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Article history: Critical heat flux (CHF) is arguably the most important design and safety parameter for any heat-flux con-
Received 12 July 2017 trolled boiling application. The present two-part study is focused on CHF for pool boiling from flat sur-
g(e)f;‘;“’e‘j in revised form 29 September faces. The first part will review different CHF models and associated mechanisms and parametric

trends, while the second part will be dedicated to assessment of CHF models and correlations. Aside from
Kutateladze’s 1948 pioneering CHF formulation, which is based on dimensional analysis, five different
CHF mechanisms are prevalent in the literature: bubble interference, hydrodynamic instability, macro-
layer dryout, hot/dry spot, and interfacial lift-off. Additionally, many modifications to these mechanisms
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Pool boiling have been proposed to improve predictive accuracy in tackling the parametric influences of pressure, sur-
Critical heat flux (CHF) face size and roughness, surface orientation, and contact angle. Among the five mechanisms, Zuber’s
Surface orientation hydrodynamic instability theory has received the most attention because of both its mechanistic formu-
Contact angle lation and theoretical appeal. More recently, the interfacial lift-off mechanism, which is also theoretically

based, has received significant experimental validation, and offers the advantage of tackling different sur-
face orientations. Overall, it is shown that, despite the large body of published pool boiling CHF literature,
there are major data gaps in the coverage of relevant parameters. This points to a need for more strate-
gically planned future experiments that would also include microphotographic analysis of near-wall
interfacial features, in order to validate or dispute proposed CHF mechanisms.
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Nomenclature
A area 8 macrolayer thickness; vapor layer thickness
Ag area occupied by vapor jets Oy linear scale of capillary disturbance
Ay total surface area 0 surface orientation angle measured from horizontal,
Cp specific heat at constant pressure upward-facing orientation
d bubble diameter 2 wavelength
D; vapor column (jet) diameter Je critical wavelength of Taylor instability; critical wave-
f bubble departure frequency length of Helmholtz instability
fi interfacial friction factor Jd most dangerous wavelength of Taylor instability
g gravitational acceleration i wavelength of Helmholtz instability
H wall thickness AT wavelength of Taylor instability
hgg latent heat of vaporization u dynamic viscosity
K dimensionless critical heat flux v kinematic viscosity
k thermal conductivity; empirical parameter p density
L heater length g surface tension
P pressure T bubble hovering time
P. critical pressure
Pr Prandtl number Subscripts
q’ heat flux asy asymptotic
q" cur critical heat flux c critical
q" localized heat flux; wetting front heat flux d most dangerous
R vapor stem radius f liquid
r radius of curvature of interface g vapor; gas
R4 surface roughness H Helmholtz
R; individual gas constant h high
S thermal activity parameter j jet
Sm mean spacing between surface roughness peaks 1 low
T temperature max maximum
t time sat saturation
ATy surface superheat, Ty — Tsar sub subcooling
ATgup liquid subcooling, Tsq — Tf T Taylor
u velocity w surface
Greek symbols
o contact angle
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1. Introduction

1.1. Pool boiling applications

The past four decades have witnessed unprecedented increases
in rate of heat dissipation in a number of technologies, coupled
with a trend for smaller and more lightweight system architec-

tures. Responding to these trends, a variety of two-phase thermal
management techniques have been proposed [1,2]. These tech-
niques have been the focus of extensive studies at the Purdue
University Boiling and Two-Phase Flow Laboratory (PU-BTPFL)
spanning over three decades. They include passive (pump-free)
cooling schemes, including both capillary-driven devices (heat
pipes, capillary pumped loops, and loop heat pipes) [3] and pool
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boiling thermosyphons [4]. On the other hand, a liquid pump is
required for more demanding situations to capitalize on the heat
transfer enhancement resulting from faster fluid motion, using
such schemes as falling film [5], channel flow boiling [6-8], mini/
micro-channel flow boiling [9-12], jet-impingement [13], and
spray [14,15], as well as hybrid cooling schemes combining the
merits of mini/micro-channel flow and jet impingement [16]. Key
to implementing any of these schemes is the ability to predict boil-
ing performance, especially critical heat flux (CHF). The present
study is focused entirely on CHF prediction for pool boiling.

Aside from being the simplest and most cost effective of all two-
phase cooling schemes, pool boiling is the most prevalent and most
mature in industry, and is found in both low temperature and high
temperature applications. Examples of the former include cooling
of electronic components, power devices, and superconductor
coils, where pool boiling capitalizes upon the coolant’s sensible
and latent heat to facilitate removal of large amounts of heat while
maintaining device temperatures safely below limits dictated by
both material and device reliability constraints. A prime example
of high temperature applications is quenching of metal alloy parts
from very high temperatures to achieve optimum alloy microstruc-
ture and superior mechanical properties.

1.2. Boiling curve

Pool boiling heat transfer mechanisms and regimes are
described with the aid of the boiling curve [17,18], as shown in
Fig. 1. This curve depicts the variations of heat flux from the sur-
face to a pool of liquid with wall superheat (wall temperature
minus liquid saturation temperature). It is highly effective at iden-
tifying the different heat transfer regimes encountered at different
levels of wall superheat. They are comprised of (a) the single-phase
regime, corresponding to low superheats, (b) nucleate boiling
regime, associated with bubble nucleation at the surface, (c) tran-
sition boiling regime, where portions of the surface encounter bub-
ble nucleation while other regions are blanketed with vapor, and
(d) film boiling regime, corresponding to high wall superheats that
cause vapor blanketing over the entire surface. These four regimes
are demarcated by three important transition points: (i) onset of
boiling (or incipient boiling) corresponding to first bubble forma-
tion on the surface, (ii) critical heat flux (CHF), where bubble nucle-
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Fig. 1. Pool boiling curve.

ation in nucleate boiling is replaced by localized vapor blankets
merging together across the surface, and (iii) minimum heat flux
(or Leidenfrost point), corresponding to the onset of breakup of
the continuous vapor blanket in film boiling when decreasing wall
superheat. These transition points mark profound changes in heat
transfer effectiveness between the different regimes, with the
nucleate boiling regime providing the highest heat transfer coeffi-
cients and the film boiling regime the lowest.

The present study is focused entirely on CHF, which is arguably
the most important design and safety parameter in pool boiling.
For heat flux controlled cooling applications, exceeding CHF trig-
gers a rapid and unsteady transition from highly efficient nucleate
boiling to very heat transfer deficient film boiling. It is also accom-
panied by a sharp increase in surface temperature that may lead to
physical damage, meltdown, or burnout of the surface, which is
why CHF occurrence is often referred to as ‘boiling crisis.” From a
practical point of view, optimum cooling is achieved by maintain-
ing conditions within the nucleate boiling regime, above the onset
of boiling, but safely below CHF. Given the great importance of CHF
to cooling system design, investigators have studied its mecha-
nisms for decades in pursuit of predictive models and correlations.

