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Abstract— Rising electronics power density has led to the
adoption of immersion cooling as a thermal management strategy
for next generation chips. However, immersion cooling is plagued
by the critical heat flux (CHF) limit, which dictates the maximum
heat transfer from a surface. Following its discovery in 1934 by
Nukiyama, two explanations, namely the hydrodynamic
instability theory introduced by Kutateladze in 1948 and
established by Zuber in 1959, and the evaporation momentum
theory conceptualized by Steinchen and Sefiane in 1996 and
formalized by Kandlikar in 2001, have hitherto predicted a similar
CHF limit (~ 100 W/cm? for water on a copper surface) despite
hinging on contrasting physical phenomena. Here, we show
through rigorous experimental and analytical investigation of
boiling using liquids with diverse thermophysical properties and
planar heater surfaces representing 44 unique experimental
conditions, that the critical heat flux limit due to evaporation
momentum (CHFEgy) is approximately four times higher than the
hydrodynamic instability limit (CHFui) predicted by Zuber.
Remarkably, this elevated CHFgv becomes manifest only when
the hydrodynamics of liquid and vapor flow above the heater
surface are fully stabilized. Our experiments demonstrate the
existence of these two asymptotic limits governed by
hydrodynamic and surface limitations, respectively, depending on
hydrodynamic flow conditions above the heater surface such that
the ratio CHF/CHFem ranges from 0.2 to 1 across all examined
fluids. Evaporation momentum theory encompasses the force
balance on a bubble, which is evidenced in our experiments
showing the presence of nucleating bubbles even as the surface
heat flux approaches CHF. Further, a theoretical model is
developed to predict CHF based on the single bubble assumption,
and closely matches experimental data. Unlike previous
assumptions, we find that the effect of gravity is negligible. This
work could provide guidelines for development of surface
topologies suitable for immersion cooling.

Keywords—boiling, critical heat flux, evaporation momentum,
hydrodynamic instability, immersion cooling, electronics cooling

I. INTRODUCTION

As modern electronics and high-power lasers continue to
evolve in complexity and performance, their thermal
management emerges as a critical challenge, requiring reliable
cooling solutions capable of maintaining low junction
temperatures [1]. Thermal management is an essential element
of data centers technology, contributing to substantial energy
consumption hence requiring advancements in heat removal
strategies to ensure energy efficiency [2], [3]. To tackle this
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growing need, phase-change immersion cooling is emerging as
an alternative thermal management strategy owing to its
capability to remove large amounts of heat while maintaining
the chip isothermal [4], [5]. Phase-change immersion cooling
relies on boiling of the coolant to remove heat from the chips
[6]. To benefit from two-phase immersion cooling, the design of
boiling surfaces and liquid coolants must be informed by the
fundamentals of pool boiling heat transfer [7]. A long-standing
question in this regard has revolved around the underlying
physics of the upper limit of nucleate boiling heat transfer,
commonly known as the critical heat flux (CHF). At CHF, the
rate of vapor formation at the boiling surface increases to a
degree that prevents returning liquid from rewetting the heater.
The formation of a resulting vapor blanket on the heater surface
triggers a rapid, often catastrophic, rise in the heater temperature
leading to burnout and failure of electronics. An unclear
understanding of this limit leads to the operation of many such
thermal systems below their potential. To advance immersion
cooling, the limits of CHF must be established unequivocally.

