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While the influence of liquid qualities, surface morphology, and operating circumstances on critical heat flux (CHF)
in pool boiling has been extensively studied, the effect of the heater substrate has not. Based on the force balance analysis,
a theoretical model has been developed to accurately predict the CHF in pool boiling on a heater substrate. An analytical
expression for the CHF of a heater substrate is obtained in terms of the surface thermophysical property. It is indicated that
the ratio of thermal conductivity (k) to the product of density (p) and specific heat (cp) is an essential substrate property
that influences the CHF. By modifying the well-known force-balance-based CHF model (Kandlikar model), the thermal
characteristics of the substrate are taken into consideration. The bias of predicted CHF values are within 5% compared with

the experimental results.
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1. Introduction

Thermal management of high-power electronics requires
cooling strategies capable of dissipating high heat flux while
maintaining the device at low operating temperatures.!-]
However, the heat transfer system is limited by the critical heat
flux (CHF), at which the boiling process transitions from nu-
cleate boiling to film boiling, causing an abrupt increase in the
heater surface temperature. One of the most important aspects
of avoiding burnout is how to predict the critical heat flux as
precisely as possible.[>™!

Over the last eight decades, the mechanisms that are re-
sponsible for the CHF have been the topic of extensive re-
search and discussion.!®-8] Bubble interference,®! hydrody-

101 macrolayer dryout,!' ' hot/dry spot,[!%13]

namic instability,
and interfacial lift-off!'#! are five potential mechanisms for ac-
curately predicting pool boiling CHF that have been reported
in the literatures. The hypothesis of hydrodynamic instability
proposed by Zuber,'>! which is the first theoretical and me-
chanical CHF model, has received the most attention among
the five mechanisms. Indeed, the majority of published pool
boiling CHF research attempts to improve the Zuber model’s
prediction capabilities by accounting for parametric variables
that are not incorporated in the original model. Kandlikar!'6!
in particular presents a theoretical model based on force bal-
ancing that accounts for the near-field influence of wettability
on the CHF of an upward-facing smooth inclined flat plate, as

well as the far-field effect of hydrodynamic instability.
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properties, [ orientation, heater
size,[?!1 contact angle,[' and surface roughness??! all have
an impact on CHEF. Despite the fact that CHF is established as
a hydrodynamic phenomenon, a lot of researches highlight the
importance of surface properties. Several studies investigated
heater thickness effects on CHF in pool boiling.!!7-!823 Non-

hydrodynamic factors like the thermal properties and thickness

Thermal
[21]

of the heater have a major impact on the CHF of a surface.

Several studiesl!7-24-23]

investigated the influence of heater
thickness and thermal properties of the heater material on
CHF. To study the effect of the heater substrate thermal prop-
erties on CHF, Tachibana ez al.!>>! experimentally determined
the CHF on thin, vertically oriented ribbon heaters in water.
The CHF was seen to be proportional to the heat capacity,
which is the product of heater thickness, density, and spe-
cific heat of the heater. As can be anticipated, CHF increases
asymptotically with increasing thickness in pool boiling, until
it reaches a limiting value beyond which the increasing heater
size does not play arole. Heater material is also regarded to be
an essential factor affecting HTC and CHF.!?%-28] Westwater et
al.1261 egtablished the CHF correlation, which indicated that a
high thermal effusivity helps to transport heat away from the
local dry area, delaying the occurrence of CHF. Grigoriev et
al.?® investigated the heater material effect on the CHF by the
experiments of liquid nitrogen boiling on different materials’
surfaces and found that the CHF increased with the increase of
thermal effusivity. However, the impact of the thermal proper-
ties of the heater material on determining the CHF over thick
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heater surfaces that are beyond the asymptotic thickness has
not been fully explored.

In this paper, an analytical equation for the CHF of a
heater substrate in terms of surface thermophysical character-
istics is established. Pool boiling studies are carried out using
distilled water to conduct pool boiling experiments on three
different heater substrates (aluminum, brass, and copper). To
establish the important characteristics that can best forecast
CHF changes, the thermal conductivity of the tested material
varies from 109 W/m-K to 398 W/m-K and the thermal mass
(pcp) ranges from 2.4 x 10° kJ/m3-K to 3.4 x 10% kJ/m3-K.
Finally, Kandlikar’s CHF model is tweaked to account for the
effect of the heater’s thermal properties on CHF. The antici-
pated CHF agrees well with the experiment and the literature,
with a maximum inaccuracy of 5%.