1.3. Trigger mechanisms of CHF

Five different mechanisms for pool boiling CHF are prevalent in
the literature: bubble interference [19], hydrodynamic instability
[20], macrolayer dryout [21], hot/dry spot [22,23], and interfacial
lift-off [24]. Among the five mechanisms, the theory of hydrody-
namic instability by Zuber [20] has attracted the most attention,
being the first theoretical and mechanistic CHF model. In fact,
the majority of published pool boiling CHF studies consist of efforts
to improve the predictive capability of the Zuber model by
accounting for parametric effects not captured in the original
model. This paper will review the five CHF mechanisms using the
schematic in Fig. 2 as guide for the nomenclature adopted in the
review.

1.4. Kutateladze’s CHF formulation based on dimensional analysis

Before discussing the different CHF mechanisms, it is important
to highlight an early pioneering investigation that led to the popu-
lar CHF formulation adopted later by many investigators. In 1948,
Kutateladze [25-27] addressed pool boiling CHF prediction using
dimensional analysis. He postulated that CHF occurrence is dic-
tated by the relative influences of vapor inertia, surface tension,
and buoyancy. He described vigorous boiling at the surface as tak-
ing place in the form of vapor jets that release vapor perpendicular
to the surface at velocity ug, which is expressed as

q//
Ug = : (M
& pghfg
where q”, pg, and hy, are the heat flux, vapor density, and latent heat
of vaporization, respectively. At CHF, Kutateladze described kinetic
energy of the vapor as separating the liquid from the surface by just
balancing the opposing gravitational force acting on the suspended
liquid,

Pl ~ &(pr — Pg)d., (2)

where g and py represent gravitational acceleration and liquid den-
sity, respectively, and J, the linear scale of capillary disturbances,
expressed as

- 12
i_LW%J’ )
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Fig. 2. Schematic of pool boiling and relevant nomenclature.

o being the surface tension. Substituting Eqs. (1) and (3) into Eq. (2)
yields Kutateladze’s well-known CHF relation

ngF 7 _ K (4)
pehlag(py — pg)/ P2

where K is a constant and hereafter referred to as dimensionless
CHF. The value of K=0.16 was recommended by Kutateladze for
pool boiling on a large horizontal flat surface. Note that because this
equation was derived from dimensional analysis premises, it is
expected that different theoretical CHF models for saturated pool
boiling may be arranged into the form of Eq. (4), independent of
the CHF mechanism proposed.

1.5. Objectives of study

This paper is the first part of a two-part study addressing pool
boiling CHF. The present part will review CHF models and correla-
tions based on different ‘trigger’ mechanisms, and is limited to flat
and smooth surfaces, and pure liquids, and excludes modified sur-
faces and liquids with nanoparticles, surfactants, or soluble salts.
The review will also be focused on CHF corresponding to steady
state and saturated and/or near saturated conditions. The second
part of this study [28] will assess the accuracy of available pool
boiling CHF models and correlations against a new database
amassed by the present authors from different sources. It is impor-
tant to mention an article by Arik et al. [29], which reviewed pool
boiling CHF studies prior to 2011, but was focused on CHF
enhancement methodologies, rather than on mechanisms and
models. Unlike the prior review, the present study concerns CHF
mechanisms, models, and correlations, as well as parametric influ-
ences of pressure, surface size and thermal properties, surface
roughness, contact angle, and liquid viscosity.

2. Rohsenow and Griffith bubble interference model

In 1955, Rohsenow and Griffith [19] proposed a model for pool
boiling CHF based on the trigger mechanism of bubble interfer-
ence. The model describes initially isolated spherical vapor bubbles
touching one another in tight formation, and postulates that CHF
will occur when neighboring bubbles coalesce radially, causing
coverage of the surface with vapor. The model was represented
by the relation

06
" Pr—pP
Qeur = O~O]2pghfg( fp g) : (5)
g

Chang and Snyder [30] proposed a different mechanism, which, like
that of Rohsenow and Griffith, is based on isolated bubble
interference,

, 1 /m\5/6 1/4
Q=7 (5) (001199 p,hg[208(p, ~ p,)/p2] . (6)

where « is the contact angle. Notice that Eq. (6) has the same form
as Kutateladze’s Eq. (4).

It is important to note that Eqgs. (5) and (6) are both based on
bubble interference of isolated bubbles, which, as will be discussed
later, contradicts findings from many later high-speed photo-
graphic studies that point to bubble coalesce occurring well prior
to CHF.

3. Zuber hydrodynamic instability model
3.1. Zuber model

Inspired by Kutateladze’s work, Zuber [20,31] constructed a
model for CHF in saturated pool boiling on an infinite flat surface
based on hydrodynamic instability theory. A follow-up study by
Zuber et al. [32] provided further details of the original model.
Notice that different variations of the Zuber model have been pro-
posed over the years. Following is the most complete formulation
of the model.

As indicated in the schematic in Fig. 3(a), just prior to CHF
occurrence, vapor columns or jets emanate at mean velocity ug per-
pendicular to and away from the surface, as the surface is being
replenished by liquid flowing between the jets and towards the
surface at velocity uy The surface can be modeled as consisting of
repeated square cells, Fig. 3(b), each consisting of a single jet and
surrounding liquid. Zuber further assumed that the vapor jets are
formed along the surface by the Taylor instability, acquiring a jet
diameter D; = J7/2, where Ar is the Taylor wavelength, the value
of which lies between the ‘critical wavelength’, ., and the ‘most
dangerous wavelength’, /4 which are expressed, respectively, as

o
e =2, [ ——— 7a
£y~ o) (72)

and

/ g
;vd - \/§)uc - 2TC\/§ m (7b)

Therefore, the ratio of surface area occupied by the jets, Ag, to the
total surface area, Ay, is identical to that for a single cell.
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A, mU2
i (8)

Also, just prior to CHF occurrence, the vapor and liquid velocities
are related by continuity, which can be combined with Eq. (8) to
yield

pgAngg Py ( Ag/Aw ) Pg ( T )

Ur — e 28w )y =28 (2 )y, 9
= e —Ag) o, \T-Ag,) e = p \T6—x) e )
Assuming that the heat generated from the surface at CHF is con-
sumed entirely by vaporization of the liquid, CHF can be related
to the vapor velocity according to

qiur = (Ag/Aw)p, hy ug. (10)
Combining the above equation with Eq. (8) gives the following
expression for the vapor velocity.
qCur
—__ICHF (11)
(%) Py hfg
The next step in the model constitutes the trigger mechanism

for CHF. Because of velocity differences between the vapor and lig-
uid, the interface of the vapor jet incurs Helmholtz instability, and

