting, and
wetting is a fundamental prerequisite for wicking to take place [18].
Thus, it can be reasonably inferred that the micro-nano structure formed
after coating significantly enhances the wicking performance, rendering
it superior to that of the bare copper surface heat sink.

4. Result and discussion
4.1. Thermal performance of enhanced heat sink

The Intel Thermal Test Vehicle (TTV) emulates real CPU thermal
behavior using five distributed die heaters. Fig. 4 illustrates the non-
uniform power distribution among the dies, which creates varied ther-
mal loads, with the central die (die 3, T;) experiencing the most rapid
temperature rise due to its highest power density. The electrical power
supplied to each die region was determined from the product of applied
current and voltage, and the sum of all five dies defined the total TTV
power. To avoid thermal damage, the total power was increased step-
wise from 100 W to a maximum of 600 W. Based on the total heater area,
the average heat flux density ranged from 4.1 W/cm? to 24.7 W/cm?.
Local heat flux, however, reached considerably higher values — for
instance, up to 53.1 W/cm? on die 3 at 600 W total power. During
testing, voltage and current were applied incrementally until the total
power reached 600 W. The system was then allowed to stabilize for
approximately 40 min before recording the first set of temperature data.
Measurements were subsequently taken during stepwise power re-
ductions from 600 W down to 100 W. This procedure was repeated
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Fig. 4. Voltage and current power supply conditions of different die
heat sources.

under identical power conditions at least three times to ensure repro-
ducibility. The resulting temperature deviations are summarized in
Fig. 5 (a), while other temperature-derived quantities were computed
using the average of three repeated measurements.

Fig. 5 presents a comprehensive overview of the thermal perfor-
mance achieved with the micro-nano structured heat sink. The engi-
neered surface coating enhances boiling heat transfer characteristics,
leading to a significant reduction in the TTV case temperature compared
to the baseline copper heat sink (HS). Further analysis reveals that the
enhanced heat sink (EHS) promotes heterogeneous bubble nucleation,
particularly in high-heat-flux regions, which intensifies localized heat
transfer while simultaneously altering the spatial temperature profile.
This non-uniform activation of nucleation sites underlies the observed
improvements in overall heat removal, though it also introduces distinct
thermal gradient characteristics across the chip surface.

Although this spatial heating profile generates notable thermal gra-
dients, the enhanced heat sink (EHS) successfully maintains lower
temperatures across all measurement points (Fig. 5 (a)). A 600 W ther-
mal load reveals EHS's growing advantage — achieving 4.5 % greater
temperature reduction (atAT, = 3.1 °C) than incurred at lower power
levels. Quantitative analysis in Fig. 5 (b) — (c) shows the EHS reduces
mean case temperature from 66.9 °C (HS) to 64.7 °C while lowering
average thermal resistance by 12 % (0.033 vs. 0.029 "C/W). Thermal
performance metrics follow:

T, + Ty + T
Tinean = % (€5)
Ravg — Tmeaan sat (2)
ATmax = Tmax — Thin (3)
AT = Tiean — Tsat (4)

()

>0

q:

Tmean Tepresents the mean temperature measured at three thermo-
couple sites, namely Ty, T,, and Ts, as depicted in Fig. 1 (c). Ry is the
average thermal resistance calculated based on the mean temperature.
AT,y refers to the maximum temperature difference among the tem-
peratures measured by the three thermocouples. Notably, while EHS
improves bulk cooling efficiency, its localized enhancement effect am-
plifies maximum temperature differences from 12.7 °C (HS) to 14.3 °C at
600 W (Fig. 5 (d)), suggesting trade-offs between thermal uniformity
and peak temperature mitigation.
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Fig. 5. Comparison of the experimental test outcomes of heat sinks before and after spray coating. (a) Temperature distribution corresponding to each thermocouple
element, (b) mean temperature of heat sinks, (c) average thermal resistance of heat sinks, (d) maximum temperature difference of heat sinks.