2. Experimental procedure and setup
2.1. Pool boiling setup/measurement

Figure 1 shows the main pool boiling arrangement in de-
tail. During the trials, the distilled (DI) water reservoir is
kept at saturation temperature in the liquid chamber.[*! As
shown in Fig. 1(b), the test heater rod has the size of 10 mm
(diameter) x 20 mm (height) and is fixed spirally on a car-
tridge heater inside which is a 600 W silicon nitride ceramic
heater. To guarantee minimal heat loss, the test rod is put in-
side a teflon enclosure and an air gap. The cartridge heater is
wrapped by the thick glass wool to make sure of one dimen-
sional heat conduction vertically. An electrical resistance aux-
iliary heater immersed in water in the liquid chamber serves
as the heat source to maintain the saturation condition of DI
water in the chamber. The liquid chamber has a side length
of 150 mm, a thickness of 5 mm and a height of 200 mm
and is directly open to the ambient atmosphere. Three ther-
mocouples (TJ36-CASS-020U-6, OMEGA Engineering Inc.)
are inserted half way into the 1 mm diameter drilled holes on
one side of the test heater rod at 3 mm apart and are 0.4 mm
from the top surface to measure the temperature distribution in
the test heater rod. The signals from these thermocouples are
received using OpreX data acquisition systems (GP 10) and
the data from the acquisition systems is then transferred to the
computer, recorded and analyzed using the UnivViewer pro-
gram. The temperatures measured at specific points as shown
in Fig. 1(b) are used to calculate heat flux, wall superheat and
heat transfer coefficient, which will determine the pool boiling
efficiency.

The heat flux to the test surface is calculated based on
one-dimensional heat transfer equation,m] Fourier’s Law:

dT
q= —kCua, (D

where kcy is the thermal conductivity of copper, and d7/dx
denotes the temperature gradient along the heat flux, which

is calculated using a three-point Taylor backward space series
approximation from the thermocouples in the rod as follows:

dl _ 3N -4+ T, @
dx 2Ax ’

where T, T», and T3 are the temperatures along the test rod
as shown in Fig. 1(b), and Ax means the distance between the
adjacent thermocouples. The boiling surface temperature T,y
is calculated by one dimensional heat conduction equation by

using the temperature measured inside the sample:

Ax
Twan:Tl—q< 1), 3)

=

where Ax; denotes the distance between the boiling surface
and thermocouple 77. The boiling heat transfer coefficient
(HTC) is calculated from measuring the heat flux and wall su-
perheat, which is determined as follows:

q
=1 @)
Twall — Tsat ’
where Ty, denotes the saturated temperature of water inside
the liquid chamber.
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Fig. 1. (a) Schematic diagram of Pool boiling experimental setup; (b) the
processed test sample rod which is screwed to the cartridge heater.

2.2. Uncertainty analysis

The main sources of uncertainty for the current setup
were the bias and the precision errors. The bias error arises
due to the calibration of the thermocouple, and the precision
error is a result of the sensitivity of the measurement. For
this study, uncertainty analysis is performed similar to that re-
ported by Kandlikar and Patil.[3!l The dimensional error due
to sintering shrinkage, the limitation of the laser accuracy, and
the solder layer thickness are £0.01 mm; the temperature mea-
surement uncertainty for the precise K-type thermocouples is
£0.2 K; and the power input uncertainty is =1 W. The error
propagation analysis revealed that the uncertainty of the ob-
served heat transfer coefficient at CHF is about 7.8%, and the
uncertainty of the heat flux is 2.5%, which is within the range

of the literature.[32!

3. Result and discussion

The three selected substrates are made of copper, brass,
and aluminum. All samples are treated with 7000 mesh
sandpaper, which is one-way scratched sequentially from
1000 mesh to 2000 mesh, 5000 mesh, and 7000 mesh as
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suggested. 33! To ensure repeatability, all samples are tested
for three times.

