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PREFACE
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Volume 32, a cumulative author and subject index for the first 32 volumes,
has become a valuable tool to search the series for contributions relevant to
their current research interests.

The editorial board expresses its appreciation to the contributing authors of
Volume 43, who have maintained the high standards associated with Advances
in Heat Transfer. Finally, the editors would like to acknowledge the efforts of
the staff at Academic Press and Elsevier, who have maintained the attractive
presentation of the volumes over the years.
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1. Introduction

Boiling on a surface that is immersed in a pool of stagnant liquid is called
“pool boiling” heat transfer. Boiling takes place when evaporation occurs in
cavities (nucleation sites) at a liquid—solid interface and produces a succession
of vapor bubbles. This mode of heat transfer occurs in a variety of applica-
tions, such as heat exchangers, immersion cooled electronic systems, metallur-
gical quenching processes, and water heaters for domestic use. The rate of
boiling heat transfer from the heated surface to the pool varies strongly with
the liquid temperature, pressure, thermophysical properties of the liquid, heater
geometry, heater surface, and heater orientation. In nucleate pool boiling, the
heat flux increases steeply with the surface superheat, but when the generated
vapor bubbles blanket the surface, a large temperature increase on the heater
surface results, leading to the critical heat flux (CHF) condition and the termi-
nation of nucleate pool boiling. This condition is also known as the burn out
point and the peak or maximum heat flux, and is associated with a temperature
rise of approximately several hundred degree Celsius for water and 100°C for
FC-72.

In spite of the last 70 years of research and numerous published papers,
CHF still defies an accurate prediction. One of the earliest CHF models
was proposed by Rohsenow and Griffith [1]. It was based on a bubble
packing model. According to this model, CHF is initiated by the coales-
cence of discrete bubbles or columns into a large vapor mushroom leading
to dry out of the liquid film on the heated surface. The empirical data

Advances in Heat Transfer 1 Copyright © 2011 Elsevier Inc.
Volume 43 ISSN 0065-2717 All rights reserved.
DOI: 10.1016/B978-0-12-381529-3.00001-3
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showed a linear relationship on log—log coordinates, leading to a CHF
correlation given as:

(01— po) 0.6 \025
CHFgg = 143(f;/h) {] pohsy <) (1)
Pv8 8

v

The indicated gravitational term was subsequently introduced by Rohsenow [2]
on the basis of observed bubble departure frequency and diameter. This correla-
tion has been widely used by many researchers to predict CHF in saturated
liquids, but does not account for heater geometry or properties, nor does it deal
with fluid mixtures.

Later, pioneering studies served to provide a theoretical underpinning for
the prediction of the CHF in nucleate boiling. Two major schools of thought
have emerged on the controlling mechanism of CHF, classified as hydrody-
namic instability models and surface-controlled CHF models, respectively.
The first theoretical model of CHF is today known as the Kutateladze—Zuber
model [3]. In this model, CHF is dictated by instability in the vapor—liquid
interface of the vapor jets emanating from the heater surface in the high
flux region of the nucleate boiling curve. It is postulated that the vertical coa-
lescence of vapor bubbles in fully developed nucleate boiling results in the
formation of cylindrical vapor columns or jets. Within these columns, there
is an upward flow of vapor, and the jets are separated by counterflowing
columns of liquid, as seen in Fig. 1.

In this model, jet breakdown leads to vapor blanketing of the surface and
results in CHF. In a power-controlled system, this mechanism causes a dras-
tic surface temperature increase, while in a temperature-controlled system,
it dictates a reduction in the heat removal rate. Kutateladze obtained a
relationship for CHF by solving the momentum and energy equations for

Vapor columns

D lg
R
t
\ 1
jﬁaﬁ =

Fic. 1. Idealized liquid—vapor configuration in the Kutateladze—Zuber model.
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two-phase flow near the heater. Later, Zuber assumed that CHF was con-
trolled by hydrodynamic instability and derived an expression for CHF. This
model assumes a horizontal heater surface of infinite extent, so there is no
characteristic length. Accordingly, CHF can be expressed as:

otg(py — Pv)}l/4 )

i
CHFk-2) = 5, hed/py [ 02

In this early, but very much accepted model, CHF is assumed to be only a
function of the hydrodynamic instability and the heater surface properties
and temperature do not enter into consideration. In that era, boiling research
was driven largely by nuclear reactor cooling, using heat-flux-controlled hea-
ters, and placed the emphasis on preventing catastrophic failure. Controlling
surface temperature and determining the post-CHF changes in heat flux were
of less interest than controlling heat flux and measuring the resulting surface
temperatures.

Some of the early studies [4,5] interestingly described the existence of a
thin liquid film under the large vapor columns/mushrooms which were
observed on the heater surface and suggested that this thin liquid film, or
macrolayer, might affect the CHF phenomena. The second CHF model was
proposed by Haramura and Katto [6] and is known as the macrolayer model.
This model focuses on the existence of a vapor mushroom hovering above
the heater surface, caused by the coalescence of vapor bubbles, and postu-
lates the existence of a thin layer of liquid trapped under the vapor mush-
room and separating the “vapor stems” emanating from active nucleation
sites and feeding vapor to the mushroom. The time period between the start
of growth of the vapor mushroom and its departure from the surface is called
the hovering period. The macrolayer thickness was determined to be 25% of
the Helmholtz wavelength. CHF is thought to occur when the macrolayer is
completely evaporated in one hovering period (i.e., 74). When evaporation,
resulting from heat addition, depletes the liquid layer, the surface dries out as
illustrated in Fig. 2 and CHF occurs. Based on this model, Haramura and
Katto [6] proposed the following relationship for CHF:

CHFy - k) 1+ (p;/py) } (AV>5/8 ( AV>5/16
=0.7206 AN _ 4y
hev /Dulot(ps — py)gl'* 1+ (11/16)(p/p,) | \An Ap
3)

Their model still retained the basic elements (i.e., hydrodynamic instability)
of the Zuber model. However, the controlling instabilities in this model did not
occur on the walls of the large vapor columns but on the walls of the tiny
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Liquid

Vapor blanket

Vapor stems
Macrolayer

Hi4

ottt 0 0w 1 (g (A9

I D I

Fic. 2. Proposed macrolayer model by Haramura—Katto [6].

vapor stems around active nucleation sites that are interspersed in the liquid
macrolayer on the heated surface.

As a consequence of using a semiempirical coefficient tailored to database
previously used by Zuber [3], the results obtained from Eq. (3) are identical to
the Kutateladze—Zuber prediction of CHF. As with any proposed predictive
model for CHF, this model has some drawbacks as well. For example, the
Helmholtz wavelength is too large to obtain complete dry out in one hovering
period. Further, the role of the heater in causing the instability is not clear.
However, this model refocused the attention of the scientific community on
the region near the heater wall.

The study performed by Nishio et al. [117] focused on boiling structures
near CHF. Bubble generation on the surface near the CHF point was found to
be different from the physical image given by macrolayer model where vapor
stems of small diameters are attached on the surface [7] and to reveal a bubble
sublayer in the thin liquid film attached to the heated surface.

Although the effects of fluid properties, pressure, and subcooling, as well as
heater geometry, on the pool boiling CHF are relatively well established, expla-
nations for the surface property effects remain controversial. A composite corre-
lation, accounting for the conduction and hydrodynamic limits, as well as
the effects of pressure, subcooling, and length, was proposed by Arik and
Bar-Cohen [8]. Their effort was devoted to extending the existing Thermal
Management of Electronics (TME) pool boiling CHF correlation for horizontal
square heaters and to embody an assumed dependence of CHF on the product of
the heater thermal effusivity and thickness. The effusivity-based correlation,
Eq. (4), was found to predict a broad range of pool boiling CHF data for dielec-
tric liquids, for thermal effusivity values between 0.2 and 120, pressure from
100 to 450 kPa, and subcoolings from O to 75 K, with a standard deviation of
12.5% and a 95% confidence interval.
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T 6~/ pr Crki
CHFrvmEe = = hiv/pylotg(pr — p ' <&>

24 5/PyCuk +0.1
\0.75 Cy

X [1+<0.3014 —0.01507L (P) >]{ 1 +0.030 l(%) h—‘] ATsub}
v fv

“4)

This analytical expression was able to predict CHF within = 20%. Based
on the large number of published papers, on both the original and modified
Kutateladze—Zuber and Haramura—Katto models and their applications, it
is clear that there is a lack of agreement on the mechanism of CHF.
Recognizing that no available model provides the desired level of accuracy
in CHF prediction, the hydrodynamic stability theory is experiencing a strong
challenge from the macrolayer dry out formulations. Heavy reliance on
embedded sensors along with the use of advanced visualization techniques,
with high-speed cameras, proper light sources, and innovative optical trains,
can be expected to shed new light on the physical phenomena and lead to
greater understanding of boiling heat transfer fundamentals. Such understand-
ing will be critical to the application of ebullient cooling to the emerging
high-heat-flux electronic chips, in high-performance computers, game sys-
tems, high-speed memory applications, solid-state lasers, and wideband gap
power electronics technologies.

II. Parametric Effects on CHF

The parametric effects on CHF can be grouped into two primary categories,
those associated with the heater and those associated with the working liquid.
The effects due to these two main categories can be further divided into the
primary subeffects that have been extensively studied. Heater properties, heater
geometry, and surface characteristics are the heater parameters of greatest
interest, while pressure, bulk temperature, liquid thermophysical properties,
and component concentration in mixtures are the key parameters imposed by
the working liquid. The following sections will review and summarize the pub-
lished results on these effects.

An extensive study of commercially available perfluorinated liquids (FC-72,
FC-87, etc.), L-1402, R113, and water with platinum wire heaters was pre-
sented by Danielsen et al. [9]. With this rich selection of liquids, the authors
obtained the CHF values of 22.9 W/cm? (L-1402) and 13.5 W/em? (FC-43).
CHF for saturated FC-72 at 1 atm was 18.59 W/cm? with a standard deviation
of 2.4 W/cm?. Saturated pool boiling curves for inert liquids differing widely
in boiling points were almost identical with one another on the same heater.
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Heater properties, pressure, and subcooling are some of the known features
affecting the CHF [10]. Increasing the boiling point has been another novel goal
to increase CHF that was proposed by Lee et al. [11]. They used a fluorocarbon
coolant and reported that maximum heat flux could be increased up to 45 W/cm?.

A. SuBcooLING EFrecTS

The beneficial effect of subcooled liquid (i.e., the bulk temperature is less than
the saturation temperature) on the pool boiling CHF has been well documented.
The rapid condensation of vapor contained within the bubbles is thought to raise
the heat flux at which vapor blanketing of the heated surface occurs. Neither the
Haramura—Katto model nor the Kutateladze—Zuber relationship takes the sub-
cooling effect into account when CHF is predicted. A large number of studies
have focused on predicting the subcooling effect and combining this effect with
the widely known saturated boiling CHF models. A pioneering study completed in
1951 by Kutateladze [12] suggested that the CHF in subcooled liquid should
increase relative to the saturated pool boiling CHF value and depends on the Jakob
number. To confirm this understanding, Kutateladze and Schneiderman [13]
performed subcooling experiments with rod heaters in various liquids (i.e., water,
isooctane, and ethanol). Their reported results showed that CHF increased linearly
with increasing subcooling. One of the most widely quoted studies was performed
by Ivey and Morris [14]. Their experimental studies were performed in water with
wire heaters, and a correlation was proposed linking CHF to the Jakob number.

The equation was presented as:
025
140.1 (ﬁ) Ja )
P

Experimental results agreed with the predictions within 25%. It is unlikely that
this kind of prediction will be able to attain a lower error, since it does not account
for heater length and thermal properties. Later, Elkassabgi and Lienhard [15] stud-
ied the subcooling effect extensively with four different wire heaters
(0.8 <D < 1.54 mm) in methanol, acetone, isopropanol, and R-113. They classi-
fied subcooling into three regimes: low, moderate, and high. Different correlation
coefficients were proposed for each regime. Their correlations predicted CHF
within 8% for low and moderate levels of subcooling. When high subcooling
occurred, CHF had the highest value and they related the upper limit of CHF to the
maximum rate at which the liquid molecules would leave a two-phase interface.

CHF in dielectric liquids, for possible use in the thermal management of
electronic components, has been of interest for the last two decades. Hwang
and Moran [16], in one of the early studies, presented experimental results for
FC-86 boiling on 4.57 mm square heaters. A subcooling range of 0—80 K was

CHFsub = CHFsal
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studied on the vertically oriented heaters. An increase in CHF with increasing
subcooling was observed. However, it was not as strong as proposed in
Eq. (5). Later, Mudawar and Anderson [17] performed a series of experimental
studies in FC-72 with square heaters. This study focused on both subcooling
and vertical orientation, and determined that setting the coefficient in Eq. (5)
equal to 0.064, or just 65% of the previous value, as a result of density adjust-
ment, yielded excellent agreement with the data, and provided a standard
deviation of 1.4%. You [18] investigated the subcooling effect with square
heaters in gassy FC-72. He observed a linear increase in CHF with increasing
subcooling and suggested a value of 0.03 for the coefficient in Eq. (5).

The effect of bulk temperature was also studied by Carvalho and Bergles [19]
for boiling in a dielectric liquid, FC-72, from thin nichrome foil heaters. To sim-
ulate electronic chips, the authors also performed experiments with silicon chips
4.57 mm? with 0.38 mm thickness). They found that CHF increased by ~3%
per degree of subcooling for a range of 0—31 K, and the coefficient in Eq. (5)
was presented as 0.030. They also reported that subcooling was not an effective
means to decrease the wall superheat at high heat fluxes. At high heat fluxes,
different enhancement techniques produced approximately the same wall super-
heat. Bergles [20] continued to investigate subcooling effects on CHF for
FC-72 boiling on a vertically oriented thin nichrome foil heater. The most
notable observation was that the rate of CHF increase with subcooling dimin-
ished as the pressure increased, due to the effect of pressure on the density ratio,
captured in the last term of Eq. (4). Higher pressures increased the vapor density
while decreasing the liquid density.

Some of the pool boiling experiments performed by Lee et al. [11] included
results of subcooled pool boiling of FC-84 and FC-104 for both pure liquids and
binary mixtures with flat heaters. Subcooling was as high as 50 K, and a similar
behavior to the previous studies was reported. McNeil [21] performed experiments
with silicon and platinum thin film sputtered on Pyrex heaters. He reported that
CHF increased linearly with subcooling. A 66% enhancement with a 20 K sub-
cooling was observed. Watwe and Bar-Cohen [22] presented experimental results
of FC-72 with plastic pin grid array (PPGA) chip package for a wide range of sub-
cooling, spanning the range of the 0—70 K. Higher subcooling was achieved by
elevating the pressure. The effect was correlated and the coefficient was given as
0.0346. The TME composite CHF correlation (precursor to Eq. (4)) was able to
predict CHF within *=18%. At higher pressures, changes in the fluid properties
diminished the effect of subcooling, so that the increase in pressure from atmo-
spheric condition to 3 bar reduced the subcooling enhancement by 40% [23].

An experimental study of boiling at high heat fluxes and very low flow
velocities (4 cm/s) in subcooled liquid was completed by Brusstar et al. [24].
The authors demonstrated the effects of subcooling and the heater orientation
on CHF. Since the flow velocity was low, pool boiling conditions were
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assumed. Fully degassed and purified (through a special filtering and distilla-
tion procedure) refrigerant, R-113, was used. The heater surface was 19.1 mm
long and 38.1 mm wide and was horizontal to maintain a constant orientation
between the buoyancy force and the heater surface. Experiments were per-
formed for a wide range of vertical orientations, and the lowest subcooling
result was obtained for 45° angle. Brusstar and Merte [25] studied effects of
heater surface orientation and subcooling on the CHF. They presented a model
for low velocity flow and pool boiling. They modeled the effect of subcooling
such that the volume of vapor produced at CHF was independent of subcooling
for a given orientation. The effects of subcooling correlated well with predic-
tions for pool boiling given by Ivey and Morris [14]. Kandlikar [26] performed
a study for CHF in subcooled flow boiling. In addition to his own experimental
results, more data were collected to evaluate subcooling effects in both flow
and pool boiling. His results displayed a similar trend (linear increase with
decreasing bulk temperature) to that reported in the literature.

The results of subcooling studies may help us conclude that the data for
both vertical and horizontal rectilinear heaters appear to follow a similar slope,
displaying substantially weaker dependence on subcooling than for wires.

In the experimental study of Arik [27], a linear increase of heat flux with
elevated subcooling at atmospheric pressure was observed using FC-72 as the
working fluid (Fig. 3). The slope of the linear trend was found to be ~0.29
that is very close to the coefficient given in TME correlation. The author
repeated the experiments at elevated pressure (202.6 kPa) and found that the
subcooling enhancements were interestingly very similar to the atmospheric
pressure conditions (Fig. 4). The increased pressure did not diminish the sub-
cooling effect. The coefficient for this case was found to be 0.29. The subcool-
ing effect at 303.9 kPa was observed as stronger than the previous cases
(Fig. 5). The coefficient of 0.316 obtained from linear curve fitting in this case
was 6% higher than those under 101.3 and 202.6 kPa conditions. While these
results would appear to contradict the earlier observation on the weakening
benefit of subcooling at higher pressures, it should be realized that the Arik
[27] results pertain to the absolute value of CHF rather than its enhancement
relative to the saturated value. Since the saturated CHF increases with pressure
for FC-72 in the studied range, the competing effects result—in this pressure
range—in a net increase in CHF for highly subcooled liquid.

The subcooling enhancement observed for the horizontal DIP (dual inline
package) was higher than that observed by Watwe [28], but similar to the find-
ings by McNeil [21]. Watwe [28] reported that his experiments revealed a
weaker subcooling effect than that of McNeil [21]. The reason for the more
dominant subcooling effect can be related to the rapid condensation of rising
bubbles or columns. The heater size might also be an important effect.
Another factor might be the effect of the alumina substrate. DIPs have a larger
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substrate surface area than PPGA packages. The extended surface area of the
substrate might result in a much more effective flow pattern to the surface as a
result of the buoyancy-induced convection.

Rainey and You [29] and Rainey et al. [30] investigated the effect of subcooling
on CHF from 1 cm? flat and microporous-enhanced surfaces in FC-72 (Fig. 6).
They operated over a broad liquid subcooling range (0—50 K). The subcooling
delayed the formation of the dry out condition and thus increased CHF. They also
recorded an increase in CHF with microporous surfaces. Moreover, they found
that the enhancement of CHF due to the increase in subcooling was greater for
microporous surfaces, consisting of aluminum particles (1—20 pm in diameter)
and a binder with thickness of ~ 50 pm, than for plain surfaces (Fig. 7). Although
they did not specify the total heat transfer area of the microporous surfaces, they
reported that the heat transfer area enhancement with microporous surfaces was
not significant. They correlated their data using a different relation for each cate-
gory of working condition and surface, as listed below:

1. Saturated conditions:

CHF;, = 1.03 X CHF, for plain surfaces
CHF;,; = 1.78 X CHF; for microporous surfaces

where CHF7 is given by Eq. (2).