4.2. Bubble dynamics and heat transfer mechanisms

High-speed photography techniques were employed to capture dy-
namic bubble behavior across heat sink surfaces under varying thermal
loads. Fig. 6 (a) — (d) demonstrate power-dependent boiling patterns
from 100 W to 600 W. At lower power supply (Q < 200W), sparse
bubble nucleation takes place, accompanied by discrete detachment
events among pin-fin structures. As depicted by the black shaded re-
gions in Fig. 6 (a)—(b) and supplemental movie S1 and S2, the upward

trajectories of bubbles within the pin-fin channels are distinctly
observable. When the power input is increased to the range of 400-600
W, it instigates intensified phase change activities, as displayed in Fig. 6
(c)—(d) and supplemental movie S3 and S4. Specifically, approximately
80 % of the pin-fin channels become filled with bubbles (represented by
the white shaded areas), and enhanced bubble-liquid momentum
transfer is manifested through turbulent vapor columns.

High-speed imaging of an individual pin at Q = 50W (Fig. 6 (e))
reveals nucleation initiates preferentially within micro-grooves and

Fig. 6. Visual analysis of bubble growth and detachment on hybrid-structure surfaces. (a)Q = 100W, (b) Q = 200W, (c) Q = 400W, (d) Q = 600W, (e) An enlarged
view of the bubble generation on a single cylinder at Q = 50W (scale bar: 2 mm), (f) A full-view photograph of EHS with a power 600 W (g: gravity).
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coated substrate regions. This indicates that the micro-nano structure
facilitates the nucleation of bubbles. The growing bubbles within the
micro-grooves gradually expand along the channels and ultimately
detach from the surface of the copper column. Subsequent vapor growth
adheres to channel geometries until buoyancy-driven detachment oc-
curs. The departure diameter is approximately 0.2 mm, which is
significantly smaller than that of traditional FC-72 coolant on nano-
structured surfaces as reported in reference [23]. Post-detachment
coalescence creates vapor slugs (Fig. 6 (f) schematic) that accelerate
through confined pin-fin gaps.

Macroscopic visualization of the EHS in Fig. 6 (f) reveals a non-
uniform distribution of phase change activity, with the highest density
of bubbles occurring in the central region (marked by the red dashed
zone), while peripheral areas show comparatively fewer bubbles. This
vertical thermal gradient corresponds to the measured temperature
distribution on the Thermal Test Vehicle (TTV), where the central die T;
reaches 72.1 °C and the edge die T3 remains at 57.7 °C under 600 W
power. This spatial thermal profile aligns with thermocouple measure-
ments, confirming the presence of a dominant central hot spot in the
vertically oriented TTV. This finding is consistent with prior study [41]
which indicates that component height variance in vertically mounted
two-phase immersion cooling systems significantly impacts thermal
performance through bubble coalescence dynamics. Specifically, the
morphological evolution of vapor bubbles during phase transition cre-
ates heterogeneous heat transfer characteristics that necessitate careful
consideration in multi-chip server architectures [42]. In the present
single-chip setup, localized hot spots arise mainly from non-uniform
power density distribution across the chip surface, with heat dissipa-
tion efficiency fundamentally constrained by thermal spreading resis-
tance at the TTV — heat sink interface.

z
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Vapor
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Initial phases

Dies 80.3°C Lid

Thermal Science and Engineering Progress 70 (2026) 104495

To further examine temperature non-uniformity resulting from
power distribution, a phase-field method adapted from prior work [43]
was implemented in COMSOL Multiphysics 6.2. The study focuses on a
simplified three-dimensional model of the two-phase immersion system,
which represents the experimental cooling tank setup. The model in-
cludes five die heat sources, a package lid, and a heat sink, with a thin
thermal resistance layer simulating the thermal interface material
(thermal grease). Local mesh refinement was performed near the
gas-liquid interface and the dies to improve computational accuracy and
convergence, and four mesh sizes were tested: coarser (104,490 ele-
ments), coarse (300,715 elements), medium (957,085 elements), and
fine (5,857,738 elements). The medium mesh (957,085 elements) was
selected (see Fig. 7), as the maximum temperature difference relative to
the fine mesh was below 1.2 %. The computational domain was divided
into an upper vapor zone and a lower liquid region, with the initial
temperature set uniformly to the coolant saturation temperature of 47
°C. The vapor zone walls were modeled as condensing surfaces held at
20 °C, other walls are subject to the boundary condition of thermal
insulation. while all other walls were thermally insulated. The entire
assembly, including dies and heat sink, was fully immersed in N-2100A
coolant, and a transient iterative solver was employed.