Ug

growth of this instability causes merging of adjacent vapor jets,
Fig. 3(c), giving rise to formation of the vapor mushroom responsi-
ble for preventing any further liquid from replenishing the surface.
The Helmholtz instability can be expressed as

pr+p 2 e\ 12
Ug — (—uyp) = <pf—pg> < n ) ) (12)
g

where /y is the critical Helmholtz wavelength. Zuber assumed that
the vapor jet diameter is related iy by the relation

=D, (13)

Combining Egs. (7a)-(13) yields

prpg) /2

G EEt) - G2 (55) |
pehslog (pr — pp)/p3)* L\24v2m 312 242/ | |1+ &5
(14)

Notice that the range indicated in the first bracket to the right of
Eq. (14) is the result of assuming A. < ir < 44. Excluding pressures
near critical (i.e., py < py), the right hand side of Eq. (14) can be
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simplified into a numerical value ranging from 0.119 and 0.157.
Zuber recommended an intermediate value of 0.131, which leads
to the following final form of the model,

q//
el = K= 0131, (15)
peh[a8 (o~ po)/p2]

It is important to note that Zuber’s model has achieved great
success in predicting pool boiling CHF data, becoming the most
prevalent CHF model published thus far. Because of the pioneering
efforts of Kutateladze and Zuber and similar dimensionless CHF
representations, Eq. (4) is often referred to as the Kutateladze-
Zuber equation. Many attempts have been made to modify Zuber’s
original model to account for various additional effects, such as
surface size, shape, and orientation, contact angle, and liquid vis-
cosity, which will be discussed in detail in the following sections.

3.2. Modifications to Zuber’s model for horizontal, upward-facing
orientation

3.2.1. Effects of wall size, thickness, and thermal properties

Lienhard and Dhir [33,34] modified Zuber’s model by setting iy
= Jq instead of Zuber’s 2y = 7tD; [20,31]. This modification lead to a
14% increase in CHF,

Qcur/ A zuper = 1.14. (16)

They also measured CHF for different surface sizes and reported
that the infinite flat surface assumption is fairly accurate for surface
widths greater than 344 [35]. Lu et al. [36] also modified Zuber’s
model by accounting for nucleation site density and finite heater
size. Pezo and Stevanovic [37] investigated the effects of nucleation
site density on CHF numerically with the aid of the two-fluid model.
Zhang et al. [38] used 2D simulations of pool boiling and concluded
that the surface can be treated as infinite when the ratio of heater
width to capillary length is greater than 12. Chang [39] suggested
a CHF ratio of 0.75 for vertical to horizontal surface orientations,
and obtained a CHF relation similar in form to Eq. (15).

Tachibana et al. [40], Golobi¢ and Bergles [41], Ferjanc¢i¢ and
Golobic¢ [42], and Gogonin [43] all reported that hydrodynamic
instability theory alone is insufficient for a generalized CHF model.
They suggested surface parameters, such as wall thickness, thermal
conductivity, and chemistry, can also have appreciable influences
on CHF. More specifically, a wall thickness threshold value must
be exceeded in order to achieve values similar to those predicted
by Zuber, and thinner walls produce smaller CHF values. Tachibana
et al. found that CHF correlates well with the wall’s heat capacity
per unit heat transfer area, and a thickness of at least 0.8 mm is
necessary for a stainless steel wall to be free from heat capacity
effects. Grigoriev et al. [44]| showed experimentally that CHF for
a copper wall in liquid helium increases asymptotically up to a
thickness of 0.35 mm. Gogonin [45] found that a width of 2 capil-
lary lengths is sufficient to eliminate the length scale effects. Bar-
Cohen and McNeil [46] employed a ‘thermal activity’ parameter,
S =H./(pcyk),, to address the effects of wall thickness, H, as well
as the wall’s density, p., specific heat, ¢, ., and thermal conductiv-
ity, ky. They found that the effects of S on CHF data for horizontal
sputtered platinum and doped silicon surfaces in dielectric liquids
can be correlated according to

qcur S
= ; (17
qCHF.asy S + 08 )

where q” curqsy is the asymptotic CHF for thick walls. This relation-
ship yields 90% of asymptotic CHF for S=8 and 99% for S=85.
Follow-up work by Watwe and Bar-Cohen [47] (referred to by Arik
and Bar-Cohen [48]) modified this relationship into

cur S
- 7 18
qZHF‘asy N + 0.1 ( )

which yields 90% of asymptotic CHF for S=1 and 99% for S =10.
Watwe and Bar-Cohen also used Eq. (18) to develop a composite
relation for pool boiling CHF that accounts for both hydrodynamic
and conduction effects, in addition to the effects of pressure, sub-
cooling, and surface length,

(3 g(pr = Py)
K=53 (W) {1 + <0.3014 — 0.01507Ly /=%

3/4
Pr)  Cps
x<1+003((—= =\ AT 7. 19

Golobi¢ and Bergles [41] provided an alternative correlation
accounting for the wall conduction effects based on experimental
data for saturated FC-72,

0.8498 0.0581
=1-exp|—(=— — (== . 20
. p{ 2.44 2.44 (20)

A more recent study by Bombardieri and Manfletti [49] demon-
strated the effects of wall material on CHF, and their CHF data were
overestimated for aluminum but underestimated for stainless steel
when using Eq. (16) of Lienhard and Dhir [33,34]. Jergel and
Stevenson [50] also examined the effects of wall material by com-
paring CHF data for aluminum and copper.

3.2.2. Effects of contact angle

Note that the Kutateladze-Zuber equation is independent of
surface conditions. Despite validation of this independence by
Bewilogua et al. [51], many disagree with this assessment and
point to lack of surface effects as basis for disproving the hydrody-
namic instability mechanism.

Stock [52] reported that contact angle, «, has a weak influence
on CHF. O’Hanley et al. [53] also found that wettability alone has
little influence on CHF for smooth surfaces. However, as shown
in Fig. 4, Gaertner [54], Costello and Frea [55], Maracy and Winter-
ton [56], and Hahne and Diesselhorst [57] all found that CHF
decreases appreciably with decreasing surface wettability.