(6)
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2. Subcooled conditions:

CHFy, = CHF,[1 + 0.70(pv/pL)1/4Ja/Pel/4] for plain surfaces

— 1/4 1/4 . (7)
CHFgy, = CHF [l + 1.20(p, /py)"/"Ja/Pe'/*] for microporous surfaces

El-Genk and Parker [31] investigated pool boiling of saturated and subcooled
HFE-7100 from both plain copper and porous graphite surfaces measuring
10 mm X 10 mm. They detected an increase in CHF with subcooling for both
types of test surfaces. The CHF for the porous graphite was 31.8, 45.1, 55.9, and
66.4 W/cm? for saturated, 10, 20, and 30 K subcooling conditions, respectively,
while the CHF for smooth copper was much lower at 21.5, 28.1, 33.7, and
37.3 W/em? at corresponding conditions (Fig. 8). It could be noted that the effect
of subcooling on the microporous surface was more pronounced compared to the
plain copper surface. In addition, they developed the following correlations for
both saturated and subcooled CHF to represent their experimental data:

1/4
CHFsat = Cf,w,sal{pxlzﬂhFG [ga(pL - pv)] g } (8)

(a) 2.2 rryrrrrrrrrrrrrrrrrrrrrrrrrrororee ')/
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Fic. 8. Effect of liquid subcooling on CHF of HFE-7100 on smooth, flat, and porous graphite
surfaces [31].
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where Ciy o =0.2 and 0.296 for plain copper and porous graphite surfaces,
respectively.

CHFy, = CHFsal(l + CCHF,subATsub) 9)

where Ccyrsup 1S given as 0.024 and 0.0296 for plain copper and porous
graphite surfaces, respectively.

The above correlations could predict their saturated and subcooled experimen-
tal CHF data as well as the data in the literature [8,32,33] within reasonable

limits.

B. PrRESSURE EFFECTS

Analytical predictions of CHF strongly depend on pressure since the correla-
tions are defined as functions of latent heat, surface tension, and vapor and liquid
densities. Both the latent heat and the surface tension decrease with increasing
pressure and reach zero at the critical pressure. The liquid density has a decreas-
ing trend with pressure, whereas vapor density increases with pressure. Figure 9
presents CHF dependence on the fluid pressure. As shown in this figure, CHF
for Perfluorocarbon (PFCs) (FC-72) and Novec fluids (HFE-7100, HFE-7200)
exhibit a similar dependence on pressure.

30
~— CHF(FC-72)

’5 | + CHF(HFE-7100)

oess,, | +CHF(HFE-7200)

CHF (W/cm?)

0 2 4 6 8 10 12 14 16 18
Pressure (Bar)

Fic. 9. Pressure effect on CHF in saturated liquids [27]. For color version of this figure, the
reader is referred to the web version of this book.
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Morozov [34] measured CHF on thin nichrome wire heaters in methyl
isopropyl alcohol for pressures ranging from atmospheric to 0.90 of the criti-
cal pressure of the liquid. He found that CHF initially increased with increas-
ing pressure and attained a maximum value at ~0.35 of the critical pressure
before decreasing at higher pressures. Lienhard and Schrock [35] performed
studies on pressure effects for wire heaters in water, acetone, benzene,
methyl alcohol, and isopropyl alcohol environments and observed an increase
in CHF values with elevated pressures similar to the previous studies [36].
They reported that the Kutateladze—Zuber correlation was able to account
for the pressure effects and successfully predict CHF.

The effect of pressure on CHF for FC-72 boiling on square, vertically ori-
ented, copper heaters has been studied by Mudawar and Anderson [17] for a
pressure range of 101.3—303.9 kPa. A 23% increase in the CHF was observed
with an increased pressure from atmospheric conditions to 202.7 kPa, but only
an additional 3.7% increase was observed as the pressure was further raised to
303.9 kPa. Watwe [28] performed a series of experiments using a plastic pin
grid array silicon heater (i.e., PPGA) immersed in FC-72 and observed similar
effects of pressure on the pool boiling CHF.

Figure 9 presents the predicted variation of CHF for a pressure range of
0—20 bar based on the Kutateladze—Zuber correlation for an infinite heater
and saturation condition. It may be seen that CHF for FC-72 reaches a maxi-
mum at 5.23 bar, with a CHF value of 18.9 W/cm®. Beyond this point, CHF
decreases rapidly with increasing pressure. A similar behavior is observed for
both HFE-7100 and -7200 with peak CHF values nearly 35 W/cm?, or approxi-
mately twice the value at 1 bar. Since surface tension is given only at the
atmospheric condition for both liquids, this prediction assumes a constant
value of (13.6 X 102 N/m). Further research to be performed by manufacturers
is necessary to better define the properties of these liquids. However, with the
known values (latent heat, liquid and vapor densities) at certain pressure and
corresponding saturation temperature, the pressure effect on CHF for HFEs
can be clearly described.

Rainey and You [29] and Rainey et al. [30] investigated the effect of pres-
sure on CHF from 1 cm? flat and microporous-enhanced surfaces in FC-72 for
a pressure range from 30 to 150 kPa, in agreement with the prevailing trend
for lower operating pressure conditions reported in the literature. Figure 10
shows the CHF to increase with pressure over this range for both surfaces but
with a somewhat larger slope for the microporous-enhanced surface.

Although CHF was expected to increase parabolically before reversing
slope at ~500 kPa, Arik [27] presented experimental findings revealing a
substantial increase in CHF over a much larger range of elevated pressure,
when combined with variable subcooling. Figure 11 illustrates the observed
linear increase in CHF with pressure for several liquid temperatures. The
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graph also includes the curve fitting results for these three bulk temperatures.
The lowest liquid temperature created the steepest slope with a coefficient of
0.0609 for 22°C, decreasing to 0.0493 for 41°C, and decreasing further
to 0.0460 for 55°C. CHF was expected to have an asymptotic increasing
behavior until 500 kPa. Therefore, the subcooling effect is seen to be very
strong at atmospheric pressure and to decrease in impact with an elevation in
pressures. It might be expected that for a fixed liquid temperature, the
increased subcooling accompanying a rise in pressure would lead to higher
CHF, while the decrease in latent heat, density ratio, and surface tension
encountered at higher pressure would weaken CHF. It appears that the next
result—in the range tested for FC-72—creates a substantial pressure-related
enhancement.

C. HEATER THERMAL PROPERTIES

It has been widely known that the thermal properties of the heater, such as
thickness, thermal conductivity, and specific heat, can affect pool boiling CHF.
The second term on the right-hand side of Eq. (4) represents the heater effects
on CHF. As seen from the TME correlation, CHF increases asymptotically
with the product of the heater thickness and the square root of the thermal
effusivity, reflecting the beneficial role of thermal conduction in smoothing the
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surface temperature variations resulting from a nonuniform nucleation site den-
sity. Bernath [37] was the first researcher to investigate the effects of thermal
properties and thickness of the heater on the CHF by observing that thicker
heaters produced higher CHF than thinner structures. Later, his research on
vertically oriented cylindrical heaters in water was extended to both solid and
hollow cylinders. Experimental results revealed that the solid cylinders had
about 43% higher CHF than hollow structures. A study employing zirconium
ribbon heaters immersed in toluene was performed by Cole and Shulman [38].
Experimental results were similar to previously published studies, with 42%
higher CHF for the thickest heater.

These early studies kept the attention of many researchers during the follow-
ing years. Carne and Charlesworth [39] completed a detailed set of experi-
ments with a wider heater thickness selection with ribbon heaters in a
saturated n-propanol. Then, it was proposed that the effect of the heater could
be best correlated with the product of thickness and thermal conductivity. The
explanation for this correlating parameter was related to the assertion that
some regions of the heater had more nucleation sites resulting in higher local
heat flux values. Tachibana et al. [40] performed a series of experiments with
a variety of materials and thicknesses in water. A theory on the transient effect
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of the heater was proposed based on vapor shrouding of the surface, preventing
fresh liquid from wetting the surface and leading to CHF. This effect could be
correlated with the product of the volumetric heat capacity and the thickness.
An experimental investigation was conducted under saturated pool boiling of
water at the atmospheric pressure on thin, horizontally oriented, cylindrical
walls of different metals and thicknesses [41]. The heated walls, ranging in
thickness from 5 to 250 pm, were obtained by plating copper, silver, zinc,
nickel, and tin on nonmetallic rods. They observed that the smaller the thermal
conductivity of the metal layer, the higher the influence of the thickness.
Guglielmini and Nannei [42] performed an experimental study with different
cylindrical heaters formed with an electroplating technique. Lower CHF values
on thin heaters were observed. The heater thermal parameter depended on a
constant value, C. The thickness required to achieve 90% of the CHF thermal
activity of the metal was given as:

800 = C(v/ppcnkn ) 2 (10)

Grigoriev et al. [43] conducted an experimental study with circular copper
heaters in helium. CHF was reported to increase asymptotically until the thick-
ness of 350 pm.

Based on a comprehensive review on the heater property effects on CHF,
Saylor [44] proposed the following correlating parameter:

S:(Sh\/phchkh (11)

Carvalho and Bergles [45] performed an extensive study on the thermal prop-
erty effect and agreed that § is the best correlating parameter. Their experimental
studies showed that the Zuber [3] relationship underpredicted CHF by as much as
50% for thick copper blocks. An experimental study was carried out by Bar-
Cohen and McNeil [21] with sputtered platinum and silicon heaters in dielectric
liquids. They found silicon heaters had CHF about 80% higher than thin film
heaters. The thin heater reduction in CHF was found to be captured by a factor:

S
§S+0.8

12)

where S is the thermal activity parameter defined in Eq. (11). This relationship
gives 90% of the hydrodynamically controlled CHF when § =8, while the
asymptotic value is approached for S > 25. However, there were no experimen-
tal results cited to confirm this asymptote.

A later comprehensive literature review was performed by Watwe and
Bar-Cohen [23] to better understand the combined effects of the pressure, sub-
cooling, and heater properties on the CHF. It was complemented by solving the
energy equation numerically for both transient and steady-state cases. They
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proposed an improvement to Bar-Cohen and McNeil [21] equation that was
underpredicting CHF for very thin heaters (i.e., S <1).

S
S+0.1

(13)

Equation (13) reaches 90% of CHF value when S =1 while the asymptotic
value is seen to be approached at S = 10. By adding the effect of the thermal
activity parameter to the CHF correlation, a composite expression was
obtained for a limited data set [28].

The studies leading to the development of the TME correlation revealed that
increasing heater thickness causes an asymptotic approach to a maximum
CHF. Beyond this thickness, CHF appears to be independent of heater thermal
properties. The maximum CHF obtained—for saturated conditions on large,
horizontal heaters—was always approximately equal to the Kutateladze—Zuber
prediction of Eq. (2). Although these points have been commonly accepted,
there has been no agreement on the causative mechanism(s), and several differ-
ent ways of correlating the data have been presented. Most studies correlated
the heater effect with thickness; however, the choice of material properties
introduces a change in the thermal conductivity, volumetric heat capacity, ther-
mal effusivity, and finally in the thermal activity parameter.

Previous CHF studies at TME [10,23,44] had suggested that the pool boiling
CHF increased strongly with values of § close to and less than unity and
approached the asymptotic limit for S values in the range of 10—20. Moreover,
these researchers linked the dependence of CHF on S to the role played by ther-
mal diffusion/absorption in allowing the heater to coast through a temporary,
local dry out and preventing this local event from escalating to a global dry out.
In detailed numerical simulations by Watwe [28], the temperature rise at a point
in the center of a region blanketed by vapor was found to be controlled by radial
diffusion and governed by a relation with the following parameters:

Ty — Toni = f ((S‘IRC‘ ’,JE) (14)

PrCnki R

This finding served to justify the use of the thermal effusivity, along with the
heater thickness, in the correlation of CHF. Previously published studies, for
which § is <30, given in Bar-Cohen and McNeil [21] are shown with open mar-
kers, and recent studies are presented as closed markers. Published experimental
CHF data were normalized by dividing by the maximum CHF value presented in
each study. Normalization of the more recent results was completed by dividing
the experimental results by the predicted asymptotic value.

Chang and You [46—49] performed experiments with heaters of various
thicknesses, boiling in saturated FC-72 under atmospheric pressure with a
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nondimensional heater characteristic length, L', of 13.8. The thinnest heaters
were created by sputtering thin platinum films on a glass substrate. Thick
heater experiments were performed with copper heaters at various thicknesses.
Following closely on the proposals of Ramilson and Lienhard [50] and Unal
and Pasamehmetoglu [51], the Watwe—Bar-Cohen [23] model is predicted on
the assumption of an ever-present nonuniform nucleation site density on the
heater surface, which results in the formation of local vapor mushrooms, via
lateral coalescence of individual vapor bubbles or the collapse of vapor col-
umns. The depletion of the liquid under these vapor mushrooms then leads to
the creation of local dry spots, whose temperature rises steeply under the influ-
ence of the imposed heat flux. This temperature rise rate is moderated by the
ability of the underlying structure to locally absorb and/or conduct heat to parts
of the heater still experiencing nucleate boiling.

If the temperature of the dry patch, at the end of the residence (or
“hovering”) time of the vapor mushroom, exceeds the Leidenfrost temperature,
the returning liquid is unable to quench the overheated surface, local dry out
proceeds to global dry out, and CHF is said to occur. If the heater is very thin
and has poor thermal properties, the dry patch temperature may exceed the
Leidenfrost critical temperature soon after the formation of the first dry spot
anywhere on the heater surface. CHF on such heaters will then be highly sensi-
tive to the nonuniformities in the nucleation site density and dependent on
the S value of the surface, yielding a diffusion-driven lower limit on CHF. At
the other end of the spectrum, the heater thickness and thermal properties may
be so large as to successfully absorb and conduct the heat away from the local
dry patch for an extended period, thus keeping the dry patch temperature from
exceeding the critical rewet temperature. For such a high S situation, the heater
may be able to sustain the sequential formation and extinction of many dry
spots, relying on the subsequent rewetting of the surface to locally cool the
surface back to the nucleate boiling regime. CHF on such heaters would, then,
occur primarily due to a hydrodynamic instability leading to an extensive inter-
ruption of liquid flow to the heater. The hydrodynamic instability models
could, therefore, be expected to provide the upper or asymptotic limit for CHF.

The TME laboratory correlation for pool boiling CHF, which was derived
for horizontal square heaters, was shown in the form of:

T S
" — h v — 1/4 ——
4 CHF,TME 24 tv/Pylot8(ps — py)] <S+O.1>

0.75
X[1+ <0.3014 —0.01507L(P) >]{1 +0.030 [(%) ;i ATsub}
v fv

(15)
where L'(P) = L\/g(p; — p,)/ 0
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The first term on the right side represents the classical Kutateladze—Zuber
prediction, considered the upper limit, saturation value of CHF on very large
horizontal heaters. The second term is the effect of heater thickness and ther-
mal properties. The third term accounts for the influence of the length scale on
the CHF and is equal to unity or higher, while the last term represents the
influence of subcooling on CHF.

Examination of Eq. (15) reveals that the approach of CHF to the asymptotic
limit takes the form:

gewr S
4CHF,asy §+0.1

(16)

The CHF values calculated using Eq. (16) reach 90% of the asymptotic
CHF value when S =1, while their 1% deviation from the asymptotic value
occurs at S =10. However, it should be noted that the S range in their data
was relatively modest, spanning values from 0.5 to 4.7.

Golobic and Bergles [52] offered an alternative correlation of the heater sur-
face effects on CHF, based on their experimental study of saturated pool boil-
ing CHF in FC-72. The authors also correlated the influence of the heater
material on CHF in terms of the S parameter defined in Eq. (3). Their recom-
mended correlation took the following form:

qci =1—e" [5/2_44]0.8498 _ [5/2'4410‘0531 (17)
4CHF asy

As presented above, the three most recent correlations taking the heater sur-
face effects on CHF into account [10,22,52], all embody the dependence of
CHF on the product of the heater thermal effusivity and thickness. It could be
emphasized that all three expressions yield nearly identical CHF values for
S >50, and all reach 90% of the asymptotic CHF value when S > 8 (Fig. 12).
However, significant differences do exist at intermediate values of S.
Examining Fig. 12, it may be seen that the locus of Eq. (15) lies between the
loci of Egs. (14) and (16), while the Golobic and Bergles relation (Eq. (17))
yields higher fractions of the asymptotic CHF than the other correlations at
very low § values, e.g., when § = 0.001, Eq. (17) results in gcup/gasy of 0.521
versus 0.0123 obtained from Eq. (14).

Arik and Bar-Cohen [8] performed a detailed study on the effect of effusiv-
ity and the underlining physics to understand the CHF behavior. In addition to
their own experimental data, they established a database for CHF for a wide
range of heaters used by different researchers. Figure 12 presents the experi-
mental findings and analytical approximations for S <20. Later, the authors
extended the study to cover a large range of S values. Figure 13 provides the
overall database, where S values are extended up to 120. Finally, Eq. (15)
known as the TME CHF correlation is compared with the experimental
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findings using the modified effusivity factor. It is found that 98% of the data
falls within = 25% of the TME correlation (Fig. 14).

D. HEATER CHARACTERISTIC LENGTH

The size of the heater influences CHF [53], and it has been widely observed
that longer heaters experienced CHF condition at lower heat fluxes than shorter
heaters. The variation of CHF with heater size has typically been expressed in
terms of the nondimensional length, L', defined as in Eq. (18):

of

L'=L

Lienhard and Watanabe [36] concluded that CHF depended inversely on the
characteristic heater length, after performing experiments with wire heaters in
organic liquids. A continuation of this research was reported by Lienhard and
Dhir [54] in various liquids (i.e., acetone, benzene, isopropanol, and methanol)
with a wide range of cylindrical, spherical, and rectangular heaters. CHF was
found to decrease monotonically with increasing heater length, until reaching
a unique asymptotic length for each heater geometry. Thus, the asymptotic
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length was found to equal 2 for cylinders (based on the diameter), 6 for rectan-
gular heaters (based on width), and 8 for spheres (based on diameters).

Circular horizontal copper heaters immersed in saturated nitrogen were stud-
ied by Grigoriev et al. [43]. Heater diameters were specified between 8 and
38 mm. Based on these diameters, corresponding dimensionless heater lengths
L' were calculated as 7 and 34, respectively. CHF was reported as decreasing
with increasing heater length. However, for L' values higher than 15, the
authors did not observe any change in CHF values. Park and Bergles [55] per-
formed a comprehensive study with 25.4-pm-thick nichrome heaters of three
different sizes. They reported that CHF decreased with increasing characteris-
tic heater length until L' was equal to 15.

Saylor [44] studied the heater size effect by performing experiments with
dielectric liquids. His experiments were conducted with thin film platinum hea-
ters on Pyrex substrates (~ 1400 A° +10%). He reported that CHF increased with
decreasing heater size for small heater sizes, while for larger heaters, the CHF
converged to a constant value. Reflecting the impact of heater properties, the
asymptotic value obtained from the large heater region was about 10.9 W/cm?,
corresponding to a dimensionless CHF ratio (CHF/CHFk_7) equal to 0.79. The
following correlation was proposed to account for the length scale effect:

CHF = 15.35 —0.3639L’ (19)

Beyond a value of L’ equal to 12.3, the author did not observe any changes
in the CHF and concluded that L' = 12.3 was the corresponding asymptotic
condition. Figure 15 clearly presents the heater length effect on CHF. Using
horizontal square heaters, Saylor [44] further investigated the existence of
oscillations in the dependence of CHF on L's. The oscillations were first
observed by Lienhard and Watanabe [36] in acetone for horizontal wire
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Fic. 15. Length scale, L', effect on CHF [44].
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heaters. The authors associated these oscillations with the interactions of a
variety of instability wavelengths that manifest themselves on the wire sur-
faces. The Kutateladze—Zuber method assumes that it is the Taylor instability
that predicts the location of vapor jets on long heaters and that it is the
Helmoltz instability that predicts when the vapor jets will break down, leading
to the CHF. Saylor [44] reported that the well-organized vapor columns that
would be found on an infinite heater did not exist on his heaters. However, the
Taylor wavelengths should still influence the vapor removal configuration
leading to the variation in CHF with L'. He observed that CHF had a higher
value at L' = 14 than at L' =9 and speculated that an oscillation between two
vapor removal patterns was occurring at this point and preventing the forma-
tion of a stable vapor film, thus delaying the onset of CHF.