Fig. 7 illustrates key aspects of the simulation, including geometry,
structured meshing, initial phase-field distribution (blue: liquid, red:
vapor), and the resulting temperature profile under asymmetric heating
at 300 W total power (die 3: 170 W, dies 2 and 4: 85 W, dies 1 and 5:
45 W). The simulated temperature distribution confirms the experi-
mental observation of a central hot spot, with the highest temperature
localized at the center of the high-power die 3 and gradually decreasing
outward. Although the model predicts a maximum lid temperature
approximately 10 % lower than the experimental value (measured at T;

Meshing

47
Temperatures

Fig. 7. Temperature distributions of dies and lid obtained via numerical simulation.
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in Fig. 1), attributed to simplifications such as the use of thicker
unpackage-style dies for computational efficiency. The simulated ther-
mal gradient shows a maximum difference of 7.7 “C of lid, which is
similar with experimental measurements. This result underscores the
need for more effective thermal uniformity strategies in future two-
phase cooling designs.

Heat is conducted from the dies to the heat sink and subsequently
dissipated to the coolant through boiling. The overall thermal resistance,
Reor, which governs both the total heat dissipation rate and the tem-
perature at the base of the dies, is defined as [44]:

Riot = Rpie + Rry + Ry +Re +Rp = Z R; (6)

Tl
T Q
where AT;; represents the temperature drop across each material layer
(die, thermal interface material, heat sink base, and fins) and Q is the
total power input. To investigate the impact of small die size and non-
uniform power distribution on thermal spreading resistance and peak
temperature, the simulation model was adapted by replacing multiple
dies with a single die heat source, while maintaining the total power at
300 W and all other boundary conditions unchanged (see supplemental
Fig. 1). The total thermal resistance was calculated as R;; =
(Timax —Tsar)/ Q- Results show that Ry, decreased from 0.111 “C/W in the
multi-die configuration to 0.062 'C/W in the single-die case — a
reduction of 0.049 “C/W. Correspondingly, the maximum die temper-
ature dropped by 14.7 *C. These findings confirm that the combination
of small heat source dimensions and uneven power distribution in-
tensifies lateral thermal spreading resistance, leading to elevated peak
temperatures. The simulation results are associated with the bubble
aggregation behavior in the central area of the heat sink, as observed in
Fig. 6 (f), and the temperature curve measured in Fig. 5 (a). A related
simulation study [44] suggested that optimizing the heat source-to-sink
area ratio and employing high-thermal-conductivity materials can help
mitigate spreading resistance. However, in the present system, where
the TTV package size is fixed — a conventional copper heat sink alone
proves inadequate in overcoming the high thermal spreading resistance.
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Simulation-based analysis indicates that the integration of higher-
conductivity materials can contribute to reducing this resistance.

4.3. Heat spreading optimization and performance of integrated
architecture

Given the challenge of localized temperature rise due to thermal
spreading resistance and uneven heat distribution, the vapor chamber
(VC) emerges as a preferred heat spreader owing to its exceptionally
high thermal conductivity. Commercial VCs typically exhibit an effec-
tive thermal conductivity of 2000-5000 W/(meK), substantially
exceeding that of pure copper. Although prior research [32] has iden-
tified the potential of VCs as heat spreaders in HFE-7100 coolant for
high-heat-flux server cooling, comparative studies evaluating perfor-
mance before and after VC integration have been lacking. To address
this gap, we developed a hybrid cooling architecture that combines a
vapor chamber as a heat spreader with an enhanced heat sink (denoted
as EHS-VC), aimed at mitigating temperature non-uniformity and
reduce the peak temperature. The optimized assembly incorporates a
thinned 2 mm EHS base — reduced from the original 4 mm — bonded to a
commercially sourced VC. As illustrated in Fig. 8 (a), the VC features
external dimensions of 136 mm x 96 mm x 3.5 mm. An aluminum alloy
frame provides structural support, while a nickel-plated surface ensures
oxidation resistance.