CHF was initially discovered by Nukiyama in the year 1934
[8]. Subsequent research spanning nearly a century has been
dedicated to elucidating the physics underlying this
phenomenon and advancing the CHF threshold. Numerous
studies have been undertaken to investigate the influence of
various factors on CHF such as liquid properties [9], [10],
surface wettability [11], [12], surface capillary wicking [13],
[14], surface roughness [15], heater size [16], and component
orientation [17], [18]. The predominant theoretical framework
explaining CHF has been the hydrodynamic theory, initially
postulated by Kutateladze [19], and further refined into a
mathematical model by Zuber in 1958 [20]. This theory
correlates CHF with the instability phenomena occurring in the
liquid and vapor columns above a heated surface. The
hydrodynamic model remained the leading theory for
approximately four decades [21]. A new perspective was offered
in 1996 by Steinchen and Sefiane [22], who explored the
hypothesis that a boiling crisis could be initiated by rapid vapor
recoil forces at the liquid-solid interface, leading to the
formation of the evaporation momentum theory. Building on
these principles, Kandlikar formulated an empirical correlation
that incorporates the effects of the liquid-surface contact angle
and heater orientation, based on the evaporation momentum
force theory [23].
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Fig. 1. (a) Hydrodynamic theory postulates that the interaction of escaping
vapor (denoted by red arrows) and returning liquid (denoted by blue arrows)
columns away from the surface trigger CHF when the distance between the
vapor columns reaches a critical value (1,) based on Taylor instability [24]. (b)
A vapor pocket growing on a hot surface is subject to a momentum force F,,
(direction of force shown by red arrows) which tries to expand the pocket
radially outwards, and the surface tension force F, (shown by the blue arrows)
acting along the periphery of the vapor pocket which work to retain the shape
of the bubbles and pin the vapor pocket to the surface. Evaporation momentum
theory states that CHF is triggered when the evaporation momentum force
outweighs the restoring forces.

Figs. 1(a) and (b) illustrate two leading theories explaining
CHF phenomena. Zuber's hydrodynamic theory [20] suggests
that increasing heat flux intensifies bubble formation, leading to
the formation of vapor columns (Fig. 1(a)). These columns
obstruct liquid return to the surface as their velocity surpasses a
critical point, causing liquid-vapor interface destabilization—a
process akin to Taylor [24] and Helmholtz [25] instabilities—at
a critical spacing (Ap). Hence, CHF results from hydrodynamic
instabilities above the heater-liquid interface. While widely used
for CHF prediction, this model does not incorporate the effect of
surface geometry and wetting properties [26]. Conversely, the
evaporation momentum theory attributes CHF to a force
imbalance at the heater's three-phase contact line. Kandlikar's
model [23] indicates that CHF arises from momentum due to
rapid evaporation at dry spots (see Fig. 1(b)). This momentum
creates a lateral force (red arrows), expanding the dry patch by
pushing liquid outwards, counteracted by surface tension and
vapor buoyancy. CHF occurs when evaporation momentum
overpowers these forces, causing the vapor pocket to expand
swiftly. Both hydrodynamic and evaporation momentum
theories predict similar CHF values (~110 W/cm? for water on
smooth copper at 1 atm) and fail to account for higher
experimental CHF values. In this work, we establish the
conditions for observing the hydrodynamic (CHFpn;) and
evaporation momentum (CHFgy) limits through experiments
and theoretical analysis, challenging the premise that they can
be co-limiting under identical conditions [27]. Furthermore,
gravitational aspects of the evaporation momentum model
which were hitherto unreported are discussed along with a visual

analysis of boiling close to CHF. In subsequent sections, it will
be shown that when hydrodynamic flow is ordered adequately,
bubble nucleation can be observed very close to CHF. Lastly,
implications for immersion cooling will be discussed, showing
that through progressive ordering of liquid-vapor flow, chip
isotherms can be maintained for a wide range of heat fluxes.

II. EXPERIMENT
A. Test Liquids

To understand CHF limits in the context of immersion
cooling, we test three different liquids with widely different
thermophysical properties: namely water, ethanol, and n-
perfluorohexane (3M Fluorinert FC-72°). Water is chosen as it
is a key reference fluid involved in numerous past studies.
Ethanol is used as another reference fluid with a surface tension
in between that of water and FC-72. FC-72 is a dielectric coolant
with a boiling point of 56 °C at atmospheric conditions chosen
as a representative of low-pressure inert fluids used for
immersion cooling. Table I shows properties of the 3 liquids at
25°C and 1 atm (101.325 kPa).

TABLE 1. LIQUID PROPERTIES AT 25 °C AND 1 ATM
Liquid Vapor Surface Heat of
Liquid density density tension vaporization
P (kgm’) | p,(kg/m) o (N/m) hy (kd/kg)
Water 998 0.59 0.072 2256.4
Ethanol 789 1.59 0.022 918.16
FC-72 1680 13.13 0.010 88