Mudawar [56] reported a monotonic decrease in CHF values with increasing
heater length. The reported CHF values in water are 158 and 81.8 for L' = 12.7
and L' = 127, respectively, corresponding to a 50% decrease for long heaters.

To better assess the heater length effect on the CHF, McNeil [21] expanded
the asymptotic value of L' to 20. Watwe and Bar-Cohen [23] corrected the
heater length effect in the composite equation that can predict for both L’ less
than and higher than 20. Finally, they proposed the following expression to
represent the effect of heater length:

CHF,, = 1 + (0.3014 —0.01507L'YCHFx_5, (20)

Equation (20) clearly reflects the two key features of the heater length effect
on CHF—an inverse linear dependence for low values of L’ and an asymptotic
limit. The “( )” bracket around the relevant term signifies that this term can be
either positive or zero. This effect, then, is included as a correction factor in
the Kutateladze—Zuber CHF correlation.

Mudawar et al. [57] developed an analytical model for nearly saturated pool
boiling CHF on vertical surfaces. They used water and FC-72 as working fluids,
and their analytical model was supported by the experimental results. Different
sized heaters were employed in their experiments. FC-72 experimental results
were obtained with 12.7 mm X 12.7 mm copper heaters, while a rectangular
heater (i.e., 12X 62 mm?) was selected for water experiments. These copper
blocks had a uniform thickness of 0.8 mm. The proposed CHF constant (i.e., 7/24
in Eq. (2)) showed better agreement with long heaters than with short ones, espe-
cially when L' was higher than 18. The authors observed higher CHF values
when L' <13.

E. HEATER SURFACE EFFECT

In addition to the salutary effect of heater thickness and high thermal effu-
sivity on CHF, surface modifications can also be used to further raise the pool
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boiling CHF. The chemical composition and the physical character of the heat
transfer surface are important to this effect. Surface enhancement methods,
from the fabrication point of view, would fall into two main categories: (1)
modifying an originally plain surface by removing material (e.g., roughening,
blasting) or adding material (e.g., porous coatings, deposition with templates)
and (2) manufacturing the surface with specially designed features (e.g., finned
surfaces). Due to the differences in the techniques used to create these surface
modifications, the resulting surface enhancement features are found to span the
full range from macro- to nanosize scales.

In early efforts, Berensen [58] extensively investigated the effect of surface
finish on nucleate boiling performance. In subsequent years, a variety of spe-
cial surface arrangements have been developed to provide a high density of
stable, artificially formed nucleation sites, leading to CHF enhancement that
does not deteriorate with time. In 1972, a surface enhancement method to
upgrade the nucleate boiling performance of silicon chips in dielectric liquids
was devised by Oktay and Schmeckenbecher [59]. They mounted a dendritic
heat sink on a plain silicon chip immersed in saturated FC-86 and achieved a
significant reduction of the junction temperature at boiling incipience from
95°C to 60°C. Chu and Moran [60] obtained similar results using laser-drilled
holes with diameters ranging from 50 to 100 pm. Marto and Lepere [61] stud-
ied heat transfer enhancement of three commercially available surfaces (Union
Carbide High Flux, Hitachi Thermoexcel-E, Wieland GEWA-T) on a cylindri-
cal tube geometry immersed in highly wetting liquids such as saturated FC-72
and R113. They presented a 60% decrease in nucleate boiling superheats and a
negligible increase in CHF. Park and Bergles [62] investigated microholed and
microfinned heat sinks formed by machining copper plates. They observed
boiling heat transfer enhancement in saturated FC-72 primarily due to the
increase in heat transfer surface area. Anderson and Mudawar [63] evaluated
mechanically manufactured heat sinks (drilled holes, microfins, and inclined
microfins) by attaching them to flat, vertically oriented chips in FC-72. They
found that surface cavities of sizes about 300 pm in diameter were ineffective
in lowering incipience superheats or in enhancing CHF. Carvalho and Bergles
[19] studied the benefits of surface enhancement created by mounting small
heat sinks on flat, vertically oriented surfaces immersed in both FC-72 and
FC-87. The heat sinks studied included smooth copper blocks, Union Carbide
High Flux (porous copper matrix of 0.77 mm thick with particle sizes of
around 30 pm), Wieland GEWA-T19 (740 fins/m with 1.1 mm fin height and
0.25 mm gap), and Hitachi Thermoexcel-E (0.1 mm pores with 0.56 mm tunnel
height). They reported reductions in incipient and nucleate boiling superheats
at saturated and subcooled conditions for all heat sinks and indicated that the
enhanced surfaces increased the CHF at all bulk liquid temperatures. CHF
values up to 100 W/cm? were reached with a bulk temperature of 25°C.
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Enhanced surfaces for boiling heat transfer are extensively covered in
Thome [64], where a review of a large data set for boiling from porous coat-
ings failed to identify consistent trends, observing instead that often the opti-
mum coating geometry in one study only vaguely corresponded to those found
in other studies. It was noted that the performance benefit of the coatings could
be associated with the much enlarged vapor—liquid contact surface area within
the pores formed between the stacked particles, leading to a de facto surface
area enhancement within the thick porous layer. Additional thermal transport
could be facilitated by internal and external convection mechanisms, generated
by vapor bubble agitation and dynamic vapor/liquid exchange.

Mudawar [56] presented a comprehensive summary of his group’s efforts on
surface enhancement of FC-72 pool boiling. They applied various techniques such
as creating microstructures on the surface with sandpaper, silica blast surface fin-
ish, and micro pin fin attachments. All of the surface attachments/treatments
yielded some improvements in the CHF values. The microstructure-enhanced sur-
face generated CHF values as high as 105.4 W/cm?, while microgroove-enhanced
surfaces reached CHF values as high as 92.8 W/cm?. Webb and Pais [65] provided
another excellent review on improvements in heat transfer resulting from the use
of special enhanced surface geometries and provided a brief discussion about
some of the aspects of boiling on enhanced surfaces reported in the literature.

Following the outlined initial studies, largely based on attaching enhance-
ment structure to the active semiconductor chips, efforts on surface enhance-
ment of ebullient heat transfer in the past 20 years have involved more
sophisticated fabrication methods, reflecting the emergence of interdisciplinary
approaches. To make this review easier to follow, these surface enhancements
can be grouped into three categories: protrusions, cavities, and porous struc-
tures. Nanoscale surface modifications will also be examined.

1. Protrusions

Honda et al. [66] studied protrusion structures and utilized square micropin
fins (50 X 50 X 60 pm® with 100 um fin pitch) and submicron-scale roughness
(Root mean square (RMS) roughness of 25—32 nm) to augment CHF in elec-
tronic components under both degassed and gassy conditions (Fig. 16). They
conducted their experiments with FC-72 at liquid subcoolings of 0, 3, 25, and
45 K, and revealed a linear increase in CHF with subcooling, which agreed with
the literature (Fig. 17). The CHF values for both degassed and gassy conditions
appeared to be close to each other. The authors also discussed the effectiveness
of the various heat transfer enhancement methods. They found that the use of
micro pin fins were more effective in increasing the CHF than submicron-scale
roughness method (Fig. 18). When they used both methods together, they
obtained the maximum enhancement in CHF (1.8—2.3 times as large as that for
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Fic. 16. (a) SEM image of chip PF (pin fin) [66], (b) AFM images of chips (i) S and
(ii) EPF [66].

a smooth chip), which was comparable to the total area enhancement of 2.2.
Honda and Wei [67] further studied the effect of the square micro-pin-fin thick-
ness and tested fin thicknesses of 10, 20, 30, and 50 pm where fin pitch was
twice the fin thickness. They found the 30 pm fin thickness to be optimum.
Finally, Wei et al. [68] used a fixed fin thickness of 30 pm and increased the fin
height up to 200 pm. Results indicated slightly increased CHF values with an
increase in fin height.
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Yu and Lu [118] performed a recent study on the enhancement of pool boil-
ing heat transfer on horizontal rectangular fin array in saturated FC-72 at atmo-
spheric pressure. They investigated the effect of fin spacing and fin height on
CHF. Their test surfaces had a base area of 10 mm X 10 mm with different fin
spacings (0.5, 1, and 2 mm) and fin lengths (0.5, 1, 2, and 4 mm) (Fig. 19).
They complimented their thermal measurements with a visualization study to
examine the CHF enhancement mechanism. Although they reported high
uncertainty values for CHF (>10%), a trend with fin spacing and fin length
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Fic. 19. Schematic of heating module and finned surfaces [118].

was apparent. As expected, CHF of the finned surfaces was higher than CHF
on plain surfaces, since additional rewetting passages were available with
finned structures, so that liquid replenishment improves and leads to higher
CHF values (Fig. 20). At fluxes approaching CHF, vapor clouds were seen to
form inside the fin spacings and then gave rise to a dry out condition. Closer
fin spacings and longer fins produced highest heat dissipation; however, CHF
enhancement was only possible for fins of aspect ratio less than unity. The
authors noted that the observed bubble size in the visualization studies was
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close to the dense fin spacings, so that the bubbles were likely to coalesce and
occupy the gap between the densely spaced fins and make it difficult for the
liquid to remove them and rewet the surface. Long fins, thus, introduced higher
resistance to the departing bubbles and as a result introduced surface tempera-
ture increases that could lead to CHF. In this study, it was also shown that the
enhancement of CHF, based on total surface area, was only marginally higher
than that encountered on plain surfaces (<1.3 times).

Ujereh et al. [69] experimentally assessed the effect of carbon nanotube
(CNT) arrays on FC-72 pool boiling (Fig. 21). The CNT arrays were grown on
silicon and copper substrates, with individual tubes having a diameter of
~50nm and a height ranging from 20 to 30 um. Upon testing various sur-
faces, including fully CNT-covered (with light and dense meshes) and CNT-
patterned (with grid and island layouts) samples, the authors concluded that
fully CNT-covered surface was highly effective in improving the boiling incip-
ience, nucleate boiling, and CHF performance, and provided up to 45% higher
CHF over the smooth silicon surface as shown in Fig. 22.

Later, Ahn et al. [70] studied the effect of vertically aligned CNT arrays that
were grown on the silicon wafer using chemical vapor deposition method. The
CNT arrays featured uniform tubes with dimensions of 8—15 nm diameter and
two different heights of 9 and 25 pm. For nucleate boiling of PF-5060, a
25 pm high CNT array yielded a 29% and 40% higher CHF under saturated
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and 10°C subcooled conditions, respectively, compared to a bare silicon sur-
face. However, the CHF values were still quite low (<10 W/cm2), which was
attributed to the large heater size. The authors in Ref. [71] tested a smaller,
59%X32 cmz, heater with the same setup and obtained a CHF of 18.4 W/cm?
for saturated condition with the 25 pm high CNT array representing a 58%
improvement over that of the bare silicon surface.

2. Cavities

In the other type of enhanced surfaces, featuring cavity structures, Nimkar
et al. [72] developed a silicon heat sink having micropyramidal surface
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structures of 149 pm height and a 40 pm square mouth opening arranged in a
square array (15 X 15 array and with 0.5 mm cavity spacing) and placed it on
a glass substrate (Fig. 23). They performed a preliminary pool boiling study on
this heat sink and detected CHF condition at a heat flux of 12.8 W/cm?, which
was lower than the Zuber correlation [3] (Fig. 24). They associated this dis-
crepancy with the working fluid FC-72, which was a more wetting fluid than
water. Moreover, the CHF value was much lower than (less than one third)
that in their previous design with a silicon substrate [73]. They claimed that
the heat losses from their previous heat sink were very high compared to their
new heat sink configuration. However, no information was presented for the
predicted heat losses in this study. In a later study by Nimkar et al. [74], they
focused on pool boiling heat transfer and CHF in more detail, using the same
heat sink configuration. According to their CHF results, the Zuber correlation [3]
overpredicted their experimental data (Fig. 25). Different working fluid character-
istics (of FC-72) from water were held responsible for this overprediction. They
emphasized the necessity of a CHF prediction tool for highly wetting fluids.
There was no apparent effect of micropyramidal surface cavities on CHF in this
study.

3. Porous Coatings

Ebullient heat transfer enhancement, through the use of porous structures,
has been the focus of many researchers and great success has been achieved
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through the use of thin microporous surface coatings. It is generally thought
that such an enhancement results from a substantial increase in the nucleation
site density and its uniformity across the heated surface. Alternatively, porous
and microporous coatings can facilitate two-phase flow and boiling within the
surface layer and produce substantial CHF augmentation. Figure 26 presents a
schematic of a microporous coating by O’Connor and You [75].

Based on their comprehensive experimental study, Chang and You [76] brought
forth additional explanations for the boiling heat transfer and porosity relationship.
They found that the reduction in porosity might lead to lower internal vaporization
rates (thin film and capillary vaporization) as a result of the existence of less lig-
uid within the structure to vaporize. As summarized by Chang and You [46—49],
a series of microporous enhancement coatings were developed by You et al. [77],
O’Connor and You [75], O’Connor et al. [78], and Chang and You [76]. While
many of the known enhanced surfaces have demonstrated the ability to reduce
wall superheat and increase CHF, their feature sizes were apparently too large to
effectively trap a large number of embryonic bubbles when immersed in dielectric
liquids. By manufacturing optimum cavity sizes on a heated surface, both the boil-
ing site density and the nucleate boiling heat transfer can be efficiently increased.
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O’Connor et al. [78] utilized two types of microporous structures, fabricated by
“spraying” and “painting” techniques. With these techniques, they either sprayed
alumina particles onto a flat surface or prepared a mixture of diamond particles,
binder (glue), and carrier (alcohol) and applied (“painted”) it onto the heater sur-
face. The treated surfaces immersed in FC-72 reached nearly 80 W/cm® for a
160% larger CHF under saturated conditions and nearly 160 W/cm? or 120%
higher CHF for 45 K subcooling than the untreated surface (Figs. 27 and 28).
Gulliksen et al. [79] investigated enhanced boiling heat transfer with porous
coatings for a possible application to electronic cooling. A porous coating was
made by gluing 50 pm thick porous silver membranes on silicon heaters with
thin layers of silver epoxy. A decrease in boiling incipience and an increase in
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heat transfer were observed over plain surfaces. Moreover, the plain surface
performed better than polished silicon surfaces. The authors concluded that the
heat transfer coefficient (HTC) scaled linearly with the permeability of the
porous media, showing excellent agreement with their experimental studies.

An experimental study of pool boiling of FC-72 in highly porous metal
foam was reported by Arbalaez et al. [80]. A heat generating electronic chip
was simulated by placing an array of electrical resistors on an aluminum block.
Experiments were conducted with samples of various porosities and pore sizes.
The results indicated that the temperature excursion usually observed for fluo-
rocarbon fluids at the onset of nucleate boiling was not present and an increase
in the overall heat transfer performance and the CHF values were observed
compared to a flat plate.

Vemuri and Kim [81] tested an aluminum oxide porous surface in their FC-72
pool boiling experiments. Their 70 pm thick porous layer featured nanosized
pores with diameters ranging between 50 and 250 nm. Data with porous surface
showed about 30% decrease in the incipience superheat compared to that of a
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plain surface and suggested an improved vapor entrapment and nucleation site
density. However, the authors did not report CHF data in this work.

El-Genk and Parker’s study [31] provides more information about the geome-
try of microporous coatings in the scanning electron microscope (SEM) images
of their graphite surface (Fig. 29). The surface pores and reentrant cavities in the
porous graphite ranged from a few to hundreds of microns in size. The volume
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Fic. 29. SEM images of the porous graphite surface [31].
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porosity was 60% of which about 95% were open and interconnected pores and
reentrant cavities. They also recommended Ciy, s, values (0.263 for porous
graphite surfaces and 0.166 for plain surfaces) for the existing FC-72 CHF data
in the literature and correlated their results in the form of the Kutateladze—Zuber
correlation for CHF under saturated conditions, thus extending the applicability
of this venerable CHF;, correlation. El-Genk and Parker were able to achieve
predictions within = 6% for the enhanced surfaces and = 13% for the plain sur-
faces, for their own and other data in the literature, but required distinct coeffi-
cients for each surface and fluid combination (Fig. 30).

Microporous enhancement coatings were also studied by Arik et al. [82].
They focused on the experimental investigation of the effects of pressure and
subcooling on the pool boiling CHF from a square silicon chip-like heater with
a surface area of ~41 mm?. The dual inline silicon packages were immersed
in FC-72, and the experiments were performed in the horizontal orientation.
While subcooling was varied between 0 and 72 K, the pressure was kept
between 101.3 kPa and 303.9 kPa. The maximum CHF values were determined
to be 34.5 and 45 W/ecm® for plain and microporous-coated heaters, respec-
tively, based on the base area. It was found that an average increase of ~50%
over the untreated plain silicon surface can be achieved by creating a porous
synthetic diamond structure.

Table I [27] shows the summary of the experimental results with the micro-
porous-coated heaters. The primary goal of their study was to map the
enhancement in the CHF values over the plain chip packages. The experimen-
tal conditions are presented in the first and the second columns, while the cor-
responding subcooling condition is given in the next column. Columns four
and five show the experimental findings for both coated and plain ATC2.6
chip packages, respectively. The last column displays the percentage of the
CHF enhancement defined as:

(CHFmicroporous - CHFplain)

Enhancement [%] = CHF
plain

21

4. Nanoscale Surface Modifications

In addition to the three main surface enhancement structures mentioned so
far, very thin, nanoscale surface modifications have become a research interest
in recent years. Traditionally, surface enhancements that could provide submi-
cron structures were assumed to be ineffective in pool boiling, since the small
scale cavities would require a very high surface superheat to become active
nucleation sites. However, recent studies on nanoscale structures indicated an
opposite trend. The imperfections encountered during the processes resulted in
micron-size cavities, along with the intended nanosize structures, which were
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HFE-7100

Present work, 10x10 mm Smooth Cu

Liu, Lee, and Su (2001) 15x80 mm Cu with mesh-50
Liu, Lee, and Su (2001) 15x80 mm Cu with mesh—16
Liu, Lee, and Su (2001) 15x80 mm Cu with mesh—12
Liu, Lee, and Su (2001) 15x80 mm Smooth Cu

Liu, et al. (2001) 15x80 mm Smooth Cu

El-Gerk and Bostanci (2003) 10x10 mm Smooth Cu
Present work, 10x10 mm Porous graphite

aadcralC
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FC-72

W Present work, 10x10 mm Porous graphite

Rainey and You (2000) 10x10 mm Microporous coating

Rainey, You, and Lee (2003) 10x10 mm Microporous coating
Honda, Takamatsu, and Wei (2002) 10x10 mm Elcted Si
Railway and You (2000) 10x10 mm Roughered Cu

Present work, 10x10 mm Smooth Cu

McNeil (1992) 10x10 mm Smooth Si

Honda, Takamatsu, and Wei (2002), 10x10 mm Smooth Si

% Rainey, You, and Lee (2003) 10x10 mm Smooth Cu

3 Liu et al. (2001) 1580 mm Smooth Cu +5%
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Fic. 30. Comparisons of saturated boiling CHF coefficients for HFE-7100 and FC-72 [31].
For color version of this figure, the reader is referred to the web version of this book.

able to help initiate boiling at favorably low superheats and where the nano-
scale structures could still improve the wettability leading to higher CHF.