Experimental results (Fig. 9 (a)—(d)) confirm a breakthrough in
thermal performance: at 600 W, the maximum hotspot temperature (T;)
drops to 64.3 °C, the mean temperature decreases by 22.1 % to 62.6 °C,
and the average thermal resistance is reduced by 6.4 % to 0.026 °C/W.
Most notably, the maximum temperature difference (ATpq,) plummeted
75.1 % to 3.8 °C, underscoring the efficacy of phase-change-mediated
heat spreading within the VC (Fig. 9 (d)). This high-thermal-
conductivity spreading mechanism directly alleviates the thermal
gradient issues identified earlier.

Table 2 summarizes thermal performance metrics from previously
reported two-phase immersion cooling systems developed by chip
manufacturers and server providers. These studies primarily focus on

EHS

VC
TTV
PCB

VvC

ANSSSORY AR
Thermal grease

AW

Fig. 8. The issue of substantial temperature difference and heat dissipation is tackled by integrating the vapor chamber. (a) Design drawing of the vapor chamber
according to the EHS base size, (b) schematic diagram of integrating the vapor chamber with EHS, (c) bottom view of integrated the vapor chamber with EHS.
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Fig. 9. The issue of substantial temperature difference and heat dissipation is tackled by integrating the vapor chamber. (a) Temperature distribution corresponding
to each thermocouple element after integration of VC, (b) maximum temperature difference of EHS-VC comparing with EHS, (c) average resistance of EHS-VC with
VC comparing with EHS, (d) comparison of the proportion of the enhancement in heat dissipation performance.

Table 2
Experimental studies results in selected literatures.
Surface Coolant  Power Heat Tnax(°C) Thermal
w) source resistance
“c/w)
Removable boiling ~ FC-72 600 TTV 74 ~0.03
layer [27]
10 mm-pin-fins 3D FC-72 600 TTV ~74.5 ~0.03
printing [28]
10 mm-pin-fins FC-72 600 TTV ~71 ~0.025
MIM [28]
Boiler with VC HT55 350 BGA TTV ~81.4 ~0.061
[13] 900 CoWoS 92.2 0.0355
TTV
Steel [30] YL-10 600 Film 69.94 ~ 0.0374
heater
This study Noah — 600 Intel TTV ~ 64.3 0.026
2100A

minimizing peak chip temperature, motivated by the fact that CPU
performance and reliability degrade by approximately 10 % for every 2
°C increase beyond 70 °C [45]. In most cases, the reported maximum
case temperatures approach or exceed 70 °C [30]. Moreover, many
studies rely on single-point thermocouple measurements, thereby
overlooking lateral temperature variation. While advanced packaging
solutions such as CoWoS [13] account for thermal non-uniformity and
enable total power dissipation up to 900 W, the resulting maximum
temperature and thermal resistance remain relatively high, even with a
vapor chamber base. Although a minimum thermal resistance of 0.025
°C/W has been achieved using more complex lidded packaging pro-
cesses [28], the EHS-VC architecture presented here offers a competitive
balance of performance and manufacturability. Furthermore, the
experimental results of the EHS-VC from this study were compared with

the boiling curve data reported in figure 14 of Ref. [30], as illustrated in
Fig. 10. The boiling curves exhibit similar trends, which can be attrib-
uted to the comparable thermophysical properties of the coolants used
in the studies. For instance, YL-10 experiment employed a simple steel
plate as the cooling surface (see Table 2), whereas the present study
utilizes a VC with a larger surface area for convection. These design
improvements contribute to enhanced boiling performance in our ex-
periments, thereby confirming both the reliability of the current results
and the robustness of the experimental setup. In summary, while earlier
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Fig. 10. Comparison between the boiling curves in this work and studies
in Ref. [30].
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studies mainly focused on augmenting nucleation sites or increasing
surface area on heat sink structures, our EHS adopts a multi-scale
approach and integrates the EHS with a VC, which further overcome
thermal spreading resistance, a challenge seldom tackled in earlier im-
mersion cooling studies.