B. Test Device

Fig. 2 illustrates the experimental setup, featuring a furnace
set into a PTFE block with two 315 W cartridge heaters. We
integrated copper fins with dimensions—20 mm height, 10 mm
length (L), and varying widths (W) of 10, 2, 1, and 0.5 mm—
using a high-temperature solder (Pb93.5Sn5Agl.5) to obtain
four distinct test surfaces. 'T' type thermocouples, with a solder
thermal conductivity of 60 W/m-K, were embedded into micro-
posts on the fin's side to record the temperature profile, placing
the uppermost sensor (77) 0.5 mm from the top to gauge the fin's
temperature gradient (see Fig. 2). The fins were insulated using
polydimethylsiloxane (PDMS) whose thermal conductivity
(kpvps = 0.15 W/m-K) is #2500 times lower than that of copper
(kcu = 398 W/m-K) to minimize heat loss. Heat flux between 2
consecutive thermocouples is calculated using Fourier’s law (g~
= — k¢ (AT /Ax) ), where AT is the temperature difference
between the two thermocouples, and Ax (4 mm) is the spacing
between them. Surface temperatures (7;) were estimated by
extrapolating thermocouples measurements, and the average of
3 heat fluxes is reported.

To maintain consistent surface properties across all tests, all
surfaces were cleaned with acetone, ethanol, isopropyl alcohol,
and deionized water, and consecutively smoothed with
sandpapers of 1500 grit and 3000 grit. Next, they were polished
using MAAS metal polish to remove any inherent oxide layer
and reduce surface roughness. Static liquid contact angles of
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60£2, 1242, and 441 for water, ethanol, and FC-72, respectively

were recorded prior to experiments.

cartridge
heaters

Fig. 2. Test device consisting of copper heater block, PTFE and PDMS
insulation. Cartridge heaters of 315 W each are inserted into the holes indicated
by red arrows. Four T type thermocopuples are embedded to record
temperature. The length (L) of the copper fin is 10 mm, while the width (#) is
altered between 10, 2, 1, and 0.5 mm to obtain 4 test surfaces.

C. Experiment Setup

Fig. 3 presents a schematic of our experimental setup within
an 8x8x8 inch vacuum chamber, featuring quartz glass walls for
observation. The setup includes 2 light sources, 2 diffuser plates,
and a power supply to power the cartridge heaters through a
power inlet feedthrough (indicated in red).

Two 500 W auxiliary heaters regulated the working fluid's
temperature and chamber pressure. A fifth 'T" type thermocouple
monitored the fluid's saturation temperature (7s.). An Agilent
DAQ (34970A) recorded temperature and pressure data. Two
high-speed cameras (Photron FASTCAM SA4) were operated
synchronously in orthogonal directions to capture the physics
close to the surface. The recording of the boiling process close
to the surface provide conclusive details about bubble formation
close to CHF which were hitherto debated in literature.

D. Experimental Procedure

Each experiment was set up by placing the heater device
inside the chamber, charging the working liquid, and degassing
the liquid by vacuuming the chamber for 3 to 4 hours. The
chamber pressure and correspondingly saturation temperature
were controlled using auxiliary heaters such that the liquid
followed its saturation pressure curve. The heaters were
supplied with AC power to increase heat flux in increments of
10 W/cm? after temperatures reached a steady state. At a certain
point in the experiment, the temperatures rise rapidly indicating
CHEF. At this point, the experiment is stopped. This is illustrated

in Fig. 4 which shows temperature recordings from the DAQ
during an experiment.
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Fig. 3. Experimental test loop consisting of a vacuum chamber, 2 LED
illuminators, 2 diffuser plates, 2 high speed cameras, a power supply, and data
acquisition (DAQ) system. The vacuum chamber contains an electrical
feedthrough for routing of wires. A pressure transducer is placed on the vacuum
chamber to record pressure inside the chamber.
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Fig. 4. Sample experimental run showing temperature data from 4
thermocouples as a function of time. The sudden uptick in temperatures signify
CHF and the end of an experiment.

To maintain constant saturation conditions inside the chamber
during an experiment, heat loss from the chamber to the
surroundings was considered. The pressure and temperature
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inside the chamber is maintained through a balance between the
power supplied to the main and auxiliary heaters, as well as the
heat loss from the chamber to surroundings. Fig. 5 shows the
pressure inside the chamber over the course of an experiment
conducted at 101 kPa, illustrating constant saturation conditions.
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Fig. 5. Pressure inside the chamber as a function of elapsed experiment time for
an experiment conducted at 101 kPa. The pressure is maintained constant
during the entire duration of the experiment.