Im et al. [83] recently investigated a boiling surface, targeting an effective
enhancement with micron-high, nanometer diameter wires. They fabricated cop-
per nanowire arrays on silicon substrates by electrochemical deposition and uti-
lized an anodic aluminum oxide template to achieve vertically aligned structures
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TABLE I

ComprarIisoN oF CHF VALUES witH CoATED AND UNCOATED CHips [27]

P(kPa) T(C) ATy (K) CHF., (W/m®  CHF,, (W/cm?  Enhancement (%)

101.3 22 34.6 45.9 223 106
101.3 41 15.6 27.8 18.1 54
101.3 55 1.6 19.4 13.2 47
202.6 22 57 46.7 30.1 55
202.6 41 38 37.1 26.2 42
202.6 55 24 33.7 19.5 73
202.6 74 5 29.7 14.6 103
303.9 22 71.5 47.0 34.6 36
303.9 41 52.5 359 26.5 36
303.9 55 38.5 355 22.1 61
303.9 74 19.5 37.2 17.8 109

Fic. 31. SEM image of 8 pm tall vertically aligned copper nanowires attached to a silicon
substrate [83].

having various heights (1, 2, 4, and 8 pm) with a fixed pitch (~300 nm) and
diameter (~200 nm), as shown in Fig. 31. During saturated PF-5060 pool boiling
tests, all of their nanowire array surfaces provided enhancement in both nucleate
boiling and CHF over that of the plain surface. While taller nanowires increased
the HTC, the highest CHF, of 20 W/cm?, was attained by the 2 pm high struc-
tures, as depicted in Fig. 32. The authors also presented a comparison based on
CHF levels normalized for structure height and emphasized the importance of
obtaining comparable CHFs with very thin surface structures that could be inte-
grated with future semiconductor cooling schemes.
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Fi. 32. Effect of nanowire length [83]. For color version of this figure, the reader is referred
to the web version of this book.

It is known that reducing the solid—liquid contact angle helps in the
improvement of boiling heat transfer. Several experimental studies showed that
thin hydrophilic surface coatings, especially of the titanium oxide (TiO,), were
very effective in enhancing water boiling, mainly attributed to the high affinity
of TiO, for water. Wu et al. [84] recently evaluated the effect of TiO, coating
on the nucleate boiling and the CHF of water and FC-72. Their coating was
composed of 10 nm size particles that were bonded to a substrate forming an
~ 1 pm thick layer. The TiO,-coated surface increased CHF of FC-72 by
38.2% over a smooth copper surface, as shown in Fig. 33, and indicated that
TiO, can also enhance the boiling performance of a highly wetting fluid. The
authors concluded that hydrophilic TiO, surface possibly allowed more effec-
tive liquid—solid interaction, reduced the dry patches caused by growing bub-
bles, and eventually enhanced both nucleate boiling and CHF. A silicon oxide
(S8i0,)-coated sample having surface roughness similar to that of the TiO,-
coated surface was also tested to isolate the contribution of roughness to the
overall enhancement. The acquired data confirmed that the hydrophilicity of
the TiO, coating provided an additional mechanism for boiling enhancement
beyond increasing the active nucleation site density.

In an effort to compare the reviewed studies featuring microscale protrusion,
cavity, and porous type structures, along with the recent thin, nanoscale struc-
tures, representative CHF data for saturated FC-72 (or PF-5060) boiling, and
all the specified surface conditions, are plotted in Fig. 34. As can be noticed,
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Fic. 33. Boiling curves for smooth copper and SiO,/TiO,-coated surfaces in FC-72 [84]. For
color version of this figure, the reader is referred to the web version of this book.
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surfaces that offer higher CHFs tend to demand higher superheats. It should
also be emphasized that in these studies, CHF values of the “plain” surfaces
vary significantly, between 9.5 and 16.8 W/cm® with superheats of
16.3—45.6°C, due to the other effects such as heater size, material, thickness,
and surface finish.

5. Correlations

Several studies attempted to correlate CHF data from enhanced surfaces.
TME CHF correlation presented by Arik and Bar-Cohen [82] has been shown
to be able to predict CHF for plain heaters in dielectric fluids as given in
Figs. 14 and 35. It was also noted that TME correlation did not have the capa-
bility to analytically determine CHF from coated heaters since it did not have
any term to incorporate the effect of surface microstructures into the correla-
tion. Rainey et al. [30] proposed an empirical constant directly related to the
active nucleation site density just before CHF. Their correlation was given as
follows:

CHFmicroporous = 1~78CHFKulateladze — Zuber (22)

When it was compared to the current experimental findings, the correlation
provided 24.4 and 29.3 W/cm? for 101.3 and 202.6 kPa saturated FC-72,
respectively. From a close examination of the data for the corresponding
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Fic. 35. Effect of subcooling on CHF with microporous-coated chips [82]. For color version
of this figure, the reader is referred to the web version of this book.
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conditions, the experimental findings could be read as 19.4 and 29.7 W/cm?,
respectively. The errors in these predictions (in percentages) are 25% and
2%, respectively. At pressures above atmospheric condition, the correlation
was able to predict the CHF with a higher accuracy. The constant in Eq. (22)
was also given as 1.35 by Mudawar and Anderson [17]. In that case,
CHF was found to be 18.53 and 22.26 W/cm?, respectively. The correspond-
ing errors in percentages are 4.5% at low pressure and 25% at the elevated
pressure. Rainey et al. [30] gave the modified Ivey and Morris [14] correla-
tion for coated heaters as follows:

0.25
Y Ja
CHPFnicroporous = CHFgy (1 +1.20 (%) m) (23)

The constant in the above correlation was modified to be 1.2 since the previ-
ously modified correlation coefficients underpredicted experimental CHF
values [82]. Figure 27 presents the predicted and experimental CHF values
from microporous-coated silicon heater surfaces immersed in saturated FC-72.
At lower pressure condition (P = 1 bar), the relative enhancement was found to
be higher than at the higher pressure conditions (P = 2 bar). At lower pressure
condition, the coefficient in Eq. (23) was able to give better predictions for the
value of 0.75, while for higher pressures, the value of this coefficient became
0.35. In order to better correlate the subcooling effect in the microporous struc-
tures, further experimental studies are necessary.

F. EFFECT OF SURFACE ORIENTATION

Priarone [119] investigated the effect of surface orientation on saturated
CHF of both FC-72 and HFE-7100 over a 7.07 cm? copper flat plate. The trend
of CHF with the orientation angle was similar to that generated by previous
correlations [3] and [12] and previous findings for both FC-72 and HFE-7100
yielding maximum CHF values on upward-facing surfaces. CHF decreased
slowly with the orientation angle from 0° to 90°, whereas it decreased rapidly
for downward-facing surfaces (Fig. 36). The authors developed the following
correlation for both their FC-72 and HFE-7100 data, to represent the effect of
surface orientation:

CHF = Crwsaf (O1p) *higlgo(py — p )14} (24)
where
£(0) =1—0.0011176 + 7.79401 X 10°° x 6> —1.37678 X 1077 ¢* (25)

As noted in previous studies [8,33,46—49], due to the superior thermophysi-
cal properties of HFE-7100, the CHF values for HFE-7100 were higher than
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for FC-72. However, the 25% increase in CHF was higher than could be
ascribed to the thermophysical property component (pi/ thc[ga(pL — pv)]l/ )
in the conventional CHF correlations, which yields a predicted increase of
about 12%. The high average uncertainty value ( = 8%) could have contributed
to this discrepancy.

G. DIeLEcTRIC L1QUID MIXTURES

Understanding the behavior of boiling heat transfer and CHF in mixtures
has been of interest for the last five decades. Dunskus and Westwater [85]
reported results of an early study. They chose isopropanol as the main liquid
and two additives to study the boiling process with a wide range of molecular
weight (286—1600). The higher molecular weight additive produced higher
saturation temperatures and CHF. In addition, a shift in the boiling curve to
the right resulting in higher wall superheat could also be observed. The addi-
tive with higher viscosity also produced higher boiling HTCs.

The need to raise the pool boiling CHF in electronic cooling applications
has turned attention to the use of binary mixtures of dielectric liquids.
Normington et al. [86] conducted several experiments with the binary liquid
mixtures of the perfluoropolyether liquids, D80 and HT110, and perfluorocar-
bons, FC-84 and FC-104, with saturation temperatures of 81°C, 110°C, 80°C,
and 101°C, respectively. The most noticeable change was a dramatic decrease
in the temperature overshoot at the incipience when using mixtures compared
to single pure liquids. The boiling curve shifted toward the right with increas-
ing amounts of the higher boiling point liquid. CHF was observed to increase
as much as 60% with increasing subcooling (50 K). Later, Lee and
Normington [87] investigated the application of dielectric binary mixtures in
electronic cooling with PPGA packages. Several mixtures of two perfluoropo-
lyether liquids (D80 and HT1100)—varying by volumetric concentration—
were tested. The observed deterioration in the HTC was similar to the
hydrocarbon mixtures. They did not observe a shift in the boiling curve
although two components had saturation temperatures of 81°C and 110°C,
respectively. Enhanced CHF values were evident when the concentration of
the higher boiling point liquid was increased.

An experimental study of CHF of binary miscible liquid mixtures on an
effectively infinite surface was reported by Avedisian and Purdy [88]. Binary
mixtures of n-pentane as the volatile component with n-propanol, n-heptane,
and n-decane were studied for a pressure range of 136—205 kPa on smooth
copper surfaces and high flux surfaces (Union Carbide). Higher CHF values
with an increase in the concentration of the more volatile liquid were obtained.
They also observed higher CHF for high flux surfaces than for smooth heater
surfaces in a pentane/propanol mixture.
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Two extremes were reported by Fujita and Tsutsui [89] in an experimental
study with methanol, ethanol, n-butanol, benzene, and water. The boiling
curves were not presented for the cylindrical heater, but the main goal was to
obtain a correlation to predict the mixture CHF and nucleate boiling HTC.
A correlation proposed by the authors could predict the HTC within * 20%.
For the same mixture (pentane/heptane) concentration, an increase from 136 to
205 kPa of pressure showed a CHF enhancement of 30%.

The influence of ultrasound on pool boiling heat transfer in mixtures of the
refrigerants R23 and R134A was studied by Bonekamp and Bier [90]. The
authors observed that boiling incipience was reduced to a great extent by expo-
sure to ultrasound. The improvement of heat transfer with mixtures was caused
by a decrease of local saturation temperature near the heated wall as a result of
better mixing in the liquid boundary layer. The maximum influence of ultra-
sound on the HTC was observed at a medium saturation pressure (P/P. = 0.2).

McGillis and Carey [91] experimentally examined the pool boiling of mix-
tures (water/methanol, 2-propanol/water, etc.) at low pressure on a 13-mm
square heater with a concentration of 2-propanol in water of <20% and found
that mixture CHF may be enhanced above the CHF values of the pure liquids.
Later, Ahmed and Carey [92] performed an experimental study of pool boiling
in binary mixtures. A comprehensive study, including the published correla-
tions in the literature of binary mixtures, was presented. They also discussed
the water/2-propanol experimental results and related the difference to the
lower surface tension of the more volatile liquid.

Watwe and Bar-Cohen [23] demonstrated significant enhancement of CHF
by using low concentrations of FC-40 in FC-72. The addition of a liquid
with higher saturation temperature, higher molecular weight, higher viscosity,
and higher surface tension led to a significant enhancement in CHF and also
an increase in wall temperature. Most of the temperature increase and
the enhancement in CHF, associated with the presence of the additive, can be
explained by the localized depletion of the lower boiling point liquid in
the near-heater region. Liu et al. [32] investigated the role of the mass diffu-
sion effect in pool boiling of binary mixtures. An experimental study was car-
ried out with pure water, pure n-propanol, and their mixtures. Significant
variation in the boiling characteristics with composition revealed that the mass
diffusion effect of the binary mixtures might play an important role in the heat
transfer process. A decreasing trend of CHF was observed with increasing
n-propanol concentration as theoretically expected.

A more recent study by Arik and Bar-Cohen [93] focused on extending the
available data on mixture CHF enhancement, as well as pool boiling, on
polished silicon surfaces to FC-72/FC-40 mixture ratios of 10%, 15%, and
20% of FC-40 by weight, a pressure range of between 1 and 3 atm, and fluid
temperature from 22°C to 45°C, leading to high subcooling conditions. It is
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found that peak heat flux can be increased to as high as 56.8 W/cm? compared
to 25.2 W/em? for pure FC-72 at 3 atm and 22°C. They concluded that the
increase in the mixture latent heat of evaporation and surface tension, accom-
panying the depletion of the lower boiling point fluid in the wall region, plays
the major role in enhancing the CHF for binary mixtures.

H. DissoLvED Gas EFFECTS

Dissolved gases in the boiling liquids can have an effect on the boiling char-
acteristics (i.e., boiling curve, wall superheat, HTCs, CHF, etc.). The effect of
dissolved air on forced convection subcooled nucleate boiling of water was
studied by McAdams et al. [94]. A strong enhancement of the boiling curve at
the initial part of nucleate boiling with the inclusion of dissolved air was
reported, although it had a weaker effect on the fully nucleate boiling and
CHF. In an early study, Behar et al. [95] found that the first bubble formation
is due to the degassing of the liquid and further bubble generation was con-
trolled by gas diffusion in the gassy liquid. As a result of the gas saturation,
boiling incipience occurred earlier than in a degassed liquid, resulting in a
lower wall superheat on the boiling curve. However, they noted that in fully
developed nucleate boiling, data obtained over a broad range of gas concentra-
tions merged into a well-defined boiling curve. They performed their experi-
ments in water, nitrogen, and meta-terphenyl for both pool and flow boiling.

Torakai et al. [96] performed experiments with platinum wire heaters in
water to measure the effect of the dissolved air on the boiling incipience at
low pressures. They observed an increase in the wall superheat with increasing
air content. Later, Murphy and Bergles [97] performed several experiments
with fully saturated R113 and the results showed lower wall superheat as a
result of gas presence. Fisenko et al. [98] performed an experimental study
with air saturated water and observed about 15—20% enhancement over the
degassed water cases for vertically oriented heaters, although the horizontal
orientation created 15—20% lower CHF values. A shift toward the left side of
the boiling curve was also observed for gassy water conditions.

You [18] conducted detailed research on gas concentration effect in pool
boiling to determine its effects on the incipience and wall superheat. They
found that for a constant total pressure of 1 bar, CHF increased linearly with
increasing dissolved gas content. The dissolved air effect on the incipience
was very small for a dissolved gas content of 0.0025 moles/mole, although a
significant reduction in the wall superheat was seen when the gas content was
doubled. A similar behavior was also presented by Hong et al. [99], who per-
formed an experimental investigation in FC-72 with wire heaters. A lower wall
superheat at the same heat flux values led to higher HTCs for gassy liquid
studies.
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Watwe and Bar-Cohen [22] performed experiments in FC-72 with PPGA
packages for both fully air saturated and degassed dielectric liquids. They con-
cluded that the presence of dissolved gas resulted in lower wall superheat
values for partially developed nucleate boiling. However, the presence of dis-
solved air had no effect on the fully developed nucleate boiling heat transfer
and the near-heater liquid appeared to be degassed. Consequently, the presence
of dissolved air had no additional effect on CHF. A simple gas diffusion model
indicated that the degassing of the near-heater superheated liquid at high heat
fluxes, by the formation and departure of bubbles, was indeed possible. Rainey
and You [29] and Rainey et al. [30] investigated the effect of dissolved gas on
FC-72 CHF from plain and microporous enhanced surfaces. They claimed that
due to the depletion of dissolved gas near the heater surface, the effect of dis-
solved gas concentration on pool boiling diminished at higher heat fluxes. As a
result, the effect of dissolved gas on CHF became insignificant.

1. EFFECTS OF NANOFLUIDS

Nanofluid enhancement of nucleate pool boiling, from incipience to CHF,
has received considerable attention in recent years. Such fluids contain nano-
particles, typically below 100 nm in diameter, dispersed in a bulk liquid to
augment thermal conductivity and/or the specific heat and to possibly alter
other fluid properties in a favorable way. Due to their small size, it had been
expected that these nanoparticles could avoid sedimentation, clogging, and
abrasion—problems associated with the use of microsized particles. However,
strong evidence exists that the pool boiling of nanofluids produces thin coat-
ings on the heated surfaces, altering the nucleation site density and wetting
characteristics of the surface. Nanofluids have been considered as promising
candidates for pool boiling and CHF enhancement, but more recent data sug-
gests that the augmentation is highly variable and, in many cases, following a
steep initial improvement, deteriorates over time.

You et al. [100] initiated pool boiling CHF studies with nanofluids
(water—Al,O3 nanofluids). They conducted their experiments on 1 X1 cm?
polished copper surfaces, boiling under subatmospheric pressure conditions
(P =19.94 kPa) and with nanoparticle concentrations between 0 and 0.05 g/l.
They obtained an increasing trend in CHF with concentration of up to 0.005 g/1,
where the CHF was three times higher than that for pure water, but beyond this
point, there was no significant change in CHF with nanoparticle concentration
(Fig. 37).

Vassallo et al. [101] studied pool boiling CHF enhancement with silica—
water nanofluids on a 0.4 mm Ni—Cr wire. They used 15 and 90 nm silica
nanoparticles at a volume concentration of 0.5%, as well as 3 pm silica parti-
cles with a volume concentration of 0.5%. The nanoparticles of bigger size
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Fic. 37. Boiling curves for various conditions [100].

produced the highest CHF enhancement, reaching three times that of pure
water, while 3 pm silica particles provided CHF enhancement only twice that
of pure water (Fig. 38), both attained substantial increases in wall superheat.
Interestingly, they observed the existence of a nanoparticle coating, formed on
the heater surface and changing the surface roughness, but did not provide a
mechanistic model to explain the large observed increase in CHF.

Milanova and Kumar [102] studied the effect of nanoparticle size and liquid
pH on CHF in pool boiling of water-based silica nanofluids, using a 0.32 mm
diameter Ni—Cr wire at atmospheric pressure as the boiling surface. They con-
cluded that in a buffered solution, increased nanoparticle size could augment
CHF up to 300% of the CHF of pure water (Fig. 39). They also observed sig-
nificant deposition of silica particles on the Ni—Cr wire surface and, thus, an
increase in the porosity on the surface, which could have played the major role
in the enhancement of CHF (Fig. 40).

Bang and Chang [103] investigated pool boiling heat transfer characteristics
of Al,Oz;—water nanofluids, with volumetric concentrations ranging from 0.5%
to 4%, for a 4 X 100 mm? rectangular plain surface heater with a depth of
1.9 mm. They obtained modest CHF enhancements of up to 32% and 13% for
horizontal and vertical flat surfaces, respectively (Table II), which were much



POOL BOILING CRITICAL HEAT FLUX 51

3500
3250
3000
2750
2500
2250
2000
1750
1500
1250
1000
750
500
250
0

100 10" 102 103
Wire superheat (°C)

|
>
X 15nm silica [ B
u ) g
50 nm silica

3um silica 1 b > EE

Pure water fit

Wire melting point

Heat flux (kW/m?)

|
— — Zuber CHF limit ; & & B;'? !
|
|
|

RS LAREN LARRN LARRS LARRS LARRS RAARJ LEARN LARRS RARAS LAARS RAREI|

L ‘lllltll

Fic. 38. Boiling curves of Ni—Cr wire (D =0.4 mm) in silica—water solutions [101]. For
color version of this figure, the reader is referred to the web version of this book.

smaller than the enhancements recorded in the past studies [100—102]. It was
suggested that the flat ribbon heater used in this study, as opposed to the past
studies of thin wire heaters, could have influenced the formation of the nano-
particle coating and the surface characteristics resulting from boiling of the
nanofluids, leading to lower CHF enhancements.