Following the ongoing trend of device scaling under Moore's Law
[46], power dissipation of high-performance CPUs and GPUs is pro-
jected to exceed 1,000 W [28]. To assess the cooling capability of our
system under such conditions, a second-order polynomial regression was
applied to the experimental thermal data (Tjesn = aQ? + bQ + ¢, with
coefficients a = 7x10° b = 0.25, and ¢ = 49.9). As summarized in
Table 3 and illustrated in Fig. 11, the proposed model predicts a mean
case temperature of 68.2 °C under kilowatt-level power, assuming
equivalent boundary conditions. It should be emphasized, however, that
this extrapolation is derived from data obtained within the 0-600 W
range and lacks experimental validation at higher loads. The regression
does not incorporate potential nonlinear effects such as phase-change
instability or thermal spreading resistance at extreme heat fluxes.
Additional factors, including altered bubble dynamics, local dry-out
risk, or condenser limitations under intense vapor generation, could
significantly degrade practical performance. Thus, while the model
provides a useful preliminary estimate, actual performance under
kilowatt-class operation must be verified experimentally. Existing
literature [28] suggests that structural enhancements, such as increasing
the finned area (e.g., extending the fin height H, to 10 mm) or opti-
mizing the geometry, could help maintain case temperatures below 65
°C even at kilowatt levels. Such design refinements represent a prom-
ising pathway for adapting the proposed cooling strategy to next-
generation high-power chips. It should be noted, however, that the
current design is tailored to standard server packages; adaptation to
emerging chiplet — based architectures would require further geometric
re-optimization. In addition, the present approach still faces certain
limitations, including reliance on high-thermal-conductivity materials
that increase cost, as well as a multi-scale fabrication process that de-
mands precise manufacturing control.

5. Conclusions and outlook

Two-phase immersion cooling (TPIC) presents significant potential
for enhancing CPU performance and system-level energy efficiency. This
study developed a monolithic high-performance heat sink to replace
conventional air-cooled solutions in TPIC systems. The proposed archi-
tecture synergistically integrates macro pin-fins (featuring micro-
serrations and nano-coatings) with a vapor chamber that acts as both
a heat spreader and a structural base. This integrated design effectively
reduces the peak chip temperature while mitigating lateral thermal
heterogeneity. Experimental results demonstrate that the hybrid design
maintains a maximum case temperature below 65 °C at 600 W heat
load, with a total thermal resistance under 0.026 °C/W. Compared to a
pure copper heat sink, which exhibited a spatial temperature gradient of
14.3 °C, the vapor chamber-assisted configuration improved tempera-
ture uniformity by reducing the maximum temperature difference by 75
% (to 3.8 °C). It also lowered the average thermal resistance by 6.4 %
and the mean temperature by 22.1 % — a combination of benefits not
systematically reported in prior VC-based immersion cooling studies.
Data extrapolation suggests this approach is scalable for kilowatt-level
cooling demands.

Despite these advances, the widespread adoption of immersion
cooling is still constrained by high material costs and unresolved
compatibility issues between coolants and electronic components.
Future work should prioritize the development of bio-derived or recy-
clable coolant alternatives to enhance environmental sustainability. A
comparative study of nucleation enhancement techniques, such as the
graphene coating applied in this work versus sintered porous copper or
carbon nanotube arrays would help to quantitatively assess their
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Table 3
Prediction of the temperature under higher power loading up to 1
kw.

Power supply (W) Mean temperature (°C)

700 64.2
800 65.7
900 67.1
1000 68.2
64 B . . .
—— Polynomial fitting
/ ]
[
60 |- /
o -
N
> /
~ u
- _ 2
56 / Tmean*a Q+bQ+C
R?=-0.9997
52 |
1 1 1 1 1 1
100 200 300 400 500 600
QW)

Fig. 11. Data fitting for the mean temperature of EHS-VC.

efficiency and cost-effectiveness. Furthermore, systematic optimization
of the coupling between macro-fin spacing and nanostructure density
through parametric studies could help overcome the trade-off between
thermal resistance and temperature uniformity identified in this study.
Finally, thermal cycle tests and aging analysis of materials and modules
under long-term operating conditions represent critical directions for
future research.
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