Recently, pool boiling CHF enhancements by nanoparticle thin-
film coatings, porous layers, and with nanofluids were also attrib-
uted to increased wettability [58-61] (details of which can be
found in review articles by Mori and Utaka [62], Ciloglu and Boluk-
basi [63], and Fang et al. [64]). Truong et al. [65] also emphasized
the important influence of wettability on CHF. Liaw and Dhir [66]

0.15
2 K'=0.131 (Zuber, 1958)
0.10 Water i
O Heating
X ® Cooling
0.05 .
0 Increased wettability
| | |

0 45 90 135 180
Contact Angle [°]

Fig. 4. Contact angle effects on dimensionless CHF for water. Adapted from Liaw
and Dhir [66].
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reported that CHF for a contact angle of 107¢ is only half that pre-
dicted by hydrodynamic instability theory.

The contact angle/wettability effects on CHF were also incorpo-
rated into models or empirical correlations by Kirichenko and
Chernyakov [67], Ramilison et al. [68], Kandlikar [69], Liao et al.
[70], and Phan et al. [71]. However, Liao et al. [70] cautioned that
it is difficult to establish a robust relation between CHF and contact
angle because of synchronous variations in thermal properties of
both fluid and surface with temperature that can influence contact
angle greatly.

It can therefore be concluded that contact angle is important to
modeling pool boiling CHF even for smooth surfaces, let alone the
complicated contact angle variations resulting from external influ-
ences [72]. This fact points to a need for more systematic studies of
pool boiling CHF from smooth surfaces.

3.2.3. Effects of surface roughness

O’Hanley et al. [53], Berenson [73], Lyon [74], Ramilison and
Lienhard [75], and Nishio and Chandratilleke [76] indicated that
CHF is independent of surface roughness. However, Bailey et al.
[77] obtained CHF values higher than those predicted by Eq. (15),
and attributed this increase to surface roughness effects. Using
pentane, hexane, and FC-72, Guan et al. [78] examined CHF on sur-
faces with root mean square roughness values between 0.15 and 5
wm, and reported up to 15% CHF enhancement with the 5-pum sur-
face compared to the smooth surface. Kim et al. [79] found a strong
dependence of water CHF on surface roughness for copper surfaces
with moderate wettability of o = 60-70°. CHF increased from 77.5
W/cm? for a smooth surface with R, = 0.041 um to 162.5 W/cm? for
a rough surface with R, = 2.36 um, which was ascribed to capillary
wicking effects on the rougher surface. They also proposed the fol-
lowing correlation to account for these effects,

1+ cos oc) [2 n 351.2cos (Raﬂ”z

16 T4 1+cosa \Sp

(1+cosa)+ 3

K= 0.811(
(21)

where S, is mean spacing between roughness peaks. Kim et al. [80]
also investigated CHF for water on superhydrophilic aluminum sur-
faces with contact angles of 7-16.3°, and reported that CHF
increases from 165 W/cm? for R, =0.11 um to 215 W/cm? for R, =
0.35 pum, but has negligible dependence on surface roughness for
0.35<R; <2.93 pm.

3.2.4. Effects of pressure

When operating pressure is reduced considerably, pool boiling
behavior is altered significantly due to the enormous increase in
the vapor’s specific volume [81]. Bewilogua et al. [51] and Kiri-
chenko and Chernyakov [67] reported that dimensionless CHF
given by Eq. (4) has a significant dependence on operating pres-
sure. Katto et al. [82] found that CHF decreases with decreasing
ratio of operating pressure to atmospheric pressure.

Deev et al. [83] used reduced pressure (ratio of operating to crit-
ical pressure), P[P, to assess the influence of pressure on pool boil-
ing CHF. For P/P. < 0.75, their CHF data for helium agreed well with
the dimensionless form of Eq. (4) but required a higher value of K =
0.2 than that suggested by Kutateladze or Zuber. But, for P/P. >
0.75, the Kutateladze-Zuber equation no longer applied, as the
value for K varied considerably, a trend that Lyon et al. [84] later
attributed to uncertainty in determination of physical properties
at high pressures. Bailey et al. [77] noted that CHF has a power
law dependence on saturation pressure. Labuntsov et al. [85] found
experimentally that CHF for water and ethanol has a pressure
dependence of (P/P.)°*1°.

Using the least squares method, Bewilogua et al. [51] correlated
CHF data for cryogenic liquids according to

1" 2 3
bar 42143588 _619( P 1221( 2 (22)
: P, P,

qCHF,mux Pc

where q”cyrmax 1S the peak value of CHF on a plot of CHF versus
pressure. Shirai et al. [86] found that q”cyrmax for hydrogen occurs
around P =0.3 MPa. Dhir [87] reported that q”curmax according to
Eq. (15) occurs around P/P. = 0.35. Wang et al. [88] arrived at the
same value of P/P.=0.35 for q"cuyrmax, and correlated CHF depen-
dence on pressure by the relation

1/4

Qo = [0.18 = 0.14(P/Pe)*® | p,h [ — p) /02 . (23)

Inspired by Kutateladze’s dimensional analysis, Soziev and
Khrizolitova [89] developed a simple equation to predict CHF for
very low pressures,

1/2

1/4
Pehe |08y — )/ 93

dte = 016{1+ [og(p, - p,)] " P}
(24)

Sakashita [90] noted that the Kutateladze-Zuber equation has
the ability to predict CHF variations with pressure for ethanol
and R-141b by adjusting the value of K in Eq. (4), but underesti-
mates the pressure dependence for water. He explained these dif-
ferent trends by the fact that wettability of ethanol and R-141b is
not affected by pressure, while wettability of water improves with
increasing pressure. His water data agreed fairly well with predic-
tions of Kirichenko and Chernyakov’s [67] CHF correlation, which
also accounted for wettability.

3.2.5. Effects of liquid viscosity

Borishanskii [91] proposed a modified CHF model to account for
effects of liquid viscosity, but Moissis and Berenson [92] suggested
that these effects are insignificant. Kim et al. [93] incorporated
interfacial instability theory that accounts for viscosity effects into
both Zuber’s hydrodynamic model [20,31] and the macrolayer dry-
out model that will be discussed later. The modified instability
analysis improved CHF predictions for water considerably, but
improvements for organic fluids were quite small.

3.2.6. Summary of modified K for horizontal, upward-facing surface
orientation

Table 1 summarizes, for the horizontal, upward-facing orienta-
tion, numerical values and/or empirical relations recommended by
different investigators for dimensionless parameter K of the
Kutateladze-Zuber equation. They include recommendations by
Lienhard and Dhir [33,34], Chang [39], and Bailey et al. [77] con-
sisting of different numerical values for K. They also include empir-
ical relations by Watwe and Bar-Cohen [47] for effects of wall size
and thermal properties, by Kirichenko and Chernyakov [67], Ramil-
ison et al. [68], and Kim et al. [79] for contact angle, by Ramilison
et al. [68] and Kim et al. [79] for surface roughness, by Wang et al.
[88] and Soziev and Khrizolitova [89] for pressure, and by Boris-
hanskii [91] for viscosity.