Kim et al. [104] studied CHF enhancement in pool boiling of water with
dilute dispersions (<0.1% by volume) of alumina (with particle size ranging
from 110 to 210 nm), zirconia (110—250 nm), and silica (20—40 nm). In their
initial CHF experiments with stainless steel wires of 0.381 mm diameter and
12 cm length, they observed an enhancement in CHF for all the nanofluids,
reaching up to 52% with alumina, up to 75% with zirconia, and up to 80% for
the silica nanofluids (Fig. 41). The observed enhancement of CHF was
ascribed to the porous layer formed on the wire surface by nanoparticle precip-
itation during nucleate boiling. To examine this precipitate layer in more
detail, they performed a second set of experiments with a stainless steel, flat
ribbon heater, 5 mm wide, 45 mm long, and 0.05 mm thick. They determined
that the roughness and total area of the surface boiled in the nanofluid were
increased by a factor of 20 and 5, respectively, over those of a surface boiled
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Fic. 39. (a) Agglomeration characteristics as seen in TEM of silica in buffer pH 10. (b) Pool
boiling CHF for 10 and 20 nm particles in pH 10 solution [102]. For color version of this figure,
the reader is referred to the web version of this book.

in pure water (Fig. 42). They could also detect a decrease in the contact angle
on the flat heater and deduced that the improved wettability of the porous sur-
face led to CHF enhancement. However, they could not provide any quantifi-
cation for the change in the contact angle.

Kim et al. [105] conducted pool boiling experiments on 0.2 mm diameter
Ni—Cr wire under atmospheric pressure, using TiO, and Al,O5 nanoparticles with
volumetric concentrations from 107°% to 10~ '%. They observed an increase in
CHF of Al,O5 up to 170% of the value of pure water, as the particle concentration
was increased to 107°%. Above this value, the authors reported only a slight
increase in CHF (Fig. 43), as they had also reported in the previous CHF studies
on Al,O3 [100]. A similar trend in the CHF of TiO,—water nanofluids was appar-
ent, while with TiO, nanoparticles, the CHF enhancement increased to 180% at
1072%, it did continue to increase gently beyond this value. The authors detected
nanoparticle coatings on their heater surface and postulated that the increase in sur-
face roughness and the decrease in contact angle (thus the increase in wettability)
contributed to enhancement of the CHF (Figs. 44 and 45). Lending support to the
critical role played by the precipitate of nanoparticles coating the surface, these
authors were able to reproduce the enhanced CHF values, while boiling pure water
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Fic. 40. (a) Colloidal behavior of silica in deionized water as seen in TEM; (b) TEM and
SEM pictures of the nichrome wire after deposition of silica; (c) pool boiling CHF for 10 and
20 nm particles in deionized water with no additives and NaOH. Different levels of deposition on
the wire are shown in millimeters at different stages of boiling [102]. For color version of this fig-
ure, the reader is referred to the web version of this book.

on nanoparticle-coated surfaces (Fig. 46). In contrast to boiling with the nano-
fluids, they did not observe any asymptote in CHF enhancement for pure water on
TiO, nanoparticle-coated heaters, while for Al,Oz-coated surfaces the profile of
pure water was similar to nanofluid profile over the entire particle concentration
range. They interpreted this different behavior as resulting from the capillary wick-
ing capability of the coating, observing that for pure water on a TiO, coating, the
capillary wicking height increased significantly with the concentration and was
much larger than for Al,O3. The authors could not separate the effects of wettabil-
ity, surface roughness, and capillary wicking caused by nanoparticle coating from
each other, so that no quantification of the contribution from each parameter could
be given.

Liu and Liao [106] performed pool boiling heat transfer experiments and
used water- and alcohol-based nanofluids with CuO and SiO, nanoparticles
having 50 and 35 nm average diameters, respectively. They focused on the
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TABLE II
CHF ENHANCEMENT [103]

Prediction of water  Pure water 0.5% NF 1% NF 2% NF 4% NF

Horizontal test 1.22 1.74 2.30 2.64 2.57 2.4
Section (=90) MW/m? MW/m? MW/m>  MW/m?> MW/m?> MW/m?
Vertical test 0.88 1.2 1.36 1.36 1.36 1.36
Section (#=0)  MW/m? MW/m? MW/m> MW/m?> MW/m?> MW/m?
3.0x108 T T T
L = Alumina ]
2.8x108 F * Zirconia ]
C 4 Silica 1
26x108 ~- DI water measured |
& N ]
£ 24x108 ) .
= : . 1
< 2.2x108 | 7
2 r ]
= 2.0x108 . 7
o C | ]
5 1-8x10°F : | E
O F ]
£ 1.6x108| I ]
O C i . ]
1.4x108 | 7
1.2x108 F .
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Nanoparticle concentration (vol %)

Fic. 41. CHF data for pure water and alumina, zirconia, and silica nanofluids [104]. For color
version of this figure, the reader is referred to the web version of this book.

sorption and agglutination phenomenon of nanoparticle suspensions and their
effects on pool boiling heat transfer. The authors observed a thin sorption layer
of nanoparticles on the surface (Fig. 47), which remained as a residual very
thin and smooth coating of nanoparticles even after cleaning (Fig. 48). They
obtained enhancements in CHF of 27% and 18% with CuO and SiO, nanopar-
ticle suspensions in water-based solutions, respectively, while a deterioration
in heat transfer was apparent. Similar results were also acquired for the
alcohol-based solutions, i.e., an enhancement of 31% and 20% in CHF for
CuO and SiO, nanoparticle suspensions, respectively. These distinct CHF
enhancement values revealed the effect of the nanoparticle material and
prompted the authors to link the change in CHF and boiling heat transfer to
the sorption layer formed on the heating surface during boiling. It was argued
that this soprtion layer reduced the contact angle and the number of active
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(b)

Fic. 42. Profilometer images of the flat heater surface after boiling (a) pure water and
(b) 0.01 vol% alumina nanofluid. The RMS roughness values are 0.1 and 2 pm, respectively.
Similar results were obtained with the other nanofluids [104]. For color version of this figure, the
reader is referred to the web version of this book.

nucleation sites leading to less bubble formation and less probability of vapor
blankets in the vicinity of the heater and resulted in an enhancement in CHF.
In a recent study, Wen [107] claimed that the nanoparticle coating modifica-
tion of the heating surface alone could not account for the CHF enhancement
reported in the previous studies. To support this claim, he utilized the concept
of “structural disjoining pressure” proposed by Sefiane [108], which was
hypothesized to arise in a microlayer in the presence of nanoparticles and was
originated from the confinement of particles in a thin film. The arrangement of
particles inside the resulting layer was held responsible for generating an
excess pressure called as “structural disjoining pressure.” As a result of this
pressure, improved wetting capabilities could be obtained. In order to quantify
the effect of the structural disjoining pressure, the author developed a simple
model based on the interfacial shape of a dry patch (Fig. 49). He found that
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Fic. 43.  Comparison of pool boiling CHF values with data from previous research [105]. For
color version of this figure, the reader is referred to the web version of this book.

the influence of this resulting force could extend to a thickness of few nano-
particle diameters, a longer range than the more familiar van der Waals and
electrostatic forces, and act to increase wettability and inhibit dry patch forma-
tion, leading to a delay in the CHF condition (Figs. 50 and 51).

Kathiravan et al. [109] conducted CHF experiments on stainless steel tube hea-
ters of an outer diameter of 9 mm and an average surface roughness of 1.09 pm
using copper nanoparticles of 0.125—1% concentrations (by weight) dispersed in
water and water with 9 wt% of sodium dodecyl sulfate (SDS). Similar to the find-
ings in the previous studies, they observed an asymptotic behavior of boiling heat
transfer with an increase in nanoparticle concentration, which they associated with
the filling up of tube surface cavities via nanoparticle deposition and consequent
reduction of nucleation sites. CHF enhancement up to 50% was also evident in
this study and was explained by a developed nanoporous layer on the heating sur-
face, which reduced the contact angle and trapped liquid in this layer and thus pre-
vented vapor blanket formation. The thickness of this sorption layer did not
change beyond a certain nanoparticle concentration so that CHF became insensi-
tive to the particle concentration (Fig. 52). This nanoporous layer also affected the
surface roughness and had a reducing effect on this parameter (Table III). With
the introduction of surfactant, boiling heat transfer was augmented by 30%, which
was related to the reduction in the surface tension. The decreased surface tension
might have led to a smaller CHF compared to water; however, CHF did benefit
from the presence of the nanoparticles, increasing asymptotically with nanoparticle
concentration.
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x 350 x 350

Fic. 44. SEM images of heater surfaces after pool boiling of (a) Al,O;—water nanofluids on a
bare heater and (b) pure water on Al,O3 nanoparticle-coated heaters [105].
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Fic. 45. SEM images of heater surfaces after pool boiling of (a) TiO,—water nanofluids on a
bare heater and (b) pure water on TiO, nanoparticle-coated heaters [105].

Kim et al. [110] also studied the mechanism of pool boiling CHF enhance-
ment in nanofluids. In their study they used water-based nanofluids, with alu-
mina and titania particles occupying 0.01% (by volume) and investigated CHF
on a disk heater under saturated conditions at atmospheric pressure. They
reported enhancements in CHF of 30—40% and could observe nanoparticle
deposition during pool boiling (Fig. 53). They repeated their experiments with
pure water boiling on the nanoparticle-deposited surface to filter out the effect
of nanoparticle deposition during pool boiling on CHF. The enhancement in
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FiG. 46. Comparison of CHF enhancements of nanofluids on a bare heater and pure water on
nanoparticle-coated heaters: (a) TiO,; (b) Al,O3 [105]. For color version of this figure, the reader
is referred to the web version of this book.

CHF with pure water was close to the nanofluid results, suggesting that the
main contribution to CHF during pool boiling was the nanoparticle deposition
on the heater (Table IV). Similar to the previous studies, the authors related
the CHF enhancement on the deposited nanoparticle layer after pool boiling,
which improved the wettability and also the stability of the evaporating menis-
cus on the heated surface, so that CHF condition was delayed and occurred at
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Fic. 47. Photographs of the heating surface after the water, CuO suspensions, and CuO fluids
tests [106].
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Fic. 48. 2D and 3D microphotographs of the surface status after CuO suspension test and
cleaning process [106]. For color version of this figure, the reader is referred to the web version of
this book.
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Fic. 50. Comparison of structural disjoining pressure with DLVO forces [107].

higher heat fluxes. They supported their claim with images of evaporating
water droplets on clean and nanoparticle-deposited surfaces and combined con-
sideration of a hot spot and the microhydrodynamics of a thin liquid meniscus
to provide a physical mechanism for the CHF enhancement with nanofluids.
Truong et al. [111] investigated pool boiling CHF of nanofluids on sand-
blasted heaters using water-based nanofluids, with diamond (0.01 vol%), zinc
oxide (0.1 vol%), and alumina (0.1 vol%) nanoparticle concentrations; the
authors observed nanoparticle deposition on the sandblasted plate heaters,
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TABLE III
RoucGHNESs oF HEATER BEFORE AND AFTER BoILING [109]

No. Before experiment (pum) After experiment (mm)
R, Ry R, Ry

1 0.877 1.35 513.5 659.54

2 1.31 1.79 660.57 990.87

3 1.22 1.58 774.38 1,220

4 0.975 1.38 338.2 518.99

Fic. 53.  SEM photographs of various copper heater surfaces: (a) fresh, (b) water boiled, (c)
alumina nanofluid boiled, and (d) titania nanofluid boiled [110].

leading to an increase of ~35% in CHF for zinc oxide and alumina coatings,
while the enhancement was 11% for diamond coatings (Fig. 54). This study
revealed the potential of the use of nanofluids for enhancing CHF on engi-
neered surfaces, in addition to the effect of nanoparticle material on CHF
enhancement. As in previous studies, the increase in the wettability with nano-
particles and the consequent decrease in contact angle were considered as the
reason behind CHF enhancement (Table V).
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TABLE IV

HEeaT FLux AND WALL SUPERHEAT AT THE CHF PoiNTs DURING NANOFLUID BOILING ON A CLEAN
SURFACE AND PURE WATER BOILING ON A NANOPARTICLE-FOULED SURFACE [110]

Substrate Nanoparticle Nanofluids on a clean surface Pure water on a fouled surface

Gepr QWMD) AT (K)  gogp kWMD) AT,y (K)

Copper Alumina 2,400 (1.40) 67 2,640 (1.51) 45
2,280 (1.33) 60 2,170 (1.27) 46
2,260 (1.32) 76 2,240 (1.31) 31
Titania 2,410 (1.41) 76 2,240 (1.31 57

Nickel Alumina 2,185 (1.29) 7 N/A N/A
Titania 2,260 (1.34) 77 2,300 (1.36) 57

The average CHF values of pure water were 1710 kW/m? for copper and 1690 kW/m? for nickel,
respectively. The values in parenthesis indicate the enhancement above the CHF values of pure
water on the same substrate material.

25 O Test 1
o Test 2
2.0 H Test 3
&g
£15 ]
=
=3
% 1.0
O
0.5+
0.0 T T
Sandblasted Diamond Alumina Zn coated
plate coated coated

Plate surface finish

Fic. 54. CHF of water with different plate surface finish [111].

Kwark et al. [112] experimentally studied pool boiling of low concentration
nanofluids (<1 g/l) containing Al,O5;, CuO, and diamond nanoparticles over a
flat heater under atmospheric conditions. They reported an increase in CHF
with nanoparticle concentration up to a critical value (~0.025 g/l), beyond
which CHF displayed a nearly constant profile (Fig. 55). They associated this
increase with nanocoating occurring during boiling, whose thickness increased
with time and which significantly influenced both CHF and boiling heat



POOL BOILING CRITICAL HEAT FLUX 65

TABLE V

CoONTACT ANGLES OF WATER ON DIFFERENT HEATER SURFACES (+5°) [111]

Surface At time ¢ =0 min At time = 1.5 min
Sandblasted bare 94 67
Diamond coated 74 48
Alumina coated 43 18
Zinc oxide coated 44 13
4 — T — T — T

T<at=60°C (Al,03)

CHFnanoquids/CH FZuber’s

15 @ AlOq I
O CuO i| Current data
<& Diamond
O Kimetal.[19]

O Moreno et al. [22]
O 1 L1 T I T T T TIIT T T T T TTT
10-3 10-2 10-1 100

Concentration (g/l)

Fic. 55. CHF enhancement, defined as the ratio of nanofluid CHF over water CHF as pre-
dicted by Zuber’s correlation, for the various nanofluids [112].

transfer. Increasing the nanoporous layer thickness beyond a certain value gen-
erated no further increase in CHF, whereas boiling heat transfer was degraded
for thicker layers. With the assistance of a visualization study, microlayer
evaporation was observed to be responsible for nanoparticle coating resulting
from nucleate boiling (Fig. 56). As the microlayer evaporated, nanoparticles in
this layer bonded to the heater surface. In their later study, Kwark et al. [113]
repeated their experiments with Al,O;—ethanol nanofluids. They obtained sim-
ilar findings and observed that the nanoparticle coating forming during boiling
experiments was more uniform compared to water-based nanofluids, which
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Vapor bubble
Liquid
microlayer

Fic. 56. Images of nanoparticle coating generated on the heater surface, from a single bubble
(top) and mechanism of the particle deposition during the boiling process (microlayer evaporation)
[112]. For color version of this figure, the reader is referred to the web version of this book.

was explained with smaller bubble diameters and the lower surface tension of
ethanol. Using the contact angle data they acquired, they developed an expres-
sion relating CHF to contact angle based on linear regression (Fig. 57), which
implied a strong dependence of CHF on surface wettability affected by nano-
particle coating. Haramura [114] investigated the effect of contact angle on
CHF and could provide the following curve fit for the CHF data of Liaw and
Dhir [115] and Maracy and Winterton [116] as a function of contact angle to
account for the effect of contact angle on CHF:

CHF
hey /Dulotg(pe — p)1'*

According to the above curve fit equation, a decrease of 74% in CHF will
occur when the contact angle varies from 20° to 90°. As can be observed from
Fig. 57, a decrease of 67%, which is about the same decrease as predicted
by Eq. (26), in CHF is apparent when the contact angle is changed from

= (0.1 exp(— 0/45°) + 0.055) (26)
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FiG. 57. Overall relationship between quasi-static contact angle (values at 60 s) and CHF for
coatings developed in nanofluids (water- and ethanol-based) throughout current study (various heat
fluxes, concentrations, and durations) [113].

20° (corresponding to uncoated surface) to 90° (corresponding to nanoparticle-
coated surface). This implies that the change in CHF with nanofluids is due to
the change in the contact angle with nanoparticle deposition.

II1. Conclusions

The growing demand for aggressive thermal management of consumer and
power electronics has directed considerable attention to characterizing, harnes-
sing, and augmenting boiling and evaporative thermal transport from electronic
materials to inert, dielectric liquids. Passive pool boiling of the dielectric per-
fluorocarbon liquids is a most effective technique for thermal management of
electronic components but is limited by the CHF, representing the upper limit
of the nucleate pool boiling regime. The present study provides a comprehen-
sive review and summary of the extensive body of work on dielectric liquid,
pool boiling CHF, as reported in more than 100 archival papers by research
groups from around the globe, and seeks to clearly define the state of the art
in this specific domain of ebullient thermal transport. This review of the
parametric effects of fluid properties, pressure, subcooling, binary mixtures,
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micro/nanoporous-coated surfaces, heater thermophysical properties, and
nanofluids on the pool boiling heat transfer characteristics suggests the follow-
ing general and specific conclusions.

The effects of subcooling and pressure on pool boiling CHF of the dielectric
liquids are substantial and appear to follow the accepted behavior for pool boiling
heat transfer. The use of liquid mixtures, with low-to-modest concentrations of the
higher molecular weight liquid, has been found to provide significant enhancement
of CHF, with an associated increase in the wall superheat and temperature.
Modification of an initially plain surface by removing material (e.g., roughening,
blasting), adding material (e.g., porous coatings, deposition with templates), and/or
manufacturing the surface with specially designed features (e.g., finned surfaces)
is one of the very effective ways to enhance CHF.

More recently, under the influence of interdisciplinary micro-/nanoscale fab-
rication techniques, attention has turned to more sophisticated surface enhance-
ments mainly targeted at electronics cooling applications and including
protrusions, cavities, and porous structures. The results for these surfaces, as
well as for pool boiling of nanofluids and nanostructured surfaces, have shown
highly variable results, with some highly significant enhancement in CHF
compared to unseeded liquids.

* Pool boiling experiments of FC-72 revealed that wall superheat values shifts
toward left of the boiling curve with the increasing pressure. The effect of
elevated pressure on CHF is beneficial and higher CHF values were
obtained with increasing pressure.