E. Data Reduction

Temperature readings from tests conducted at 4 different
pressures (16.6, 33.3, 66.7, 101.3 kPa) were reduced to heat
fluxes as described in section II (B), and the maximum heat
fluxes recorded at CHF are reported.

High-speed videos are analyzed using ImageJ, an open-
source image processing software. The images were analyzed
to characterize the progression of boiling and determine
dynamic contact angles of the liquid near CHF.

F. Uncertainty and Error Analysis

The uncertainty in heat flux is caused by uncertainty in
temperature readings, thermal conductivity of copper, and
spacing between the thermocouples. Equation (1) was used to
calculate the uncertainty in heat flux

8q" (5k)2 N (6AT)2 N <6Ax>2 a2 )
" |\k AT Ax
where 8k , AT , §Ax are the uncertainties in thermal
conductivity, temperature gradient, and distance between
thermocouples, respectively. Since the surface heat flux is the
average of the three heat fluxes, the temperature difference is

calculated as AT = (T; + T, + T3 + T,)/4 . Hence, §AT can
be calculated using (2).

SAT = [(8T)? + (5T)? + (5T)% + (6T)2 @) ~ 26T @)

The uncertainty in different experimental variables are
tabulated in Table II.

TABLE II. UNCERTAINTIES OF MEASURED VARIABLES
Variable Uncertainty
6T +0.5K
6k/k +2%
6Ax/Ax +0.3%
6A/A 0.2%
6P/P +0.25%

The uncertainty in heat flux is found to be £20.2% at a lower
value of 14 W/cm? and +3.1% at the highest value of 370
W/cm?. Additionally, we ensured that there is no heat loss in the
fin section by calculating the heat fluxes between consecutive
thermocouples and comparing them against the average heat
flux from the three measurements in Fig. 6. The individual heat
fluxes do not show any appreciable difference, confirming that

the heat loss is negligible across the fin.
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Fig. 6. Individual heat fluxes between consecituve thermocouples as a function
of the average heat flux for an experiment conducted with water at 66 kPa. No
significant difference is observed among the individual heat fluxes, indicating
negligible heat loss across the fin section.

III. RESULTS AND DISCUSSION

A. Experimental Observations

The progression towards CHF is similar on all heaters and a
detailed visual analysis is presented in [27]. Initially, as the
surface is heated, surface temperatures rise, eventually resulting
in nucleation of bubbles, initiating boiling. An increase in heat
flux is visually indicated by an increase in frequency of bubble
generation in the nucleate boiling regime [28]. At higher heat
fluxes, bubbles coalesce close to the surface to form large vapor
pockets. On large heaters (W = 10 mm), this phenomenon
typically leads to dry patches which keep growing in size [28].
At extremely high heat fluxes, the entire surface is engulfed by
vapor, indicating CHF. On the smaller heaters (W =2, 1, 0.5
mm), the boiling process follows a similar pattern in the nucleate
boiling regime. However, since the smaller heaters allow
enhanced liquid replenishment along their length, the formation
of dry patches is negligible. In fact, a widely debated idea in
literature has been the nature of vapor formation on a surface
close to CHF. Many studies have reported that close to CHF, the
surface experiences partial dryout with hot spots on the surface
[28]. Others have hypothesized a thin liquid microlayer supplied
liquid to the surface even close to CHF. Our experiments on
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hydrodynamically enhanced boiling conditions shows the
nucleation of bubbles close to CHF. This is illustrated in Fig. 7
which shows a snapshot of FC-72 boiling on a 1 mm surface at
a heat flux of ~ 35 W/cm?, which is greater than twice the Zuber
limit.

Fig. 7. FC-72 boiling on a 1 mm surface at ~ 35 W/cm? Enhanced liquid
wetting due to hydrodynamic ordering leads to bubble nucleation even at high
heat fluxes.

This phenomenon is attributed to enhanced liquid wetting
even at high heat fluxes due to enhanced hydrodynamic ordering
of the liquid and vapor. Coalescing vapor pockets on heaters
with characteristic lengths exceeding the capillary length of the
liquid lead to a marked CHF limit characterized by reduced heat
flux and increased surface temperatures.