3.3. Modifications for other surface orientations

3.3.1. Effects of orientation

Yang et al. [94] found that a transition orientation angle exists
for inclined surfaces beyond which CHF drops sharply, as shown
in Fig. 5. They also reported that surface size has a strong influence
on CHF for vertical and downward-facing orientations. They
reported that the transition angle increases but CHF decreases with
increasing surface size because of increased difficulty releasing the
vapor. However, they did not recommend a correlation for transi-
tion angle as function of surface size or orientation angle. Gogonin
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Table 1

Summary of dimensionless CHF for horizontal upward-facing surfaces based on the Kutateladze-Zuber equation.

Author(s) Dimensionless CHF
Zuber [20,31] K=0.131

Lienhard and Dhir [33,34] K=0.149

Chang [39] K=0.13

Watwe and Bar-Cohen [47]
Kirichenko and Chernyakov [67] K—0171
Ramilison et al. [68]

Bailey et al. [77]
Kim et al. [79]

K=0.17

Wang et al. [88]

Soziev and Khrizolitova [89]

Borishanskii [91]

(1+0324x10%22)"/
(0.018)"2
K = 0.0044 (t — 0)*RO1?°
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Fig. 5. Effects of heater size and orientation on pool boiling CHF. Adapted from Yang
et al. [94].

and Kutateladze [95] reported similar trends of CHF versus surface
size. Kim et al. [96] investigated CHF for pool boiling in inclined
rectangular channels having different gaps between the surface
and opposite cover plate, and measured transition angles of 165°,
170°, and 175° for 2, 5, and 10-mm gaps, respectively. However,
they did not identify a transition angle for a 1-mm channel gap
because of small surface width to length ratio for this gap.

Lyon [74], Priarone [97], EI-Genk and Bostanci [98,99], Beduz
et al. [100], and Brusstar et al. [101] all found that pool boiling
CHF decreases slightly as surface orientation angle is increased
from 0° to 90° but decreases rapidly as orientation angle is
increased towards 180° as vapor accumulation against the surface
by buoyancy resists liquid access to the surface. Using a conduc-
tance probe to measure liquid-vapor content near the surface,
Sakashita et al. [102] attributed the decrease in pool boiling CHF
with increasing orientation angle to the lengthening of duration
of passage of an upward-moving vapor mass.

Howard and Mudawar [103] conducted photographic studies at
various surface orientations to determine CHF mechanism associ-
ated with each orientation range, and identified transition angles
based on photographic analysis of near wall interfacial features.
Shown in Fig. 6 are images captured just prior to CHF, which reveal
that pool boiling CHF mechanisms can be divided into three
regions with different vapor behaviors: (a) upward-facing region,
0 = 0-60°, where buoyancy serves to remove the vapor vertically
off the surface, (b) near-vertical region, 6 = 60-165°, where a wavy

=~ Upward-facing
region

Near-vertical
region

120°

Downward-facing —
region

165°

180°
P o =

Fig. 6. Pool boiling photographs and regions of different CHF mechanisms for
different surface orientations. Adapted from Howard and Mudawar [103].

liquid-vapor interface propagates along the surface, and (c)
downward-facing region, 0 > 165°, corresponding to vapor stratifi-
cation along surface and greatly reduced CHF. Because of the vast
differences between observed vapor behaviors corresponding to
the three regions, they indicated that it is impossible to account
for orientation effects using a single CHF model, and proposed that
three different models be developed for the three regions.

3.3.2. Summary of modified K for inclined surfaces
Despite many efforts to ascertain orientation effects on CHF,
related theoretical modeling efforts are quite limited. In fact, most
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available predictive tools for pool boiling CHF from inclined sur-
faces are empirical in nature, and consist of modifications to the
original Kutateladze- Zuber equation. Also, to the best of the
authors’ knowledge, theoretical predictive tools for downward-
facing surfaces are especially sparse, largely because of the strati-
fied vapor rendering any optical access to the near-wall region
quite difficult [104].

Vishnev [105] was the first to correlate the effects of surface ori-
entation on pool boiling CHF for helium and water for different
inclination angles, and for nitrogen, oxygen, hydrogen, neon, and
Freon-14 for 0 =0°, and his correlation remained widely popular.
Other correlations with orientation angle include those by El-
Genk and Bostanci [98] for HFE-7100, Arik and Bar-Cohen [106]
for FC-72 and HFE-7100, and Chang and You [107] for FC-72. Kan-
dlikar [69] and Liao et al. [70] addressed the combined effects of
contact angle and orientation. EI-Genk and Guo [108] developed
fluid-dependent CHF correlations for 6 = 90-180° using their own
water data as well as nitrogen data of Beduz et al. [100] and helium
data of Vishnev [105]. Another fluid-dependent correlation was
developed by Priarone [97]. Brusstar and Merte [109,110] con-
structed an empirical correlation for subcooled pool boiling CHF
based on a balance of buoyancy and drag forces parallel to the
surface.

Table 2 summarizes the dimensionless pool boiling CHF correla-
tions for inclined surfaces consisting of modifications to the origi-
nal Kutateladze-Zuber equation.

4. Haramura and Katto macrolayer dryout model
4.1. Model rationale

Citing Gaertner’s [111] visualization results for vapor structures
in pool boiling, Katto and co-workers [82,112] related pool boiling
CHF to intermittent behavior of coalescent vapor bubbles and con-
sumption of a liquid macrolayer beneath the bubbles. Later, Hara-
mura and Katto [21] refined the earlier model, describing the CHF
mechanism, as shown in Fig. 7, as a large number of vapor stems
emanating across the liquid macrolayer and cumulating in a large
hovering bubble as a result of the Helmholtz instability, a behavior
that was confirmed experimentally by Bang et al. [113]. They sug-
gested that growth of the large bubble is the result of consumption
of the macrolayer by evaporation, and that CHF is triggered when
the liquid macrolayer dries out just before departure of the large
bubble, which they expressed analytically as

e = Prhd(1 — Ag/Aw)f, (25)

Table 2
Summary of dimensionless CHF correlations for inclined surfaces.

Liquid

Vapor Bubble

Macro-  Vapor
layer Stem Wall

Fig. 7. Schematic of Haramura and Katto’s macrolayer dryout CHF model.

where § is the macrolayer thickness and f the bubble departure fre-
quency. They further assumed that the macrolayer thickness lies
between zero and half of the critical wavelength of Helmholtz insta-
bility, i.e., § = iy/4, which resulted in the following expression for
pool boiling CHF,

A\ /8 AN /16 p 1p 3/5
1. —0.721 _g) ( __g) Proq) /(8P
Aar < w Ay Pg 16 p,

,71/4
xpehig| ooy~ pog/p?]