* CHF increased linearly with decreasing bulk temperature at a specified pres-
sure. Greater effects on CHF were observed in silicone flat surfaces than
thin wire heater results published in the literature.

e The addition of a modest concentration of FC-40, a liquid with higher satura-
tion temperature, higher molecular weight, higher viscosity, and higher surface
tension than FC-72, was found to lead to a significant enhancement in CHF,
relative to that attained in pure FC-72. Most of this binary mixture increase in
the wall superheat and the enhancement in CHF can be explained by the local-
ized depletion of the lower boiling point liquid in the near-heater region. In
addition, the surface tension gradient, created on the surface of the bubbles by
the concentration gradient in the binary mixture, may act to enhance liquid
motion near the surface. An increase of the CHF by as much as 60%, accom-
panied by a shift of the boiling curve to as much as 40 K higher wall super-
heats, was observed. Only marginal CHF improvement was found for FC-40
concentrations > 15%. This enhancement of CHF has not been well under-
stood and further research has to be performed to understand the localized dis-
tribution of fluids. In addition, there is not any sophisticated model available
for predicting CHF and local fluid distribution in the liquid pool.
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The typical CHF performance benefit of a microporous coating of diamond
particles was found to be in the range of 50% above the bare surface,
though exceptional improvements by more than 200% were also observed.
Coated heaters showed that increasing pressure decreased the subcooling
effect on CHF.

Despite comparable saturation temperatures, CHF values 50—90% higher
than FC-72 were obtained for both HFE-7100 and HFE-7200 with silicon
chip packages. CHF increased linearly with increasing subcooling at a con-
stant pressure. The highest subcooling effect was observed at the atmo-
spheric condition.

In addition to the effects of fluid properties, liquid pressure, and liquid sub-
cooling, prior work had revealed that CHF varied with the product of the
heater thickness and the square root of thermal effusivity (pck), reflecting
the beneficial role of transient thermal conduction in smoothing the surface
temperature variations. The thinnest chip was found to yield the lowest
CHF value, and the measured values of CHF increased asymptotically with
the product of the heater thickness and the square root of thermal effusivity.
In a pool boiling process, enhanced surfaces are generally capable of lower-
ing boiling incipience, increasing nucleate boiling HTC, and extending CHF
limit beyond what a plain surface can normally achieve. Depending on the
specific structure type, these can be attributed to several mechanisms
including larger surface area, higher active nucleation site density, increased
hydrodynamic stability, and improved wetting characteristics.

In addition to the three types of microscale surface enhancement structures,
very thin, nanoscale surface modifications have become a research interest
in recent years. Studies indicated that the imperfections encountered during
the processes resulted in micron-size cavities, along with the intended nano-
size structures. Micron-size cavities were able to help initiate boiling at
favorably low superheats, while the nanoscale structures could still improve
the wettability leading to higher CHF.

Therefore, nanoscale surface enhancements seem to achieve reasonable
CHF increase with much thinner structures. This extends the applicability
of enhanced surfaces into new areas previously restricted by size, such as
microchannels.

Based on the reviewed studies with saturated FC-72, micro- and nanoscale
surface enhancement structures could provide CHF improvement of up to
100% and 70%, respectively.

Due to the many variations of surface structures, and their effects on other
parameters, there is no general correlation that can accurately predict the
CHF of enhanced surfaces. Available correlations are usually applicable for
certain fluid and surface types. Nevertheless, existing and ever-expanding
literature would still provide useful design guidelines.
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* Nanoparticle coating on their heater surface, which modified the surface
characteristics, was apparent during pool boiling of nanofluids. This leads
to the increase in surface roughness and the decrease in contact angle (thus
the increase in wettability), both of which contribute to enhance CHF.

» After the nanoparticle coating on heated surfaces with pool boiling, pool
boiling experiments with unseeded fluids produced CHF values close to the
ones with nanofluids suggesting that the reason behind the CHF enhance-
ment is the modifications in surface characteristics.

* There exists a critical value of nanoparticle concentration in nanofluids,
beyond which CHF is insensitive to the nanoparticle concentration. More
research efforts are necessary to determine this critical concentration.

e The concept of “structural disjoining pressure” proposed as the alternative
reason to surface modification due to nanoparticle coating during pool boil-
ing for the CHF enhancement mechanism should be further developed to
better assess CHF phenomenon in nanofluid pool boiling.

* Even though there are several attempts to improve the CHF prediction
capability, regrettably an accurate correlation does not exist that will cap-
ture all of the parameters that impact CHF. An attempt to expand CHF
database was given by compiling a total of 336 CHF values for a wide
range of pressure, subcooling, and heater size, as well as heater material
and thickness. The modified TME correlation proposed by Arik and Bar-
Cohen [8] was found to predict CHF to within 24.8% with a 95% confi-
dence level but still misses mixture, coating, and nanofluid effects over
the pool boiling CHF.
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Thermofluid Dynamics of Boiling
in Microchannels

Abstract
State of the art of the thermofluid dynamics of boiling in microchannels has been
presented. Part I gives introduction with the scale differentiation of thermofluid
mechanics in flow regime. This is followed by detailed discussion of flow pattern
and bubble growth, heat transfer with models, pressure drop, and instability. Part II
deals with onset of nucleate boiling, void fraction, liquid film thickness, critical heat
flux, and this part also makes conclusion and gives direction for future research.

PART I

SUJOY KUMAR SAHA' and GIAN PIERO CELATA?

!Professor of Mechanical Engineering, Bengal Engineering and Science University Shibpur,
Howrah, India

2ENEA Casaccia Research Centre, Division for Advanced Technologies for Energy and Industry,
S. M. Galeria, Rome, Italy

PART II

SATISH G. KANDLIKAR?

3Gleason Professor of Mechanical Engineering, Rochester Institute of Technology, Rochester, NY, USA
I.1. Introduction

Microscale two-phase flow and heat transfer are of great interest in many
industrial applications, such as thermosiphons for cooling of microelectronic
components, micro heat pipe systems, micro heat exchangers, materials proces-
sing, oil industry, biological cell reactors, and biotechnology. Microchannels
are used for cooling high power density devices such as microprocessors and
laser diode arrays. Liquids such as water and fluorochemicals are used as cool-
ant in microchannel heat sinks.

Examples of studies on single-phase microchannel heat sinks are Tuckerman
and Pease [1], Phillips [2], Rahman and Gui [3], Kawano et al. [4], Harms
et al. [5], and Qu and Mudawar [6]. Microchannel cooling systems have very
large heat transfer coefficients, small size and volume per unit heat load, and
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small coolant inventory requirements. Better temperature uniformity is
achieved with a two-phase microchannel heat sink. Unprecedented power den-
sities can be dissipated by two-phase microchannel heat sinks [7,8].

There is a scale effect which becomes evident when the hydraulic diameter is less
than the capillary length (o/g(p, — py))*>. In microchannels, the hydraulic diameter
of the channels is smaller than the capillary length. Identifying the threshold, or the
transition band, beyond which a two-phase flow may be considered “micro” is,
however, very difficult. The channel classification has been given by Kandlikar and
Grande [9]. This classification is, however, not a rigid demarcation based on spe-
cific criteria. It is worth referring to Kawaji and Chung [10] for this purpose.
Confinement number (Co) as the distinguishing parameter gives only a rough idea:

Co=1 a (L1)
DV (p = p)g '

Suo and Griffith [11] set Coy,=3.3, Kew and Cornwell [12] suggest
Cog, = 0.5, whereas that suggested by Brauner and Moalem-Maron [13] is 0.16.

Two classifications based on the hydraulic diameter were given by Mehendale
et al. [14] and Kandlikar et al. [15]. According to Mehendale et al. [14], micro-
channel 1—100 pm, mesochannel 100 pm—1 mm, compact passages 1—6 mm,
and conventional channels >6 mm. According to Kandlikar et al. [15], molecular
nanochannel <0.1 pm, transitional nanochannel 0.1—1 pm, transitional micro-
channel 1—10 pm, microchannel 10—200 pm, minichannels 200 pm—3 mm, and
conventional channels >3 mm.

A more general definition would have to address situations where classical
theory is no longer fully applicable, that is, it does no longer correctly predict
the mechanical and thermal process in terms of friction and heat transfer. The
definition also depends on the fluid and the working conditions.

Feng and Serizawa [16] defines a microchannel as being one in which the
Laplace constant is larger than the diameter of the channel.

Another criterion is when the bubble departure diameter is larger than the
channel diameter, bubble growth is confined by the size of the channel cross-
section (there are many bubbles in a macrochannel). Hence, the threshold to
confined bubble flow could be taken as the microscale threshold. The bubble
departure diameter in nucleate pool boiling dpy,  is given by [17]:

dyur = 0.02083 (1.2)

1/2
L’(ﬁL - PG)}

where the contact angle ( is in degrees and the effect of crossflow on bubble
departure is ignored. For application to a wider range of pressures,

09
dyu = 0.0012 (’)LpipG> doun (L3)
G
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The confinement number is the square root of the inverse of Eotvos number
or the inverse of Bond number.

Another way to define the microchannel threshold, from the nucleation
superheat equation, is

20
AT ()

sat

(1.4)

Tnue =

T'nue g1VES a criterion to see as to whether or not it is possible to nucleate in
channels smaller than 2r,,..

Another possible microscale transition for horizontal tubes is the tube diam-
eter at which stratified flow becomes impossible and the capillary force pre-
vails over the stratifying effect of the gravity. The criterion, of course, also
depends on the mass flux.

Li and Wu [18] recommend that the Bond number and liquid Reynolds num-
ber should be considered a new transitional criterion and they have given a
new generalized correlation. According to them, it is reasonable and useful to
set Bo X Re)3 =200 as the conventional-to-micro/minichannel criterion.
When Bo><Re%5 =200, the micro/minichannel phenomenon dominates; for
Bo X Re? >200, conventional macrochannel theory can explain the experi-
mental data.

Harirchian and Garimella [19] defined a heat flux-independent parameter
named the convective confinement number as:

0.5

1 —

Bo®™ X Re = — {M] GD? (L5)
Hg g

This flow boiling transition criterion recommends that for Bo®> X Re = 160,
vapor bubbles are confined and the channel is microchannel. For
Bo%> X Re > 160, it is a macrochannel.

The criterion for transition between confined and unconfined flow is compared
in Fig. I.1 [19] with available data. Details of the fluid geometry, mass flux, and
heat flux of the data points used in this comparison are listed in Table I.I [19].

Microchannels invariably involve cooling channels in blocks, as opposed to
mini and larger diameter normal size channels that have individual confining
walls and are usually thermally well controlled. Commonly accepted dimen-
sions of microchannels are 10 mm long with 10—200 pm hydraulic diameter.
The channels are usually cut in a block. For silicon, microelectronic fabrication
techniques are used. For copper or other metals, an end mill or a lamination
and bonding process is used. Typically, there will be 100 or so parallel chan-
nels. Heat is usually supplied to one side of the block. If the channels are cut
from one side, a cover plate is provided on that side and inlet and outlet head-
ers couple the microchannel heat exchanger to the flow system.
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Fic. I.1. Comparison of the confinement criterion with experimental data from a variety of
sources in the literature. For color version of this figure, the reader is referred to the web version
of this book. Source: From Harirchian and Garimella [19].

Boiling is desirable in microchannel heat sinks for more probable uniform wall
temperature since then wall temperature is constrained to the fluid saturation tem-
perature. The flow rate in microchannels is low to contain the pressure drop.
Therefore, large enthalpy rise of the fluid for high heat flux is inevitable.

Small microchannel flow boiling systems are sensitive to oscillatory instabil-
ities. The oscillations may be

1. parallel channel instabilities in the case of parallel channel evaporators with
common inlet headers, or

2. the compressible volume instabilities which may develop even in single-
channel systems.

Parallel channel instabilities are primarily due to the interaction of the two-
phase flow among adjacent channels. Compressible volume instabilities may
propagate in the presence of a degree of compressibility (i.e., a body of vapor,
flexible hosing, etc.) upstream or within the heated length.

Thermally induced two-phase flow instability must be avoided by all means to
prevent any disastrous effect in the thermal systems. Two-phase flow instabilities



TABLE LI

SuMMARY OF EXPERIMENTAL DATA USED IN THE COMPARISON OF CONFINEMENT TRANSITION CRITERION AND FLOW REGIME MapP

Reference Fluid Geometry Mass flux Wall heat

(kg/m2 s) flux
(KW/m?)

Peles et al. [25] Water Parallel microchannels, Dy, = 157, 207 pm 3500, 6000 —

Jiang et al. [26] DI water Parallel grooves, w =50 pm 110-365 —

Kandlikar [1] DI water Parallel microchannels, w =1 mm, d =1 mm 40 —

Serizawa et al. [3] DI water Circular tube, D =50 pm 24 —

Lee et al. [27] DI water Parallel microchannels, w =120 pm, d = 14 pm 30—-60 —

Hetsroni et al. [7] Water Parallel triangular microchannels, D, = 103, 129 pm 87—108 80—220

Steinke and Kandlikar [28] DI water Parallel microchannels, w =214 pm, d =200 pm 115—-467 55—-839

Zhang et al. [29] DI water Single microchannel, w = 50 pm, d =40 pm 160 -

Garimella et al. [30] DI water Parallel microchannels, w =275 pm, d = 636 pm 651 160

Wang et al. [31] DI water Parallel trapezoidal microchannels, w =208, 427 pm, d = 146 pm 91-787 365, 486

Hetsroni et al. [32] Vertrel XF Parallel triangular microchannels, D;, = 130 pm 148 36

Mukherjee and Mudawar [33] FC-72 Parallel mini- and microchannels in a gap, w = 200 pm, d = 660 pm, 500—1100 —

w=1.57 mm, d = 3.05 mm

Zhang et al. [34] FC-72 Parallel microchannels, w =200 pm, d = 2000 pm 120 42

Chen and Garimella [35] FC-77 Parallel microchannels, w =389 pm, d = 389 pm 345 9-56

Coleman and Garimella [36] R134a Glass tube, w = 4.9 mm 150, 750 —

From Harirchian and Garimella [19].
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in minichannels and microchannels are more intense than that in conventional
channels due to the low flow velocities and confined space available for bubble
growth. These instabilities result in a lower critical heat flux (CHF) than would
be obtained with stable flow in the microchannels-based heat sink [20].

Boiling in mini- and microchannels seems to occur as a combination of both
nucleate and convective boiling mechanisms. Some overviews of the progress
made in the field of boiling in macro and small channels can be found in Refs.
[21-42].

The use of minichannel heat exchangers (hydraulic diameter about 1 mm) in
compact heat exchangers improves heat transfer coefficients and thermal effi-
ciency while requiring a lower fluid mass. They are widely used in condensers
for automobile air conditioning and are now being used in evaporators and
other applications like domestic air-conditioning systems.

In this chapter, the thermofluid dynamics of boiling in microchannels has
been discussed in detail.

1.2. Flow Pattern and Bubble Growth

Bubble dynamics in microchannel is quite different from that in an ordinary
sized channel. Bubble growth in a microchannel is restrained by the channel
wall and in the transverse direction. The two-phase flow pattern observed simul-
taneously in the channels may be different, depending on heat and mass fluxes.

In microchannels, it is found that the pressure drop and average heat transfer
coefficient are significantly dependent on the boiling flow pattern, which is sim-
ilar to that for boiling in conventional large channels. However, the behavior of
boiling flow regime transition in narrow channels is much different from that in
large channels. Yang et al. [43] have followed the previous works of Qian et al.
[44], Nourgaliev et al. [45], and Yang et al. [46—48] and used the Lattice-
Boltzmann method (LBM)-based FlowLab code to simulate the movement of
single Taylor bubbles and for regime transition of two-phase flow in narrow
channel. They have employed the interaction potential model of Shan and Chen
[49] to simulate the hydrodynamic interaction between the two phases and the
Martys and Chen [50] model to describe the interaction between a fluid and a
wall. Also, the White and Beardmore [51] graphical correlation for the terminal
velocity of slugs to analyze the Taylor bubble movement was used.

A new type of two-phase flow pattern map developed by Revellin and
Thome [52] was applied by Kaew-On et al. [53] to identify the flow regime
(Fig. 1.2). The coalescing bubble (CB) regime occurs when bubble generation
rate is smaller than the bubble coalescence rate and the semiannular flow pat-
tern appears. The heat transfer coefficient is a function of heat transfer but is
independent of vapor quality or mass flux.
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Fic. 1.2.  Flow pattern maps with the experimental transition zone of Revellin and Thome [52]

correlation. For color version of this figure, the reader is referred to the web version of this book.
Source: From Kaew-On et al. [53].

Saisorn et al. [54] carried out flow visualization and heat transfer experi-

ments with R-134a. They have observed slug flow, throat-annular flow, and
churn flow regimes under conditions of low heat flux and studied three-zone
flow boiling model for various flow patterns with R-134a in a 1.75 mm
channel.

Flow patterns observed by Saisorn et al. [54] and Saisorn and Wongwises

[55,56] can be summarized as follows:

Slug flow in which small bubbles coalesce with each other and elongated
bubbles are larger in length than the channel diameter in low vapor quality
region.

Throat-annular flow in which two consecutive elongated bubbles or vapor
slugs coalesce to form the ripple leading to a throat region having gas core,
and it is located near the transition from coalescing bubble flow to annular
flow. Such location is far from slug flow pattern.

Distortion of elongated bubbles forms a disruptive region and churn flow
occurs. This unstable condition is not included in the model and model predic-
tion is not good. However, the deviation decreases with decreasing heat flux.
Annular flow in which tube wall gets liquid film flows and the tube core is
occupied by continuous vapor flow.

Alternate annular-rivulet flow in which there is rivulet-like liquid stream on
the tube surface in addition to the annular flow.
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Usually the flow pattern data is classified by visual observation and the data
is plotted as a flow pattern map in terms of system parameters such as heat
flux, mass flux, vapor quality, and saturation pressure. The flow regime map
comprises different zones according to bubble coalesce phenomena.

The isolated bubble (IB) regime is characterized by higher bubble generation
rate compared to bubble coalescence rate. Either or both bubbly flow and slug
flow appear.

Isolated bubble (IB) to coalescing bubble (CB) transition vapor quality, tak-
ing care of heat flux, viscosity, and surface tension, is given by:

RepoBo 041
Wego

xIB/CB =0.763 ( (16)

Similarly, the transition from coalescing bubble to annular flow is given by:

xcp/a = 0.00014Re] ' We ;> (L.7)

1.2.1. BuBBLE BEHAVIOR IN A NARROW CHANNEL

Figure 1.3 shows the typical movement behavior of a single Taylor bubble
in a vertical narrow channel calculated by the FlowLab code.

The deformation of the bubble occurs only at the initial time period, after
that the shape and movement of the bubble is stable, and a constant rising
velocity is established.

Figure 1.4 shows the interface shape of the single Taylor bubble in a vertical
channel for different capillary numbers.

!lllllll

Fic. .3.  The movement of a single Taylor bubble in a vertical narrow channel. Source: From
Yang et al. [43].



THERMOFLUID DYNAMICS OF BOILING IN MICROCHANNELS 85

14 —— Ca=0.013 7

L Ca=0.07
12 - Ca=0.117 R
------ Center line of the bubble

Interface position (y/H)

1 1 1 1 1 1 1
0.0 20.0 40.0 60.0 80.0
Bubble length (in lattice number)

Fic. 1.4. The interface shapes of single Taylor bubble in a vertical narrow channel for
different capillary numbers Ca. Source: From Yang et al. [43].

As the capillary number increases, the stagnant flow region thickens and the
wiggles vanish. The results of Yang et al. [43] compare well with the curvature
of the meniscus of the bubble obtained by Giavedoni and Saita [57] by
Galerkin finite element discretization of the governing equations.