The image demonstrates that when hydrodynamic flow is
ordered above the surface, heat flux can be significantly
increased and the inhibition of vapor column coalescence leads
to bubble formation on the surface due to efficient liquid
rewetting. At higher heat fluxes, the contact line rapidly expands
laterally, covering the heater and surrounding areas, signaling
CHF (blue arrows). These findings are plotted in Fig. 8(a)-(c)
against existing theoretical models.

Preliminary results indicate a decline in CHF values
correlating with lower saturation pressures, aligning with
established findings of boiling at diminished pressures [29].
Notably, there is a significant disparity in CHF values when
comparing a large square heater to those under HEC conditions.
The square heater, with a characteristic length surpassing the
capillary length for all tested liquids, shows CHF constraints
arising from hydrodynamic instabilities. This is corroborated by
the pink curves representing Zuber’s correlation [20], as
outlined in (3)

VA
CHFzyper = ﬁ hfgpul/z [og(p — pv)]1/4 3)

which considers the interaction of vapor columns away from the
surface and does not account for the contact angle of the liquid.
As heater sizes approach the liquid's capillary length, CHF
notably increases due to the stabilization of above-surface
liquid-vapor hydrodynamics. This is particularly evident with

water (Fig. 8(a)), where heaters narrower than water's capillary
length (2.73 mm) lead to substantially higher CHF values—up
to four times Zuber’s hydrodynamic limit at atmospheric
pressure. For ethanol (Fig. 8(b)), a 2 mm heater width slightly
enhances CHF due to improved hydrodynamic stability, and
even more so when the heater width is below ethanol's capillary
length. The trend is most pronounced for FC-72 (Fig. 8(c)),
where CHF escalates consistently as flow hydrodynamics
stabilize, peaking for heaters narrower than FC-72’s capillary
length (0.72 mm). The orange lines in Fig. 8, modeled to reflect
the balance between evaporation momentum and surface
tension, accurately forecast these CHF limits under stable
conditions. These patterns suggest that by tailoring heater
dimensions, flow hydrodynamics can be optimized,
significantly enhancing fluxes where evaporation momentum
becomes the dominant limitation, surpassing previous
predictions [23].

While reducing heater dimensions below the liquid capillary
length markedly raises CHF limits, a further decrease does not
continue this trend. For water (Fig. 8(a)), CHF values reach a
maximum and remain constant despite a heater width decrease
to 0.5 mm, much less than its capillary length of 2.73 mm.
Ethanol exhibits a similar trend (Fig. 8(b)), where CHF values
stabilize when heater width narrows from 1 mm to 0.5 mm,
suggesting a heat transport ceiling on smooth surfaces.
Moreover, although the evaporation momentum force is a
consistent factor, its interaction with multiple vapor columns on
larger heaters leads to early film boiling transitions, below the
potential CHF. By normalizing CHF against the experimental
evaporation momentum limit (CHFgu) and plotting it against the
non-dimensionalized heater width (Lx/L.), a clear demarcation
between the hydrodynamically limited and evaporation
momentum limited test cases is obtained. Here, L. is the

capillary length of the liquid, defined as L, = \/a/(p; — p») 9,
where g is the acceleration due to gravity (9.81 m/s?), p, is the

liquid density, p,, is the vapor density, and o is the interfacial
tension between the liquid and vapor. The ratio Ls/L. can also be
interpreted through the square root of the Bond number, Bo =
(pgLi?)/o, which balances gravitational and capillary forces. Fig.
9 confirms that CHF exceeds Zuber’s prediction and reaches the
evaporation momentum threshold as heater size falls below the
liquid's capillary length, a consistent result across various
liquids, heater sizes, and pressures.

B. Theoretical Interpretation

To model CHF under conditions where liquid flow is
hydrodynamically stable atop the surface, we turn to the
evaporation momentum theory. Our analysis starts with a vapor
pocket on a horizontal plane, as depicted in Fig. 10, idealized
as a spherical cap to facilitate numerical analysis. This bubble
comprises vapor of density p,, encircled by a liquid of density
D1, with a bubble radius of 1, and a contact radius on the surface
7.. The liquid-vapor interfacial tension is represented by o, the
liquid contact angle by B, and g stands for gravitational
acceleration. The sphere's geometric center is the origin O', with
points on the sphere described by radial (r), azimuthal (0), and
polar (¢) coordinates in the spherical system, while X, y, z denote
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Fig. 8. Critical heat flux (CHF) on different surfaces for (a) water, (b) ethanol, and (¢) FC-72. Inverted triangles represent surfaces with a width of 10 mm;
squares, 2 mm; upright triangles, 1 mm; and diamonds, 0.5 mm. The error bars represent the uncertainty in recording the heat fluxes. The pink curves represent
Zuber’s prediction [20] for the respective liquid and surface configuration, orange curves represent the present model, while the blue curve represents