5/16

(26a)
or
, 3/57 5/16
q/CHF :5.5<A_g>5/8<1_A_g>5/16 &+1 E&+1
q/(CHF,Zuber Aw Ay Pyg 16 Pg ’
(26b)
where
A 1/5
25 = 0.0584 (%) . 27)
w f

Sakashita and Kumada [114] used an interfacial depiction sim-
ilar to that of Haramura and Katto [21] and constructed a CHF
model for high pressures having the same form as the
Kutateladze-Zuber equation.

Author(s) Dimensionless CHF Orientations
Kandlikar [69] K — l+1cgsa [% +Z(1 + cos &) cos 9] 1/2 0 =0-90°
Liao et al. [70] K = 0.131[-0.73 + —ooFsmems]| [1 + 555 (0.56 — 0.00130)] 6=0-180°
Priarone [97] Krc_72 = 0.165 f(0) 0=0-175°
Kure-7100 = 0.21 f(0)
f(6) =1—-0.0011170 + 7.79401 x 107°¢?> — 1.37678 x 1077¢°
El-Genk and Bostanci [98 -1/6 0=0-180°
enk and Bostandi [98] K =[(0220 - 427 1040) © + (0577 - 298 x 10%0) °]
Vishnev [105] K =0.0125 (190 — 6)'/2 0=0-180°
Arik and Bar-Cohen [106] K =0.131 (1 ~0.0011170 +7.79401 x 1050 — 1.37678 x 10*793) 0=0-180°
Chang and You [107] Qigr/ UVesipmax = 1 — 0.00120 tan(0.4140) — 0.122 sin(0.3180) 0=0-180°
El-Genk and Guo [108] Kwater = 0.034 + 0.0037(180 — §)*6%6 0 =90-180°
Knitrogen = 0.033 + 0.0096(180 — )47
Khelium = 0.002 + 0.0051(180 — 0)*%3
Brusstar and Merte [109,110] 0 =90-180°

K = % Isin0]"2[1+0.102 (2" (2raiTae)|
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4.2. Alternative macrolayer thickness relations

Several investigators explored alternative methods for deter-
mining the thickness of the macrolayer used in the Haramura
and Katto model. Rajvanshi et al. [115] suggested this thickness
can be approximated by ¢ = 1y/2, yielding the relation

2/5 A2
5=001070 p, (1 + %) (%) (q_fg> ,
f f

which is twice the thickness used by Haramura and Katto [21]. For
Pqlpr< 1, Rajvanshi et al. recommended simplifying Eq. (28a) to
the form

25 2
5=001070p, (?) (f) ,
f

which agrees well with their measurements for water, methanol,
ethanol, methyl ethyl ketone, isopropanol, and acetone.

Sadasivan et al. [116] argued that the Helmholtz instability is
not an accurate basis for determining macrolayer thickness.
Instead, they proposed a lateral bubble coalescence model, which
they suggested is more accurate in describing the macrolayer for-
mation. Later, Kumada and Sakashita [117] developed a semi-
empirical relation for macrolayer thickness, also based on the lat-
eral bubble coalescence mechanism,

(28a)

(28b)

1/24
{ vgo'! ] (Pghfg>5/6 (29)
PS g (p; — py)° a )

which agrees with their measurements for water, methanol, etha-
nol, and acetone. Sakashita and Ono [118] compared water CHF data
with predictions of the macrolayer dryout model with different
macrolayer thickness relations. As shown in Fig. 8, Egs. (28b) and
(29) by Rajvanshi et al. and Kumada and Sakashita, respectively,
provide good predictions of the CHF data, as well as support the
validity of the macrolayer dryout mechanism.

Chappidi et al. [119] developed a theoretical model for initial
macrolayer thickness at CHF, which yielded the relation

» 2/3
o= &A—g<lf&> PrtPsgrl (30)
PrAw N\ Aw PrPe

where 7 is the coalescent bubble hovering time. They also obtained
the following empirical correlation between macrolayer thickness
and mean vapor stem radius, R,

5=1.1R. (31)
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Fig. 8. Comparison of water CHF data with predictions of the macrolayer dryout
model with different macrolayer thickness relations. Adapted from Sakashita and
Ono [118].

Different formulations for macrolayer thickness are summarized in
Table 3.

4.3. Modifications to macrolayer dryout model

Zhao et al. [120] argued that CHF is triggered by dryout of the
microlayer under small bubbles rather than a macrolayer perfo-
rated by vapor stems. In other words, the large mushroom bubble
above the liquid layer results from coalescence of small bubbles, a
hypothesis supported by experiments by Nishio et al. [121] using
the total reflection technique. Based on this concept, Zhao et al.
derived a theoretical model of CHF, the simple form of which for
water was expressed as

qlyr = 4.5 x 10*d %, (32)

where d is the diameter of individual bubbles before departure.

Using a small heated surface, Ahn and Kim [122] provided
experimental evidence of the macrolayer at CHF. Their flow visual-
ization experiments proved that lateral liquid inflow improves CHF
compared to predictions of the hydrodynamic instability model of
Zuber [20,31,32] and macrolayer dryout model of Haramura and
Katto [21]. They proposed that CHF commences with macrolayer
dryout along the outer perimeter of the surface, followed by mer-
ger of this outer dryout region with the central dry patch beneath
the vapor mushroom.

Despite fairly good agreements between CHF data and predic-
tions of the macrolayer dryout model, there remains uncertainty
concerning the validity of the macrolayer dryout mechanism. For
example, Xiao and Yu [123] reported that the macrolayer never
dries out. Additionally, FC-72 experiments by Jung et al. [124]
using high-speed infrared photography showed no evidence of reg-
ularly spaced vapor jets or a trapped liquid layer containing vapor
stems that fed the hovering bubble overhead. Interestingly, these
near-wall interfacial observations bring into question for the valid-
ity of both the hydrodynamic instability model and the macrolayer
dryout model.

5. Hot/Dry spot model
5.1. Yagov model

The CHF model based on the hot/dry spot mechanism relates
CHF to the presence of numerous small dry spots on the heater sur-
face during nucleate boiling. This model was proposed by Yagov
[125] in 1988 and modified to its latest version by Yagov [22] in
2014. Interestingly, several investigators have attempted to
extrapolate CHF from nucleate boiling models [123,126-128]. As
observed by Van Ouwerkerk [129], the trigger mechanism for
CHF according to the hot/dry spot model is described as irre-
versible growth of a dry spot area on the surface as illustrated in
Fig. 9.