1.2.2. FLow REGIME TRANSITION

The phase-change mechanism causes the increase of the bubble size, bubble
shape, and flow regime. Also coalescence of the bubbles changes the flow
regime rapidly. Yang et al. [43] have investigated the effect of body force, sur-
face tension, and bubble size on the flow regime transition behavior. From
Figs. 1.5 and 1.6, it can be seen that the coalescence between the small bubbles
with the slug ahead is earlier in smaller body force condition than that in larger
body force condition since the velocity difference between the small bubble
and the slug is larger in smaller body force condition than that in larger body
force condition. The transition from bubbly slug flow regime to pure slug
regime occurs earlier in smaller body force condition than that in larger body
force condition.

The surface tension has little effect on the movement of the bubbles and the
flow regime transition. However, the coalescence of small bubble with the slug
ahead of it occurs a little later with larger surface tension due to different accel-
eration in the initial period leading to different deformation of the bubble at the
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Fic. 1.5. The bubble movement in a narrow channel: surface tension 0.038, body force
0.0008. Source: From Yang et al. [43].

beginning and different moving dynamics. After a certain time, the movement
of the bubbles in different surface tension cases does not differ greatly.

The bubbles with smaller size move faster than those with larger size.
Without any perturbations on the moving bubbles, the bubbly flow does not
change to slug flow. The larger slugs will never merge with each other if no
phase change occurs at two-phase interface.

Molecular dynamics (MD) simulation study on surface tension of bubbles
and their related characteristics was made by Park et al. [58]. A stable bubble
regime with respect to simulation domain sizes was defined for the Lennard-
Jones molecules. They calculated local densities, normal and tangential pres-
sure components, and bubble surface tension. Also, a simple binary molecule
system was investigated to understand the effects of foreign molecules on the
surface tension of a bubble. Further information on surface tension of micro-
bubbles and the interfacial phenomena may be obtained from Thompson et al.
[59], Rowlinson and Widom [60], Israelachvili [61], Weng et al. [62], Allen
and Tildesley [63], Haile [64], Maruyama [65], Yang and Tsutsui [66], Parker
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Fic. 1.6. The bubble movement in a narrow channel: surface tension 0.038, body force
0.0012. Source: From Yang et al. [43].

and Heyes [67], Kinjo and Matsumoto [68], Kinjo et al. [69], Park et al. [70],
and Tolman [71].

Figure 1.7 [58] shows the cross-sectional snapshot of the molecular distribu-
tion of a bubble.

It may be noted from Fig. 1.7 [58] that the central region is a vapor phase
and the outer region of higher density is a liquid phase. The liquid-vapor
interface in this microscopic system cannot be defined sharply. The average
density should be smaller than a critical value to maintain a stable bubble.
Figure 1.8 [58] shows the regime map for stable bubbles and corresponding
liquid-phase densities.

Figure 1.9 [58] shows the surface tension () and Tolman’s length (6) for
bubbles and droplets.

Nucleate boiling, once initiated, quickly becomes fully developed [72,73].
Increasing heat flux causes an abrupt change in flow pattern to unstable slug
flow followed by stable annular flow [74]. Nucleation and small bubble growth
were observed inside the microchannels [75].
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Fic. I.7. A cross-sectional snapshot of the molecular distribution of a bubble. Source: From
Park et al. [58].
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Fic. 1.8. Regime map for stable bubbles and liquid-phase densities. Source: From Park et al.
[58].
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Fic. 1.9. Surface tension () and Tolman’s length () for bubbles and droplets. Source: From
Park et al. [58].

The onset of nucleate boiling (ONB) criterion predicts the boiling incipience
in conventional large channels with the assumption that a bubble grows beyond
the mouth of a cavity when the surrounding liquid has sufficient superheat to
maintain mechanical equilibrium at the bubble interface. Even wall-attached
small bubbles nucleate, grow, and collapse as a thin bubble layer forms along
the channel wall [76—78].

Bubble behavior at incipient boiling in microchannels is much different
from that in large channels. At incipient boiling, bubble form at bottom and
side walls at some nucleation sites; then bubbles grow to detachment size
comparable to channel cross-section or lower depending on the velocity,
before departing into the liquid flow. Mechanistic models for bubble detach-
ment are due to Levy [79], Staub [80], Al-Hayes and Winterton [81],
Winterton [82], and Rogers et al. [83]. Microchannel exit hydrodynamic and
thermal conditions are responsible for local boiling incipience phenomenon.
A two-dimensional unit cell containing a single microchannel and surround-
ing solid was examined by Qu and Mudawar [84]. Figure 1.10 shows that the
bubble size increases with decreasing mean liquid exit velocity. Figure I.11
shows that the model predictions of Qu and Mudawar [84] compare well
with the incipient boiling heat flux data.

Peng et al. [73] theoretically analyzed the liquid phase change transition
in microchannels using thermodynamic phase stability theory. They obtained
a bubble formation/nucleation criterion analytically. The channel size and
geometry have a significant impact for sufficiently small hydraulic diameters,
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resulting in dramatically higher heat fluxes for nucleation [72,85—94]. The lig-
uid thermophysical properties also have an important influence on the nucle-
ation. The evaporating space quantification illustrates fictitious boiling [94]. A
nondimensional relationship, N, = 1, where

hiay

Npp = ————— 1.8
mb em(v" —Vv')q"Dy (18

hy, = latent heat
a, = vapor phase thermal diffusivity
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¢ = experimentally determined empirical constant
v"” = vapor specific volume at saturation

v/ = liquid specific volume at saturation

q" = heat flux
Dy, = hydraulic diameter

describes the conditions for phase-change transition or nucleation in
microchannels.

Hsu [95] investigated pool boiling characteristics of liquids and theoretically
predicted a range of active cavity sizes on heated surfaces and the correspond-
ing equilibrium bubble embryo radii.

Bowers and Mudawar [87] noted that the heat transfer and flow friction or
pressure drop behavior in microchannels is different from that observed in
macrochannels. Lin et al. [88] have observed bubble growth and boiling char-
acteristics on microwire and microchip heaters in microchannels, and they
found that it is extremely difficult to generate bubbles in the constrained liquid
in the microchannels.

Peng and Wang [91] have defined two hypothetical concepts, “evaporating
space” and “fictitious boiling,” to describe the physical processes and funda-
mental phenomena in boiling in microchannels. The “evaporating space” is
the space necessary for evaporation. “Fictitious boiling” refers to the attain-
ment of conventional nucleate boiling conditions but before the start of
internal evaporation and bubble growth. The microbubbles cannot be visual-
ized by ordinary means. Liquids with greater liquid/vapor density differ-
ences, higher latent heats, and larger thermal diffusion coefficients need
larger heat fluxes to initiate nucleation. The liquid is in a highly nonequilib-
rium state with an exceptional capability to absorb, transfer, and transport
thermal energy. Figure 1.12 [73] shows the minimum heat flux required for
nucleation.

Experimental data of Ding et al. [96] testifies the prediction given by Peng
et al. [73]. If the microchannel size is smaller than the “evaporating space,”
then “fictitious boiling” occurs before nucleation is initiated. Otherwise, nor-
mal nucleate boiling occurs. Figure 1.13 [73] shows the wall superheats
required for nucleation in microchannels.

By measurements with infrared radiometer and thermography, Hetsroni
et al. [97] have shown that the bubble behavior and the heat transfer mecha-
nism for the cationic surfactant (the surfactant additive can also be anionic
or nonionic) solution with water are quite different from those of pure water.
They studied saturated pool boiling on a heated surface and on a heated
tube. They examined the effect of the surface tension and viscosity on the
heat transfer coefficient. In contrast to the turbulent pipe flow with surfac-
tants, where friction factor and heat transfer coefficient reduce, surfactant
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Fic. 1.13.  Wall superheat for nucleation. Source: From Peng et al. [73].

solutions in the pool boiling shows a significant enhancement of the boiling
mechanism due to reduced surface tension and viscous drag and causing dif-
ferent bubble size and dynamics. There is an optimum additive concentration
for highest heat flux.
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1.2.3. BUBBLE BEHAVIOR
1.2.3.1. Bubble Visualization

Figure 1.14 [97] shows the typical stages of bubble growth. After the onset
of nucleate boiling, the regime of single bubbles occurs close to the heated
wall and bubble coalescence takes place as the heat flux increases. The ten-
dency of bubble coalescence reduces significantly in the surfactant solution.
Figure 1.15 [97] shows the bubble initiation, bubble growth, and bubble

L . .
o HHF 3 et a'® -e
« PRVl YT N,

(©) ()

Water Habon 530 ppm
Heat flux (kW/m?): (a) 150; (b) 450; (c) 750 | Heat flux (kW/m?): (d) 150; (e) 450; (f) 750

Fic. 1.14. Boiling of water (a—c) and 530 ppm Habon G solution (d—f) on the pipe at various
heat fluxes. Source: From Hetsroni et al. [97].
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Fic. I.15.  The dynamics of bubble growth on the heated flat plate in clear water and 530 ppm
Habon G solution. Source: From Hetsroni et al. [97].
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Fic. 1.16. Flow pattern downstream of the ONB: (a) dryout, (b) single-phase water flow.
Source: From Hetsroni et al. [101].

departure. The time from bubble initiation to bubble departure increases in the
surfactant solution. Wu et al. [98] tried to correlate the nucleate boiling heat
transfer coefficient with the equilibrium and dynamic surface tension of the
aqueous surfactant solutions. In the surfactant solution, the nucleate boiling
behavior depends on heat flux, thermal patterns on the heated surface,
Marangoni effects, and critical micelle concentration (CMC) of the surfactant.

The heat transfer coefficient in the surfactant solution is higher and the
assumption of uniformity of wall superheat cannot be realistic.

Yao and Chang [99] have shown that boiling in confined space depends on
bubble deformation characterized by the ratio of gap size and nominal bubble
departure diameter, that is, Bond number or Eotvos number.

Lee et al. [100] observed bubble nucleation and growth in parallel micro-
channels for some cases with wall temperature lower than the saturation tem-
perature corresponding to the system pressure.

Figure 1.16 [101] shows the regime downstream of ONB. Hot spots (dry
out) were observed [101]. The temperature of the heated wall did not increase
sharply, as in the CHF case, due to periodical nature of the process. After a
certain time, the microchannel was again supplied with liquid.

Arcanjo et al. [102] performed quasi-diabatic two-phase bubbly, elongated
bubbles, churn and annular flow pattern visualizations and measurements of
elongated bubble velocity, frequency, and length based on high-speed videos
(8000 fps). They also characterized dry out conditions. They compared their
results with those of Barnea et al. [103] and Felcar et al. [104]. The bubble
velocity increases with increasing mass velocity and vapor quality, and
decreases with saturation temperature and is independent of bubble length
since the vapor-/liquid-specific volume ratio decreases with increasing
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saturation temperature and so, the fluid acceleration, inherent to the evaporation
process, also decreases. They correlated bubble velocity as a linear function of
two-phase superficial velocity. Instead of Kelvin—Helmholtz instability, assumed
by Taitel and Dukler [105], Barnea et al. [103] proposed surface tension, inertial,
capillary, and gravitational effects (modified Eotvos number and Weber number)
as the leading transition mechanism from stratified to intermittent flows in
microchannels.

Ullmann and Brauner [106] observed that the transition to annular flow in
microchannels is a result of wetting and inertial effects since, for smaller chan-
nels, the meniscus radius of the wall—liquid interface may have the same order
of magnitude of the tube diameter.

The relative elongated bubble velocity (vapor velocity minus the homoge-
neous flow velocity) increases with increasing bubble length until a plateau is
reached, and also increases with increasing tube diameter and mass velocity
and a semianalytical model for the vapor velocity as a function of the bubble
length is [107—109] as follows:

Dy 1—exp((—2Lgf)/D)
= + Un
1—0.58/Co 2f

Us 1.9

where y is given by:
__ Y
Dhygpg

v (1.10)
and fis the friction factor.

The model for predicting the collision of elongated bubbles in horizontal
microchannel flows takes into account differences of velocities among elon-
gated bubbles related to distinct bubble length and the vapor input into the
bubble due to evaporation process [109].

Vaillancourt et al. [110] and Akbar et al. [111] presented models for flow
pattern transition in microchannels.

Arcanjo et al. [102] characterized flow patterns (Fig. 1.17) as follows:

* Dispersed flow that includes bubbly and mist flows, with the gas bubbles in
the liquid having smaller diameter than the tube, and gas dispersed in a con-
tinuous liquid phase and all the liquid detached from the wall and flowing
as small droplets within the gas core.

e Annular flow when the gas core is surrounded by a liquid film on the tube
wall.

e Intermittent flow when the flow geometry has a periodic or time varying
character.

o Stratified flow (smooth + wavy) when two-phases flow separately with the
liquid in the lower region of the tube due to gravitational effects.
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Fic. 1.17. Flow pattern visualizations and their nomenclature. Source: From Arcanjo et al.
[102].

Churn, slug, elongated bubbles, plug, and pseudo-slug flows are character-
ized as intermittent flows. Annular and slug-annular flows are considered as
annular flows.

Unlike Agostini et al. [108], according to which the bubble velocity
increases with its length, Arcanjo et al. [102] observed an almost negligible
effect of bubble length on the bubble velocity (Fig. 1.18). This is perhaps due
to the fact that for Co <0.58, the model of Agostini et al. [108] validated for
Co = 0.58 provides unrealistic results characterized by a bubble velocity higher
than the homogeneous velocity and for Arcanjo et al. [102], Co varied from
0.32 to 0.37.

Arcanjo et al.’s [102] two-phase superficial velocity data are well predicted
by the drift-flux model of Zuber and Findlay [112], and the superficial void
fraction may be obtained.

The elongated bubble frequency passes through a peak with increasing vapor
quality from zero. The frequency peak value increases with increasing mass
velocity due to increase of turbulence intensity with mass velocity and its
effect on elongated bubble coalescing and growing processes. The bubble fre-
quency peak moves to lower vapor quality with increasing mass velocity since
larger number of elongated bubbles and the bubble coalescing process affect
the bubble frequency at lower vapor quality. The elongated bubble frequency



98 S.K. SAHA AND G.P. CELATA

2.0 T T T T T T T T
» A
= A IN A Arnanla & 4
% 1.5 ah 2 Tama A&AAAA AA  Laal .
.‘é
T O Teat=22°C, G=100 kg/m?2s, x=0.028
§ 1.0 & Tou=22°C, G=600 kg/m2s, x=0.016 .
a ® T_,=41°C, G=100 kg/m2s, x=0.06
©
< A T,;=41°C, G=600 kg/m?2s, x=0.03
205t i
go.
w 0OPWOQY ®© W o O

doee © (LY 1] °
O-O 1 " 1 " 1 " 1 "
0 4 8 12 16 20

Bubble length (mm)

Fic. 1.18. The variation of the bubble velocity with its length. Source: From Arcanjo et al.
[102].

increases with increasing saturation temperature due to increase in the ratio
between two-phase dynamic viscosity and density and Reynolds number. Also,
surface tension decreases with increasing saturation temperature and the break-
ing of bubbles by turbulence is favored.

Figure 1.19 shows the comprehensive flow regime map developed by
Harirchian and Garimella [19] based on experimental results and flow visuali-
zations performed with FC-77. There are four distinct regions: confined slug
flow, churn/confined annular flow, bubbly flow, and churn/annular/wispy-
annular flow. The vertical transition line given by Bo”> X Re = 160 represents
the transition to confined flow. The other transition line is a curve fit to the
points of transition from bubbly or slug flow to alternating churn/annular or
churn/wispy-annular flow and is given by:

Bl = 0.017(Bo®* X Re 03) (I.11)

For Bo"> X Re =160, vapor confinement is observed in both slug and
churn/annular flow regimes. For Bo%® X Re > 160, the flow is not confined.
For low heat fluxes with Bl =0.017 (Boo'4 X Re_0‘3), flow patterns of slug (if
Bo®? X Re = 160) or bubbly (if Bo®> X Re > 160) flow exist in the microchan-
nels. At higher heat fluxes with B[ > 0.017 (Bo®* X Re™ %), vapor bubbles coa-
lesce resulting in a continuous vapor core in the alternating churn/annular or
churn/wispy-annular flow regimes.
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Fic. 1.19. Comprehensive flow map regime. For color version of this figure, the reader is
referred to the web version of this book. Source: From Harirchian and Garimella [19].

1.3. Heat Transfer with Models

In the mini- and microchannels, for sufficiently high temperature difference
between heated wall and adjacent fluid, vapor bubbles generate at the wall
nucleation sites and nucleate boiling occurs. The heat transfer is a strong func-
tion of the thermophysical properties of the fluid, surface structure, and
material.

The data of Wang et al. [113] is well predicted by the correlation of Mishima
and Hibiki [114] for macrochannel with, of course, some underprediction by
the correlation for high vapor quality (x. > 0.1). The reason for underprediction
is that the flow behavior is different in microchannels. The coalesced bubbles
in microchannels are confined, elongated, and finally they form the annular
flow downstream, while in a macrochannel, many bubbles grow and flow along
the channel without restriction. Also local dry out occurs in microchannels at
high vapor quality causing vapor blocking in the channels. The heat transfer
coefficient increases, as shown in Fig. 1.20 [113], with the increase in vapor
quality in the subcooled boiling region (x. <0) due to a transition from par-
tial to fully developed nucleate boiling. For saturated boiling region (x, > 0),
h decreases with increasing x. This finding corroborates the experience of
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Fic. 1.20. Heat transfer coefficient versus exit quality. For color version of this figure, the
reader is referred to the web version of this book. Source: Wang et al. [113].

Hetsroni et al. [115] and Qu and Mudawar [116], but it is contradictory to
the observations of Chen and Garimella [117]. Kandlikar [118] correlation
overpredicts heat transfer coefficient data of Wang et al. [113] as shown in
Fig. I.21.

Kandlikar [119] discussed comprehensively heat transfer mechanisms during
flow boiling in microchannels. The forces due to surface tension and momen-
tum change during evaporation, in conjunction with the forces due to viscous
shear and inertia, govern the two-phase flow patterns and heat transfer charac-
teristics during flow boiling in microchannels. In low Reynolds number
flows occurring in microchannels, nucleate boiling systemically emerges as the
dominant mode of heat transfer. Kandlikar [119] has observed nondimensional
groups relevant to two-phase flow studies in microchannels. These are Martinelli
parameter, Convection number, Boiling number, Bond number, Eotvos number,
Capillary number, Ohnesorge number, Weber number, and Jakob number.
While studying the effects of these numbers individually, Kandlikar [119] has
found that following two nondimensional groups K; and K, [120] are capable
of representing some of the key flow boiling characteristics including CHF in
microchannels:

2
q PL
K= (-2 )~ (1.12)
! (thg> PG
2
D
K, = <q> = (1.13)
his) pgo
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Fic. 1.21. Comparison of boiling heat transfer coefficient with Kandlikar [118] correlation.
For color version of this figure, the reader is referred to the web version of this book. Source:
Wang et al. [113].

Kandlikar [119] has made an attempt to see the range of K; and K, in the
data available [121—124] for minichannels and microchannels.

Hetsroni et al. [115] visualized the flow pattern and measured heat transfer
coefficient during explosive boiling of water in parallel triangular microchan-
nels. The behavior of long vapor bubbles at low Reynolds number was not
similar to annular flow with interposed intermittent slugs of liquid between
two long vapor trains. Figure 1.22 shows the dependence of time interval
between cycles on heat flux obtained from the histograms of statistical distri-
bution as observed by Hetsroni et al. [115]; increasing the heat flux about two-
fold leads to increasing the cycles of dry out about sevenfold.