Kandlikar’s prediction [23].

the Cartesian axes, as indicated in Fig. 10. The momentum
generated by evaporation, F,,, drives the radial expansion of the
vapor pocket, counterbalanced by the surface tension force F,
(illustrated by the blue arrow).

components, focusing on the x-direction. The analysis is limited
to the bubble's left half; thus, the net horizontal evaporation
momentum force, Fyy, is oriented along the negative x-axis,
opposite to Fig. 10 for visual simplicity. We compute F, x as the
integral of the x-component of vapor velocity V, times the

10— 4® f normal vapor velocity magnitude V - i across the area element
@ n dA=r,* sin(¢) (d6-dg), representing a spherical surface segment.
09— A The mass flux of evaporating vapor is given by m =
q"4;/ hfg, where ¢ is the incident heat flux contributing to the
0.8 — vapor generation, 4; (= 4mrf ) is the area of influence
E ‘ Increasing responsible for supplying heat to the bubble, and /, is the latent
s 0.7 |— ‘ hydrodynamic heat of vaporization of the liquid. The mass flux can also be
X A B stability expressed as m = p,A,v, where 4, is the surface area of the
g 0.6}— - bubble/vapor pocket, and hence we can express the velocity of
I the vapor at the liquid-vapor interface v = 4q"/(p,hsq(1 +
O©o5— - cos B)).
= t
A— z
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Fig. 9. CHF at all experimental conditions showing a universal trend
demarcating regions governed by the hydrodynamic limit and the evaporation
momentum limit.

Buoyancy also influences the bubble's interface, but its
primary vertical direction has little impact on lateral expansion.
To predict the CHF onset, we equate the horizontal force

Fig. 10. CHF at all experimental conditions showing a universal trend
demarcating regions governed by the hydrodynamic limit and the evaporation
momentum limit.
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The x-component of the velocity v, = v-rcosfsin@,
hence, the horizontal x-component of the evaporation
momentum force acting on the left half of the spherical cap is
given by (4).

2
_(a 4ry) 1
Fu = (K) ool oo (B e8| @

Next, the horizontal component of the surface tension force
acting in the x-direction is evaluated. Considering the surface
tension force as shown in Fig. 10, we see that F; (shown by the
blue arrow) acts along the interface of the vapor pocket. F; =
[ dF;, where dF,(= o - dl) is the differential surface tension
force and dl(= 1y, - dO) is the differential line element on the
liquid-vapor interface. Resolving this force into horizontal and
vertical components, the horizontal component is given by
F; . = F; cos f (depicted by the purple arrow). The component
of F, j, in the x-direction is given by F; , = F,; j,cos 8. Similarly,
the surface tension acting on the free surface of the left half of
the bubble in the y-z plane can be estimated by integrating the
differential surface tension element (a1, dar) over the contour of
the sphere in the y-z plane where « is the angle made by the
differential element with the positive z axis and varies from
—(m — B) to (m — B). The total surface tension force opposing
the evaporation momentum force can accordingly be written as
given in (5).

Fyx = 20m,(m— B + cos ) 5)

CHEF is triggered when the surface tension force is equal to
the evaporation momentum force, and hence balancing (4) and
(5) yields the expression for critical heat flux as given in (6)

1 1
CHFgy = hegpy2[og(p, — py)]*
1

{(1 +cosB)| m— B+ cosp ﬂ} (6)