Table 1 shows the thermal properties of the substrates
tested. Each of the test heater rods is 20-mm high, and made of
copper, brass, and aluminum, to guarantee that the CHF corre-
sponding to each heater tested is independent of heater thick-
ness. The microgeometry of a surface is one characteristic that
is known to play a role in defining the CHF of a surface.3*]
The test surface is cleaned with sandpaper to remove artifacts

of the machining process such as burrs, pits, and grooves, en-

suring that the microgeometry of the surface did not change
amongst the multiple substrates examined. In order to ensure
that the microgeometry of the surface does not vary between
the different substrates tested, the surface roughness of all the
substrates is maintained close to 0.05 wm (£0.01 pwm) which
represented the average arithmetic surface height (Ra).!*®! The
roughness range is low enough that no observable variation in
CHF can be seen as a result of surface features. The ther-
mal characteristics of the various substrates are summarized,
as well as their contact angles, are shown in Table 1.

Table 1. Thermal properties of the substrates tested.

Material Density (kg/m3) Specific heat (J/(kg-K)) Thermal conductivity (W/m-K) Contact angle (°)
Aluminum 2700 896 201 72
Brass 8500 380 109 71
Copper 8933 385 398 71

After polishing with 7000-mesh ultra-fine sandpaper, the
contact angles of the three substrates, copper, brass, and alu-
minum, are shown in Fig. 2. The contact angles of plain sur-
faces are all around 71°, which eliminates the impact of the
surface on CHF performance. The bubble departure diameter
is a critical parameter which governs the lateral coalescence of

bubbles and the enhancement of capillary feeding of liquid. "}
According to the Fritz equation 3%
o 1/2
dr, = 0.02083 {] , (5)
’ g(pL—pa)

where f3 is the static contact angle in degree, o is the surface
tension force, g is the gravitational force, and py. and pg are the
liquid and vapor densities, respectively. The calculated depar-
ture bubble diameter of three tested surfaces (brass, aluminum
and copper) are 4.04 mm, 4.09 mm, and 4.04 mm, which is

not much different.

(a) Brass-plain
CA=T71°

(b) Aluminum-plain
CA=T72°

(c) Copper-plain
CA=T71°

Fig. 2. Contact angles of plain surfaces of brass, aluminum, and copper.

The boiling heat transfer test apparatus is used to investi-
gate and assess the performance of the three heat transfer sub-
strates. Figure 3 shows the boiling curves of the three plain
surfaces. As shown in Fig. 3(a), the CHF for aluminum is
enhanced to 78.1 W/cm?, which is approximately 1.56 times
higher than that of the plain brass surface (50.1 W/cm?).
Moreover, the CHF for copper is 87.6 W/cm?, which is ap-
proximately 1.75 times higher than that of the brass surface.
As can be observed, the CHF varies depending on the heat

transfer material, and the higher the heat conductivity, the

higher the CHF value. Therefore a model is developed to cal-
culate the impact of the physical properties of the material on
the CHF.

100
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Fig. 3. (a) Pool boiling curves for the tested surfaces with water at atmo-
spheric pressure. (b) Heat transfer coefficient comparison for the tested sur-
faces.

The heat transfer coefficient for the tested surfaces is
shown in Fig. 3(b). When the critical heat flux on the plain
copper surface is 87.6 W/cm?, the heat transfer coefficient is
7.8 W/cm?-K. The results reveal that surface materials have a
substantial impact on CHF and HTC, with copper having the
highest heat transfer coefficient and brass having the lowest

one. At low heat flux, the difference is negligible, whereas
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at high heat flux, copper outperforms aluminum by 47% and
brass by 85%.

This variation in CHF is attributed to the heater sur-
face’s material properties, and further research in this study
aims to improve the accuracy of CHF prediction by factor-
ing in the impacts of heater material features. By considering
the formation of steam jets above the nucleated bubbles and
the liquid flow between the jets towards the heating surface,
Kutateladze®*~*!! proposed that the meaning of bubble gener-
ation and departure were lost near the critical heat flux condi-
tion, and critical condition is reached when the velocity in the
vapor phase reaches a critical value. Following a dimensional

analysis, he proposed the following correlation:
q

hps"? [og (p1—py)]

where py is the density of bubbles, Ay, is the gas—liquid heat

/z[ 1/4 =K (6)

transfer coefficient, and p; is the density of the liquid. The
value of K was found to be 0.16 from the experimental data.
Zuber! !> further formalized the concept of hydraulic instabil-
ity and proposed a value of K = (0.131. According to this,
the critical heat flux g of an ideal smooth surface is about
110 W/em?.