Table 3
Summary of predictive formulations for macrolayer thickness.

Author(s) Macrolayer thickness

Haramura and Katto [21] 54— 0005360 p (] 4P
=3 =Y g

)
Rajvanshi et al. [115] 5 =4 ~ 001070 p (1+2) (%) /3 (i)

5=0.786 [ on } e (/)g,,/g)s,/s
. &
Chappidi et al. [119] 5 [ 2

PS8 (py—pg)°
1 /3
- Lgis( ,is) Piirs g ¢
Pr Aw Aw PrPg
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Kumada and Sakashita [117]
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Based on this model, Yagov [22] proposed different CHF corre-
lations for different ranges of reduced pressure. For low reduced
pressures, P/P. < 0.001,

81/55 13/110 1,7/110
hf / g/ Ds / kf/ g21/55f(Prf)

£ (33)
1/2 .3/10 p79/110 7-21/22 )
Ve R; Ts.i

ngF.,l =05

where R; is the individual gas constant, and the Prandtl number
function f (Pry) is expressed as

Prg/s 4/11
f(Pry) = 1/4 ! 19/24 ’ (34)
1+2Prj* +0.6Pr;*

For high reduced pressures, P/P. > 0.03,

qcurn = 0.06 hyg 92/50'2/5 lg(ps - Pg)/ﬂf]]/s- (35)
Yagov also recommended the following weighting function to
determine CHF for intermediate reduced pressures, 0.001 < P/P, <
0.03,

1/3 (36)

Qe = (Achen + i)
Notice that, unlike the hydrodynamic instability model, the dry spot
model shows a dependence on liquid viscosity. These viscosity
effects are more appreciable for lower pressures, Eqs. (33) and
(34), and much weaker for high pressures, Eq. (35). Yagov reported
that CHF values predicted by Eq. (35) are close to those of hydrody-
namic instability models because most available experimental data
are within moderate and high reduced pressures for which viscosity
effects are quite weak.

5.2. Theofanous and Dinh formulation

Theofanous et al. [23,130] observed temperature patterns on
the surface during nucleate boiling using a high-speed, high-
resolution infrared camera. They detected lower temperatures in
cold spots, identified as active nucleation sites, because of effective
heat removal under the growing bubbles. As the heat flux is
increased, the pattern of cold spots becomes more and more regu-
lar, although the pool’s two-phase motion becomes more chaotic.
Further increases in heat flux cause hot spots to develop within
originally cold spots, and CHF is triggered by irreversible growth
of hot spots, as depicted in Fig. 10. Similarly, Jung et al. [124] pro-
posed that CHF occurs as dry spot size increases faster than the
increase in heat transfer through the wetted area, indicating that
higher CHF can be achieved by either increasing wetted fraction
of the surface or improving heat transfer through the wetted
portions.

Temperature [°C]

00s 160 200
130 150
100 100
200 200
150 150
100 100

Fig. 10. Photographs of dry-spot growth at CHF for water. Adapted from
Theofanous et al. [23].

By assuming that CHF is governed by dynamics and instability
of the liquid microlayer, a follow-up study by Theofanous and Dinh
[131] culminated in a CHF relation similar to the Kutateladze-
Zuber equation,

” _ 1/4
Qe = K2 pohyg |og(p; — pg) /P3| (37)

where k is a function of surface conditions, decreasing with increas-
ing surface wettability. However, they did not recommend a
method for calculating this parameter. Later, Kim et al. [59] derived
a theoretical relation for k using Lord Rayleigh’s formula for volume
of static liquid meniscus [132],

B sinae /2 — o\ ?
k_( 2 _2cosoc) ’ (38)

which is applicable to hydrophilic surfaces, i.e., with contact angles
below 90°.

5.3. Other observations of dry spot behavior

Recently, using the total reflection technique, Chu et al. [133]
showed that, contrary to common belief that a thin, stable liquid
film resides beneath large coalescent hovering bubbles, the base

-0 = ()

Reversible Spot

CHF: Irreversible Spot

Fig. 9. Schematic of CHF model based on irreversible dry spot hypothesis.
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of these bubbles is almost dry even before CHF initiation. Choi et al.
[134] proposed hydraulic and thermal criteria for the onset of irre-
versible dry spots. The hydraulic criterion states that the irre-
versible condition will occur when the number of dry spots
reaches a critical level where the spots begin to contact one
another. The thermal criterion attributes the irreversible condition
to the peripheral temperature of dry spots reaching the Leidenfrost
temperature, which prevents surface rewetting even after the bub-
ble detachment. Choi et al. suggested that CHF would occur once
both criteria are fulfilled. However, Kim et al. [135] found that
the surface temperature initiating the formation of irreversible
dry spots in water is 134 °C, far lower than the Leidenfrost temper-
ature and maximum liquid-contact temperature. Both Kim et al.
and Chu et al. [136] observed that formation of an irreversible
dry spot results from vigorous bubble nucleation near the triple-
phase contact line, which inhibits wetting of the dry spot.

It is expected that development of more powerful flow visual-
ization and measurement techniques will greatly benefit the
understanding of interfacial behavior near the dry spot, and help
improve the predictive capabilities of CHF models based on the
dry spot mechanism.

6. Galloway and Mudawar interfacial lift-off model
6.1. Vertical and near-vertical orientations

Based on extensive high-speed video motion analysis, Galloway
and Mudawar [137] postulated that CHF in flow boiling will occur
when vapor momentum becomes strong enough to lift the bulk lig-
uid away from the surface, a mechanism they used to construct the
theoretical interfacial lift-off model [138] for CHF in flow boiling.
Later, Mudawar and co-workers [24,103] found that the interfacial
behavior at CHF in pool boiling along a vertical surface bears close
resemblance to flow boiling CHF. Using pool boiling images such as
those in Fig. 11(a), they proposed a series of events that culminate
in CHF. At heat fluxes slightly below CHF, intense vapor production
results in a vapor layer that propagates along the surface. Helm-
holtz instability produces pronounced waves in this layer, permit-
ting liquid contact with the surface only in ‘wetting fronts’
corresponding to the wave troughs. These wetting fronts sweep
along the surface, providing the last source of cooling for the sur-

Vertical, 8 = 90°
(a)

Fig. 11. Pool boiling images for increasing heat flux at surface orientations of (a) 6 =90° and (b) 6 = 150°. Adapted from Howard and Mudawar [103].

face. CHF is described to result from loss of wetting fronts when
intense vapor momentum perpendicular to the surface just
exceeds the opposing pressure force resulting from interfacial
curvature,