. :
Bref |n—p+ 02

where the bubble diameter (d;, = 2r3) is expressed as half the
critical ~ wavelength  of  Taylor instability, dj =
V3m[o/Apg]*/?[20]. Here, Ap(= p; — p,) is the difference in
liquid and vapor densities of the fluid. Thermo-fluid properties
for the tested liquids obtained from REFPROP, a Standard
Reference Database distributed by the National Institute of
Standards and Technology (NIST) [30] and dynamic contact
angles of 80° for water and ethanol, and 72° for FC-72, extracted
from experimental images, were used in (6) to estimate the
theoretical CHF limit. The orange line in Fig. 6 represents (6)
and closely matches all experimental data. Our experimental and
theoretical analysis indicate that the evaporation momentum
limit is fundamentally different from the hydrodynamic limit, in
contrast to previous studies where the physics of evaporation
momentum has been utilized to explain CHF on large surfaces.
We suppose that the geometric considerations in previous
estimates of the evaporation momentum limit, namely that of an
infinitely long cylinder resting on the heater surface, result in
CHF predictions close to the hydrodynamic limit. Lastly, we

evaluate the contribution of the buoyancy force on the
evaporation momentum limit and find that it is negligible.

Fig. 11 shows the percentage difference in two correlations
for CHF, with and without consideration of buoyancy. The
momentum force (F,, ,) is given in (4) and surface tension force
(F5 x) 1s given by (5). The buoyancy force (F), ) is given by (7)

2
Fox = 38pgry (sin® B) ®)
where Ap is the difference in density between the liquid and
vapor, and g is the acceleration due to gravity. The two force
balances considered are F,, , = F;, + F,,and F,, , = F, ,.

1.0
= Percentage error
08 — -
:
© 06— -
)
o
S
3
O 04—
[
a
02 |— J—
0o I R IR
0 20 40 60 80 100 120

P (kPa)

Fig. 11. Percentage error in the evaporation momentum model with and without
the effect of buoyancy.

The difference in CHF obtained from the two force balances
is ~ 0.5%, which clearly demonstrates the negligible effect of
buoyancy. This effect is also experimentally verified as we only
observe CHF g\ only below a Bo of 1, signifying the dominance
of capillary effects over gravitational (or buoyancy) effects.

C. Implications for Immersion Cooling

Immersion cooling requires that the surface temperatures of
electronics are maintained below the junction temperature to
avoid failure. Fig. 12 illustrates the surface temperatures of
different heaters during boiling of FC-72 at atmospheric
pressure. The symbols correspond to identical data points in
Fig. 8, signifying CHF values ranging from 16 to 72 W/cm?,
Fig. 12 demonstrates that a significant increase in CHF can be
obtained (4.5X) without any significant increase in surface
superheat. This demonstrates that with appropriate flow
structuring, immersion cooling with dielectrics such as FC-72
can be effective in maintaining chip junction temperatures
below the acceptable value of 100 °C. Future work will focus
on development of surface topologies suitable for immersion
cooling.
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Fig. 12. Surface temperatures of FC-72 during CHF on different heaters at
atmpospheric pressure. The black dashed line represents saturation temprature
of FC-72 at 1 atm. The data corresponds to identical symbols in Fig. 6,
signifying CHF values ranging from 16 to 72 W/cm>.

IV. CONCLUSIONS

Our research on pool boiling spanned three distinct liquids:
water, ethanol, and FC-72, chosen for their differing properties,
which affect the capillary length (L.). We varied the heater
widths (w, or L;) across a range relative to L. and assessed 44
unique CHF values, exploring an order of magnitude in the L;/L.
ratio. A diminishing Ls/L. ratio resulted in more stable flow
hydrodynamics and consequent CHF enhancement. At an L;/L.
ratio nearing 1, CHF values surged, with ratios below ~1
entering the CHFEM regime. Specifically, water (L. = 2.73 mm
at 1 atm) showed CHF gy on heaters of 2, 1, and 0.5 mm in width.
Ethanol (L. = 1.6 mm at 1 atm) reached the hydrodynamic limit
on a 2-mm surface, while narrower heaters met the CHFEM
limit. FC-72 (L. = 0.72 mm at 1 atm) displayed CHFp) only on
the narrowest 0.5-mm heater. Plotting CHF normalized by
CHFgy against Ly/L. revealed a universal increase as Lj/L.
decreased, with a steep rise at Ly/L. ~1, clearly demonstrating
the pivotal role of L.. Additionally, our model incorporated a
force balance on a spherical bubble, underscoring the necessity
of spherical geometry for accurate CHFgy predictions. This
work could provide guidelines for development of surface
topologies capable of dissipating high heat fluxes for use in
immersion cooling.
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