Kandlikar'®! proposed the Kandlikar model for predict-

ing CHF while considering the impact of thermal perfor-

mance. This model was modified by adding a dimension-
less correction factor to Zuber’s model, and the corresponding

equations were given as

1/4
q=Khyp'*[og(p1—py)] / , (7

where

1/2

_(1+cosB\[2 =
K= (16) [n+4(l+cosﬁ)cos¢ )

B is the contact angle of the heat transfer surface, and ¢ is
the angle between the heat transfer surface and the horizontal
plane. In general, for a heat transfer surface inclined at an an-
gle f, itis 0° when horizontal and 90° when it is perpendicular
to the surface.

The model is based on boiling heat transfer data received
from heat transfer materials under various metals, with the
contact angle data being replaced in the computation, a K
value of about 0.107 is obtained. The CHF of each surface
may now be calculated independently and normalized using
the Kandlikar formula, i.e. CHFexperimental /CHFxandlikar model-
Thermal mass is the product of specific heat and density, rep-
resented as a given substance must absorb per unit volume of
heat when the temperature rises by one degree.

The specific data are listed in the following table.

Table 2. Boiling heat transfer data under different tested materials.

Thermal conductivity =~ Thermal mass ~ Contact angle

Material (W/m-K) a 0% KJ/m? K) ©) CHFexperimental CHFKandlikar model CHFexperimental/CHFKandiikar model
Brass 109 3.23 71 50.1 89.8 0.558
Aluminum 201 24 72 78.1 89.8 0.870
Copper 398 34 71 87.6 89.8 0.976

The variation of the normalized CHF is evaluated against
a range of parameters, as shown in Table 2. The internal pa-
rameters of the test section, such as thermal conductivity, ther-
mal diffusivity, and thermal effusivity, are connected to the
measured CHFs to explain CHF discrepancy. Thermal dif-
fusivity (k/pcp) is defined as the ratio of thermal conductiv-
ity to thermal mass,!*?! whereas thermal effusivity (M)
characterizes the ability to exchange thermal energy with its
surroundings.[*’! Table 2 shows that the trajectory of ther-
mal conductivity is similar to the trend of normalized CHF
ratio. As a consequence, the combination parameter of ther-
mal conductivity and pc,, is considered, and the linearly fitted
k, k/pcp, kpep, Vi, \/k/pcp, V/kpcp, and normalized CHF
value are analyzed respectively.

Figures 4(a)—4(f) depicts the normalized CHF of each test
surface as a function of k, k/pcp, kpcp, Vk, \/k/pcp, and
\/kpcp. The functions of thermal conductivity and normalized
CHF are shown in Figs. 4(a) and 4(d). The points in the graph
are not linearly related, which shows that thermal conductivity

is not a significant consideration in determining the CHF of
the substrate. As shown in Figs. 4(b) and 4(e), the product of
thermal conductivity and thermal mass does not have a strong
association with the normalized CHF. The dots in the figure
are random, and so is the product, proving the earlier conclu-
sion that the normalized CHF value has little correlation with
the product of p, ¢p, and pcp. It is clear from Figs. 4(c) and
4(f) that k/pcp has a linear relationship with the normalized
CHEF. To establish the correlation among these six sets of data,
the data is linearly fitted and tested for the degree of relevance.

Figure 4 shows that the normalized CHF versus k/pcp,
\/m provides the greatest match, with an R? value for a
linear fit of 0.94 and 0.98, respectively. It indicates that there
is a linear dependence between CHF and the parameter k/pcp,
Vk/pcp. A dimensionless correction factor is applied to the
Kandlikar model to account for the effect of the substrate’s
physical parameters on predicting CHF. The inserted correc-
tion factor is the ratio of the substrate’s characteristic value to
the reference material’s characteristic value. Copper is chosen
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Fig. 4. The analyze of k, k/pcp, kpcp, Vk, \/k /Pcp, \/kpcp, and the normalized CHF value.

as the reference material for this study because its CHF has
been widely reported in the literature and is almost identical to
the CHF predicted by the Kandlikar model. The following is
the equation derived by substituting:

l4+cosO\ |2 =« 172
q= ﬁthgpgl/2 (1060S> Lr—l—4(1—|—cos6)c05(p

x [og (P —pg)]"*, ®)

where

B = (k/pc)material / (k/pc)coppcr

or

o= (ViTe),/ (V7o)

A comparison between the experimentally obtained CHF
and the CHF predicted using the equation is shown in Fig. 5.
The substrate material consists of three different heat trans-

material copper

fer materials: brass, aluminum and copper with the calculated
CHF of copper as the reference material value.