2

=Py — Py, (39)

1Y i
&\ pghpe(1 + CppATsun /)

where q”; is the localized heat flux in the wetting front. Mudawar
et al. [24] showed that the average pressure difference resulting
from interfacial curvature can be expressed as

Pf—P, = 2\/51‘[(;-—25, (40)

C

where ¢ is the mean vapor layer thickness, and /. the critical wave-
length corresponding to the onset of Helmholtz instability. Substi-
tuting Eq. (40) into Eq. (39) and assuming that wetting front span
is one-fourth the critical wavelength (i.e., q"cyr = q"1/4) yield

1/2
" 1 C ATsu oo
G =5 pghfg(1 +%) [(2\/275) 7} . (41)

pgc

In this model, analytical expressions for § and A, are obtained from a
separated flow model, which yields
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where f; is interfacial friction factor equal to 0.5. Substituting Eqgs.
(42a) and (42b) into Eq. (41) yields
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which can be further simplified for saturated conditions and pres-
sures excluding near-critical to

] 1/47 (44)

Qs = 0151 phg[a8(p; — p,) / 2

which is identical in form to the Kutateladze-Zuber equation. Notice
that the presence of the gravity term in Eq. (44) results from the
buoyancy driven vapor flow, rather than the Taylor instability in
Zuber’s model [20,31].

Follow-up study by Howard and Mudawar [103] found that the
interfacial lift-off trigger mechanism of CHF is not limited to the
vertical orientation, but includes all near-vertical orientations in
the range of 0=60-165° as depicted in Fig. 11(b) and shown
schematically in Fig. 12. The same model was effective in predict-
ing the transition angle of 165° between the near-vertical and
downward-facing regions shown earlier in Fig. 6. Using data from
a number of sources, Howard and Mudawar also showed that ori-
entation effects on CHF for 0 < 6 < 90° are very weak, meaning Eq.
(44) is equally valid for 0 = 0° and 90°. The interfacial lift-off model

Liquid

Wetting Front

0
¥ ﬂ Buoyancy Driven

Vapor Flow

Fig. 12. Schematic of interfacial lift-off CHF model for pool boiling on a near-
vertical surface. Adapted from Howard and Mudawar [103].

is supported by recent observations of pool boiling CHF for differ-
ent orientations by Kim et al. [96] and Zhong et al. [139].

Interestingly, the interfacial lift-off model has shown great ver-
satility and accuracy in predicting flow boiling CHF in a variety of
situations, including microgravity [140,141]. This is especially
important in that it validates the CHF dependence on gravity. Over-
all, better success has been achieved in predicting reduced gravity
CHF for flow boiling than for pool boiling [142].

6.2. Horizontal, upward-facing orientation

Guan et al. [104] observed the interfacial lift-off process in pool
boiling CHF for the upward-facing orientation as well. Fig. 13 pro-
vides a sequence of images that capture the lift-off process for pen-
tane. At t =0 s, a small vapor patch is observed at the right edge of
the surface propagating from right to left until t = 2.8 s, when the
entire surface becomes blanketed with vapor. According to their
observations, Guan et al. introduced a CHF model for pool boiling
based on the mechanism of liquid macrolayer lift-off, which is
based on the interfacial lift-off model of Galloway and Mudawar
[138]. A key difference from the original model is that the Guan
et al. model, which is depicted schematically in Fig. 14, does not
require a separated flow model to determine the vapor layer
parameters. Instead, it uses momentum conservation and Laplace
condition for the vapor-liquid interface to derive an expression
for upward vapor velocity corresponding to CHF,

uy = =7, (45)

where 1 is the local radius of curvature of the interface. The vapor
velocity is highest when the local radius is minimum, expressed as

AZ
=\ o

where § is the liquid macrolayer thickness, which is predicted
according to the theoretical formulation of Rajvanshi et al. [115].
This approach culminates in the following expression for pool boil-
ing CHF,

o\ 7\ og(p—p.)] "
Gl = Pglighy =0.2445( 1+ £ - Pshe % ,
Pr Pr Pq

(47)

which bears some resemblance to the Kutateladze-Zuber equation.

Fig. 13. Images of interfacial lift-off in pool boiling for pentane at AT, =20 °C and P, = 150 kPa. Adapted from Guan et al. [104].
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Fig. 14. Schematic of macrolayer lift-off during pool boiling CHF from a horizontal
upward-facing surface. Adapted from Guan et al. [104].

Overall, the interfacial lift-off mechanism for pool boiling CHF is
based on microscopic observations and features theoretical appeal
not found with empirical CHF correlations. Additionally, because of
reliance on hydrodynamic instability theory, it leads to a dimen-
sionless formulation similar to those of the Kutateladze-Zuber
equation.

7. Concluding remarks

This paper is the first part of a two-part study on pool boiling
critical heat flux (CHF) from flat surfaces. The primary objective
of this part is to review published CHF models, including CHF trig-
ger mechanisms and parametric influences. Key observations from
the study can be summarized as follows:

(1) Aside from Kutateladze’s 1948 pioneering CHF formulation,
which is based on dimensional analysis, five different CHF
mechanisms are prevalent in the literature: bubble interfer-
ence, hydrodynamic instability, macrolayer dryout, hot/dry
spot, and interfacial lift-off. Among the five mechanisms,
Zuber’s hydrodynamic instability theory has received the
most attention because of both its mechanistic formulation
and theoretical appeal. More recently, the interfacial lift-off
mechanism, which is also theoretically based, has received
significant experimental validation, and offers the advantage
of tackling different surface orientations.

(2) The heat transfer literature includes numerous investiga-
tions into influences of important parameters on CHF,
including pressure, surface size and roughness, surface ori-
entation, and contact angle. Studies also reveal that CHF
increases with increasing wall thickness but reaches asymp-
totic value above a thickness threshold. Therefore, it is
essential to rely on data for wall thicknesses that exceed this
threshold. Overall, there is a shortage of data with broad
coverage of all relevant parameters and for fluids with vastly
different thermal properties. There is also severe shortage of
data for the horizontal, downward-facing surface orienta-
tion. These facts point to a need for more strategically
planned future experiments that would also include
microphotographic analysis of near-wall interfacial features,
in order to validate or dispute proposed CHF mechanisms.

(3) Given the complexity of the CHF phenomenon and depen-
dence on a variety of parameters, it is crucial that available
data be amassed into a single consolidated database for
assessment of different models and correlations. In the

future, this database would continue to grow as new data
are acquired to cover major gaps in the coverage of relevant
parameters. Developing this consolidated database is a key
objective of the second part of this study.
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