Figure 1.23 shows the typical nature of the dependence of the saturated flow
boiling heat transfer coefficient on the thermodynamic equilibrium vapor quality
at the outlet of the test section. As observed by Hetsroni et al. [115] and other
investigators [116,119,125—127], h decreases appreciably with increasing x.
However, Hetsroni et al. [115] observed that heat transfer coefficient does not
depend on mass flux. This observation of Hetsroni et al. [115] contradicts the
observations of Qu and Mudawar [116,125] who pointed to annular flow as
the dominant two-phase flow pattern in microchannels at Re = 60 — 300 and
concluded that the saturated flow boiling heat transfer coefficient is a strong
function of the mass flux and only a weak function of the heat flux. Explosive
boiling in microchannels could not be clearly attributed to any single nondimen-
sional number like Reynolds number, Weber number, or Ohnesorge number.
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Fic. 1.23.  Dependence of the saturated flow boiling heat transfer coefficient on thermodynamic
equilibrium quality at the outlet of the test section. Source: Hetsroni et al. [115].

Kandlikar et al. [128] have observed that actual nucleation wall superheat
may decrease due to the presence of dissolved gases in the liquid. The periodic
wetting, dryout, and rewetting phenomena in microchannels have been
observed by Hetsroni et al. [129] for parallel microchannels of hydraulic diam-
eter 103—129 pm.
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Kandlikar and Steinke [130] observed with their water data that at low
Reynolds number, the convective boiling does not become the dominant mech-
anism in the entire vapor quality range. Simple models given by Jacobi and
Thome [131] and others contain empirical variables that are fitted to the data;
they do not consider the effect of transient phenomena, rapid bubble growth,
localized flow reversal, periodic dry out, and also flow distribution through
parallel microchannels. Their use is not recommended beyond the specific
operating and geometrical conditions employed by the authors.

Kandlikar and Balasubramanian [126,132] experimented with three gravita-
tional orientations under the same operating conditions. Bubbly, thin film
nucleation, slug flow, and churn flow have been observed in all three orienta-
tions. Time-dependent flow patterns have been found. They have observed
decreasing trends in heat transfer coefficients with increasing quality. These
trends are in consonance with observations where nucleating bubbles are at the
wall during liquid flow and also in the liquid film near the wall in plug or
annular flow.

Dupont and Thome [133] and Tiselj et al. [134] studied influence of the
channel diameter and axial conduction on heat transfer during flow boiling in
microchannels. Harirchian and Garimella [135] studied microchannel size
effects on local flow boiling heat transfer to a dielectric fluid. Investigators
[136—139] dealt with scale effects on flow boiling in microchannels, the appli-
cability of the flow boiling correlation to low Reynolds number flows in
microchannels, and effects of gravitational orientation and channel geometry
on flow boiling in parallel minichannels. Wang and Cheng [140] and Xu et al.
[141,142] studied microbubble emission, transient flow pattern, and heat trans-
fer mechanism in microchannels.

Consolini [35] proposed a one-dimensional heat transfer model, based on
the effect of interfacial shear on the temporal evolution of film thickness, for
slug flow which is dominant flow mode at low and intermediate vapor quali-
ties in microchannel evaporators.

Diaz and Schmidt [143] observed that the heat transfer coefficient decreases
with increasing quality of vapor. This trend is consistent with the results of
others and indicates that nucleate boiling dominates the low quality region.

Xu et al. [141] used acetone as the working fluid and they proposed the boil-
ing number as the key for establishing the relative dominance of boiling
mechanisms, since it gives information on the evaporation momentum force
relative to the inertia force.

Lazarek and Black [144] showed that, beyond the start of saturation boiling,
the heat transfer coefficient remains unaffected by vapor quality (Fig. 1.24);
but it is a function of heat flux, leading them to conclude that nucleate boiling
is dominant heat transfer mechanism as in macroscale flow boiling. Similar
results have been observed by Moriyama and Innoue [145] (Fig. 1.25). This
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trend as well as contradictory findings has been discussed at length in
Agostini and Thome [146]. The relative importance of nucleate boiling and
convection in the individual flow patterns that are characteristic to a micro-
channel flow is thus still unclear [20,119,131,147—152]. Vapor formation and
flow development in microchannels have been discussed at length in Refs.
[29,123,124,142,153—169]. Heat transfer prediction methods in microchannels
are discussed in Refs. [92,120,123,132,140,170—181].

Li and Wu [182] formulated a generalized correlation for evaporative heat
transfer in micro/minichannels. They considered both nucleate boiling and con-
vection boiling in terms of Bond number, Reynolds number, and Boiling
number.

Table LII lists the experimental data of saturated two-phase heat transfer in
micro/minichannels.

1.3.1. SATURATED BOILING CORRELATION

Saturated boiling correlation given by Lazarek and Black [144] is as
follows:

Nu = 30Re"357 Bo" 714 (1.14)
where
Re = GD/y, (1.15)
Bo = ¢/Ghg (1.16)
Nu = hD/k (L.17)

Equation (I.14) is applicable for the following range of parameters:

@: 1.4 X 10* —3.8 X 10° W/m?

G: 125 =750 kg/m* s

Re: 860 —5500

Bo:23x10*=76x 107"

Static pressure: 1.3 X 10° — 4.1 X 10° N/m?

Liu and Winterton [183] have developed a general correlation for saturated
and subcooled flow boiling in tubes and annuli based on a nucleate pool boil-
ing equation. They have used the basic postulate that both convective and
nucleate boiling heat transfer mechanisms play a role in flow boiling. Liu and
Winterton [183] have removed the original empirical boiling number correc-
tion concept from the correlation since the boiling number correction is not
applicable to subcooled boiling although, for saturated boiling, this allows for
the enhancement of the forced convective heat transfer mechanisms arising



TABLE LII

SUMMARY OF STUDIES RELATED TO SATURATED FLow BOILING HEAT TRANSFER IN MICRO/MINICHANNELS

Reference

Fluid/substrate/number
of channels/geometry/
dy, (mm)

Parameter ranges, G
(kg/m?*s), P (bar),
g (kW/m?), T(°C)

Remarks

Tran et al. [3]

Rao et al. [4]

Lin et al. [5]

Lin et al. [6]

Warrier et al. [7]

Qu and
Mudawar [8]

Sumith et al. [9]

Yen et al. [10]

R12/brass/1
Circular/rectangular
dy =246, 24

R11, R123/copper
1/circular

dh =1.95
R141b

1/circular

dp=1.1

R141b/—/1

Circular, rectangular
dy=1.1,18,28,2
FC84/aluminum
S/rectangular
dn,=0.75
Water/copper

21/rectangular

dp, = 0.349
Water/stainless steel
1/circular

dyn =145
R123/stainless steel

G=44—832
¢=3.6—129, x=0—1.0
Po =825

G =50-1800

q=5-200, x=0-0.9

Py = 2.94-5.09

G =300-2000
q=10—1150,
x=0-1.0

P, =1.35-22

G =50-3500
q=1-300,x=0-1.0
P;,=1.0-3.0

G =557-1600
q=0-45,x=0-0.5
Tin = 26, 40, 60

G =135-402
x=0-0.2

T:n = 30, 60

G =234-152.7
q=10-715,x=0-0.8
Ty =97.5, 98

G =50-300

Nucleate boiling dominates the heat transfer

Convection-dominant region occurred for AT, <2.75°C

Little difference exists between 4 in a circular and rectangular channel

Nucleate boiling is dominant over a wide range of flow conditions

Convective boiling is less important because of the relatively low Reynolds
numbers and liquid conductivity

At low x, nucleate boiling dominates; at high x, convective boiling
dominates
For heat flux greater than 60, nucleate boiling is dominant throughout

h is a strong function of ¢ and x and a weaker function of G

Both nucleate boiling and convective evaporation occurs

The average h is independent of tube diameter

Flow pattern develops quickly into annular flow

No significant misdistribution is found for 5-channel configuration

An abrupt transition to annular flow near zero x

The dominant heat transfer mechanism is forced convective boiling
h is shown to decrease with increasing quality

The dominant flow pattern is slug-annular or an annular flow

liquid film evaporation is found to dominate the heat transfer

h is suppressed under higher g or G due to the limited evaporating space



Huo et al. [11]

Owhaib et al. [12]

Pettersen [13]

Saitoh et al. [14]

Yun et al. [15]

Yun et al. [16]

Chen and
Carimella [17]

Yun et al. [18]

1/circular

d, =0.19—-0.51
R134a/stainless steel
1/circular

dy, — 2.01
R134a/stainless steel
circular/3
dy=1.7,1.224, 0.876
CO»/aluminum
25/circular

d, =0.81

R134a/—

1/circular
d,=0.51,1.12,3.1
CO,/stainless steel
1/circular

d, =0.98, 20
COy/—
6—10/rectangular
d,=1.08—1.54

FC-77/silicon
24/rectangular

d,=0.389
R410a/—

g=5-30,x=0-1.0

Poy=1.01

G = 100-500
q=13-150,x=0-0.9
pP=8-12

G = 50400
g=3-34, x=0.06
P=64-8.6

G =190-570

g=5-20,x=0-1.0

T =0, 10, 20, 25

G =150—-450
q=5-39,x=0-1.0
Te =5, 10, 15

G =500-3570
q=7-48,x=0-1.0
T =0, 5, 10

G =200—-400
q=10-20, x=0-0.9
T =0, 5, 10

q =40-800, x =0-0.8
Py =1.01

G =200-400

h is monotonically decreased with increasing x, and becomes independent
of G

Nucleate boiling is dominant when x is less than about 20—30%

Above these quality values, i decreases with vapor quality

Diameter change affects the slug to churn and to annular boundaries

h is a strong function of wall heat flux and system pressure

Fairly independent upon mass flux and vapor quality

Strongly related to nucleate boiling

Nucleate boiling dominates prior to dry out

Two-phase observations show increasing entrainment at higher mass flux,
and a dominance of annular flow

As tube diameter decreases, the flow approaches homogeneous flow
Forced convective heat transfer decreases with decreasing tube diameter
The effect of mass flux on & decreases with decreasing tube diameter
The effects of heat flux on 4 are very strong at all mass fluxes

The effects of mass flux on / are only significant when G < 500 kg/m?s

The effects of heat flux on 4 is very significant

Increasing of the saturated pressure enhanced heat transfer

The Copper model and Corenflo model yield relatively good
predictions

Convective boiling occurs at lower heat fluxes

Nucleate boiling is dominant at higher heat fluxes

(Continued)



TABLE LII

(CONTINUED)

Reference

Fluid/substrate/number
of channels/geometry/
dy, (mm)

Parameter ranges, G
(kg/m?*s), P (bar),
g (kW/m?), T(°C)

Remarks

Choi et al. [19]

Choi et al. [20]

Diaz and
Schmidt [21]

Sobierska
et al. [22]

Bertsch et al. [23]

Harirchian and
Garimella
[24—26]

7—8/rectangular
dy,=1.36, 1.44
CO»/stainless steel
1/circular
d,=1.5,3.0

R22, R134a, CO,
Stainless steel/1
circular/d, = 1.5, 3.0
Water, ethanol

Nickel alloy/1
Rectangular/d;, = 0.586
‘Water copper

1/rectangular
d,=0.48
R134a/copper
17/rectangular
d,=1.09
FC-77/silicon

qg=10-20,x=0-1.0
Tt =0, 5, 10
G =200-600
q=20—40,x=0-1.0
T = —10, =5, 0, 10

G =200—-600
qg=10—40,x=0-1.0
Tea =10

G =50-500

g =0-400, x=0—0.3
Pow = 0.1 MPa
G =200—1500

g =65-200, x = 0—0.3
Tsar = 100

G =203-81

¢ =0-200, x=0—1.0
P =4-15

G =240—1600

h of R410a in microchannels is much higher than those in large or small
diameter single tubes at similar test conditions

Bo, We, Re, were introduced in the new correlation
Nucleate boiling dominates particularly at low quality region
Laminar flow appears for flow boiling in small channels

Nucleate boiling dominates particularly at low quality region

The ratio of i, R22:R134a:CO, was approximately 1.0:0.8:2.0

Laminar flow was observed in minichannels

h decreases with increasing x for water, indicating that nucleate boiling
dominates in the low quality region

Fir ethanol, / increases with increasing x at low heat fluxes

Three basic flow regimes: bubbly, slug, and annular flow

Nucleate boiling dominates in the bubbly and slug regime at low x
Convective boiling becomes considerable in annular flow regime
h is relatively dependent on heat flux

h varied significantly with x and showed a peak at x =0.2

The influence of saturation pressure is almost negligible

Mainly governed by nucleate boiling

Increasing the channel width beyond 0.4 mm does not affect 4 for fixed g



Consolini and
Thorne [27]

In and Jeong [28]

Ong and Thorne
[29]

Pamitran et al.
[30]

2—60/rectangular
dp, =0.16—0.20
R134a, R236fa,
R245fa
Stainless steel/1

Circular/d,, = 0.51,
0.79
R123, R134a

Stainless steel/1

Circular/d, = 0.19

R134a, R236fa,
R245fa

Stainless steel/1

Circular/d,, = 1.03

Propane/stainless steel

1/circular
d,=1.5,3.0

g =0—400, x =0—0.8
Pow = 1.01
G = 300—2000

q=12-200, x =0-0.8

To =31

G =314-470

q=10-20,
x=0.2-0.85

Py =1.58-2.08, 9—11

G =100-1500

q=23-250,x=0-1.0

Tsat =31

G =50-400

¢=5-20,x=0-1.0
T =0,5,10

h has a weak dependence on channel width for smaller microchannels
h is strongly dependent on heat flux up to high x for R134a and R236fa
For R245fa: at low x, & is heat flux dependent as in the case of R134a; at

higher x, heat flux dependence disappears and % increases with x

Flow boiling heat transfer of R123 is dominated by the evaporation of thin
liquid films around elongated bubbles

Nucleate boiling is dominant for R134a until its suppression at high x

h displays heat flux and mass flux dependency but no subcooling effects

Convective boiling seems to dominate at higher x in the annular regime

Nucleate boiling was predominant, especially at low quality region

At moderate quality region, & increases with mass flux and vapor quality

From Li and Wu [182].
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from the generation of vapor in the boundary layer next to the wall. The corre-
lation for saturated boiling is

Wip = (FALY + (Shpoot)’ (L18)
where
h. = 0.023(ki /d)Re{* Pr)* (1.19)
hpool — 55p9.12q2/3(_10g10pr) *O.SSM -0.5 (120)
0.35
F= {1+xPrl(ﬂ—l)] 121
Py
S = (1+0.055F" R 16) 7! (1.22)

If the tube is horizontal and the Froude number is less than 0.05, then Fhy,
and Shyo, should be multiplied by the following Froude number correction
factors:

e; = Fr01 720 (1.23)
and
er = Fr (1.24)
respectively.

If the heat flux is known, then the correlation can be used directly to calcu-
late the heat transfer coefficient and hence the wall temperature. If the wall
temperature rather than heat flux is known, then following set of equations can
be used to calculate the Arp:

¢ = (Fh ATs)* + (A,SATs )¢ (1.25)
A, = 55p%12(—log,y pr) M 03 (1.26)
qL = Fhi . ATs (1.27)

3 q ’ q :
&= [FhLATJ N LL] .28
C = (A,S/Fh g} (1.29)
g, —Cq:—=1=0 (1.30)
hp = Fhy g/ 1.31)

For flow boiling in annuli, the heated equivalent hydraulic diameter should
be used.
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For subcooled flow boiling,

¢ = \/(FRLATY + (Shyo AT5)) (132)
where
ATy =Ty — Ty (133)
and
ATs =T, —Ts (1.34)

If the temperature difference is known, then hrp can be calculated from the
foregoing equations with

and the term A,S/Fhy replaced by A SATs/Fh AT,
If the temperature difference is unknown, then

_Ts—Ty S —
ATy = [T [1 + \/(1 + (1 + A5, — 1) (1.36)
where
Fhy
App =g — (1.37)
P Shpool
q
Ap =g —F 73 1.38)
® Shpool(TS - Tb) (
and the two-phase heat transfer coefficient Arp is
e = S (139)

ATy

Results for the flow and heat transfer characteristics such as the variation
of friction factor, the heat transfer coefficient, and the early transition from
laminar to turbulent flow in small/microchannels are profoundly different
from those for conventional size channels. Due to the larger surface to
volume ratio for microchannels and microdevices, factors related to surface
effects such as flow compressibility have more impact to microscale flow
and heat transfer. Flatter fluid velocity profiles cause higher friction factor
and Nusselt number. Surface roughness causes early transition from laminar
to turbulent flow. Viscous force modifies natural convection in microenclo-
sure. Channel surface geometry, surface electrostatic charges, and axial heat
conduction in the channel cause substantial variation in flow and heat trans-
fer behavior from that at conventional scales.
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1.3.2. Size EFFEcT MECHANISM

The physics related to breakdown of the Navier—Stokes equations is impor-
tant. The thermophysical properties of the fluid change markedly as the fluid
flows along the channel so that Reynolds number at the channel exit could be
twice that at the inlet causing the early transition from laminar to turbulent
flow in microscale tubes. The temperature-dependent variations of the fluid
transport properties along the microchannel may invalidate the often used
assumption of constant properties. The rarefaction effect, represented by
Knudsen number, Kn, for which the Navier—Stokes equations and the Fourier
heat conduction equation break down, may cause the flow and heat transfer
behavior change considerably.

A model for the radial heat transfer of a grooved heat pipe evaporator has
been presented by Stephan and Busse [184]. They have shown that the assump-
tion of an interface temperature equal to the saturation temperature of the fluid
may erroneously give higher radial heat transfer coefficient. The analysis of
Stephan and Busse [184] has taken care of the influence of the meniscus curva-
ture and adhesion forces on the volatility of the liquid. The above assumption
and the constant interface curvature are not valid in a very small microregion.
Figure 1.26 shows the meniscus shape, heat flux, and interface temperature in
the microregion observed by Stephan and Busse [184].

Increase in capillary pressure due to transverse flow of the liquid causes rise
in the interface temperature. In the beginning, the rise in the capillary pressure
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Fic. 1.26. Meniscus shape, heat flux, and interface temperature in the microregion. Source:
From Stephan and Busse [184].
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is due to a strong increase of the curvature of the meniscus because the
meniscus is still too far away from the wall for the adhesion forces to contrib-
ute to the rise in capillary pressure. At the end, the curvature goes to zero and
the meniscus levels off into a flat nonevaporating film.

Ravigururajan [139] observed decrease in heat transfer coefficient with
increase in wall superheat and exit vapor quality. Qu and Mudawar [185]
focused on measuring and predicting, by a model, the incipient boiling heat
flux in a microchannel heat sink.

1.3.3. BoiLING CURVES AND HEAT TRANSFER COEFFICIENTS

Figure 1.27 [97] shows boiling curves. Figure 1.28 [97] shows boiling heat
transfer coefficient. As the heat flux increases, the boiling curve shifts toward
left with the increase of surfactant concentration.

The annular flow model of Qu and Mudawar [125] took care of laminar liquid
and vapor flow, smooth interface, strong droplet entrainment, and deposition
effects. The model predicted saturated flow boiling heat transfer coefficient.

Thome et al. [186,187] modeled heat transfer for evaporation of R-11, R-12,
R-113, R-123, R-134a, R-141b, and CO, in the elongated bubble regime in
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Fic. 1.27. Boiling curves of water and aqueous surfactant solutions: O—water; Habon G:
@® —65 ppm, [1—130 ppm, X —260 ppm, A—530 ppm, A—1060 ppm. Source: From Hetsroni
et al. [97].
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Fic. 1.28. Boiling heat transfer coefficient of water and aqueous surfactant solutions:
O—water; Habon G: @—65 ppm, [1—1