Figure 5(a) shows a comparison between the experi-
ment and the prediction calculated using f; as the cor-
rection factor. The solid line indicates the value when

CHFpredicted/ CHF experimental = 1, and the dotted line represents
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the difference between the experimental and predicted CHF
values. The dotted line for brass is at —50%, indicating a 50%
difference between predicted and experimental CHF values,
with a high inaccuracy that makes further forecasts unfeasible.
Figure 5(b) shows the comparison diagram of the experiment
and the prediction generated with a correction factor of 3,. All
materials’ CHF are properly predicted by the improved model,
with an error of less than 5%. It can be observed that the pre-
dicted values are quite accurate for materials with high k/pcp,
such as copper, and the ratio essentially falls on the center of
the solid line. The correction factor of high linear correlation
considerably boosts the forecast for materials with low k/pcp.
Therefore, the correction factor is chosen to be [3;.

The Kandlikar model is further revised after consider-
ing the thermal properties of the heater material, based on the
above-mentioned experimental simulation verification:

I+cosO) (2 =@ 1/2
q= ﬁthgp;/z (16) {n+4(l+cos6)cosq)

x [og(p1— )], )

where B = (\/k/p¢)materiat/ (v/k/PC)copper-

The actual maximum error value is 4.8%, which is within
the range of 5%.

Table 3 compares the CHF of different heater substrates
in saturated pool boiling, which demonstrates that the predict
CHF of heater substrates in our study is remarkable among
the values. Besides, it can be seen clearly that the modified
model predicts the CHF in this work is the most accurate with
a minimum error value of 5%. Therefore, by extending the

[18,42,43] and ap-

trends that have been reported in the literature
propriately choosing the heater thickness, it can be seen that

the /k/pc term proposed in the present work is able to ac-

count for the variation in CHF for the thick heaters that are be-
yond the asymptotic thickness. The thermal characteristics of
the substrate give a more credible explanation for the CHF dis-
crepancies observed. Consequently, it can be tentatively con-
cluded that thermal properties of the heater substrates are pri-
marily responsible for the CHF differences between the tested
materials in the pool boiling condition.
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Fig. 5. Experimental versus predicted CHF; (a) a comparison between the
experimental and the predicted CHF using f3; as the correction factor; (b) a
comparison between the experimental and the predicted CHF using 3, as the
correction factor.

Table 3. Comparison of heater substrates and error value in saturated pool boiling in literature.

Heater substrates Working fluid Nonhydrodynamic factor Error value? Reference
Cu, SS, and SA508 water v/ Pepk 15% Ref. [19]
Aluminum, brass, copper, carbon steel, monel 400, silver, and silicon water VPCp 15% Ref. [36]
Inconel, SS, monel, Steel, iron, nickel, brass, aluminum, and coppr FC-72 \/Pepk 8.4% Ref. [17]
Silver, copper, zinc, nickel, and tin water v/ Pepk 15% Ref. [44]
8\/pcpk
Aluminum, coppr, and silicon FC-72 $ 12.5% Ref. [24]
8/pcpk+0.1
| k
Aluminum, brass, and copper water pT 5% this work
p

4The error value is the modified model predicts of the CHF comparing with the experimental CHF data. § is the thickness of the heater substrate.

4. Conclusion

In summary, the impacts of thermal characteristics are
determined using detailed experimental findings from three
different heaters operating at atmospheric pressure with wa-
ter as the working fluid. To account for the variance of the
heater’s thermal characteristics, a non-dimensional substrate

correction factor f8 is included. The CHF of thick heaters is
found to be proportional to \/W, and the modified equa-
tion can accurately estimate the CHF of the surfaces tested
within 5% error for aluminum, brass, and copper. This study
shows new insight into the role of the heater substrate in en-

hancing CHF and provides an improved model for accurate
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prediction of CHF values for advanced thermal management

applications.
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