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Abstract—Studies of the critical heat flux (CHF) carried out during the last decade have been reviewed,
with emphasis on the main current of investigation flowing steadily toward a better and ‘“‘unmysterious”
understanding of the CHF phenomenon, together with a survey of a number of fundamental studies on
the CHF. In order to attain this objective and, at the same time, provide a clear map of this field, the
materials have been classified into four main boiling modes, subdivided into individual important topics
and arranged in a proper sequence so as to show the synthetic framework of the CHF phenomenon, not
as a mere accumulation of unrelated knowledge but as an organic combination.
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I. INTRODUCTION

The critical heat flux (CHF) is an interesting subject studied by many researchers, and hence a large
number of papers have been published to date. However, since space is limited, only studies
conducted during the last decade are reviewed herein. The author sees the CHF as a complicated
phenomenon with similarities to “boundary lubrication” in tribology, because both phenomena are
related to not only the fluid dynamics, but also the nonfluid-dynamic movement of liquid on the
solid wall, and because of the important function of the solid wall. In addition, the CHF is
associated with various thermal aspects, including the intense evaporation of liquid attached to the
heated surface. An exact theory of the CHF has not yet been obtained, but it seems likely that
our physical images of this phenomenon have recently begun to converge owing to the results of
many research efforts.

During the last decade, a number of review or similar papers on CHF have been published, for
example the papers by Lienhard (1988a, b), Straub ez al. (1990), Dhir (1990), Bar-Cohen (1991)
and Auracher (1990, 1992) on pool and external flow boiling; and the papers by Boyd (1985a, b),
Sohal (1985), Groeneveld & Snoek (1986), Kalinin et al. (1987), Weisman (1991) and Celata (1991)
on forced internal flow boiling. In addition, the present author has published several review papers
(Katto 1983, 1985, 1986, 1992b). Hence, viewing the literature from a new standpoint, a fresh
review of recent CHF studies is presented below.

2. THE CHF IN POOL BOILING

2.1. Heat Transfer Characteristics in Nucleate Boiling at High Heat Fluxes

Lienhard (1985) discussed the heat transfer characteristics of nucleate boiling on an inclined
heater surface with reference to the effect of gravity, explaining the ineffectiveness of gravity on
“heat transfer” in fully developed nucleate boiling [as indicated by the experimental data of
Nishikawa et al. (1983)] in terms of the establishment of steady-state vapor escape jets on the heater
surface, such as those postulated in the hydrodynamic CHF model [see section 2.9.1 and figure
5(a)]. Lienhard (1988b) also viewed boiling from the same standpoint—paying no attention to the
existence of a very thin, self-regulating boiling region adjacent to the heater surface, as mentioned
by Katto (1992b)—on the basis of the insensitivity of heat transfer not only to gravity but also
to many other factors (forced flow of bulk liquid, quite low immersion depth, forced supply of
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liquid to the heater surface through a thin tube, artificial acceleration etc.). Originally, the concept
of “fully developed nucleate boiling”, although recently it has also become familiar in the field of
pool boiling, was born from the ineffectiveness of forced flow on heat transfer at high heat fluxes
(Bergles & Rohsenow 1964; Rohsenow 1985, p. 12.41).

2.2. Observations of Fluid Behavior Near the CHF Condition

Haramura (1989) conducted an experimental study on the boiling of water at high heat flux from
a horizontal narrow tube (0.69-mm o.d. and 7.7-mm long), controlled by a computer to maintain
a constant temperature. He observed, via high-speed ciné camera, the successive states of the vapor
escape configuration near the CHF condition, as shown in figure 1, which showed similar features
to those observed in boiling on a disk heater of about 10-mm dia.

With regard to vertical rectangular heaters, Liaw & Dhir (1989) measured void fraction profiles
on a large, vertical flat surface (63-mm wide, 103-mm high and with a contact angle of 14°-90°)
during nucleate boiling of water at 1 atm by means of a y-beam traversing parallel to the surface,
reporting that the maximum void fraction occurs about 1-1.5 mm away from the heater surface
(note that the measurement was restricted to a range of > 0.4 mm away from the heater surface).
Meanwhile, Katto & Otokuni (1994) performed visualization experiments of vapor escape behavior
in nucleate boiling at high heat flux on a vertical flat heater (10-mm wide and 100-mm high), by
means of a simulation method employing air and water. Their study suggests that a vapor mass
rises, growing along the vertical heater surface intermittently near the CHF condition.

2.3. The CHF on Vertical and Inclined Surfaces

With regard to boiling on a vertical rectangular surface, Bui & Dhir (1985) experimented on the
transition boiling of saturated water on a vertical heater (63-mm wide and 103-mm high) under
the conditions of “‘steady-state”, ““transient heating” and “transient cooling’ (quenching), respect-
ively, showing that the CHF obtained during transient cooling is much lower than that obtained
in steady-state tests (see section 2.7.1 for details). Meanwhile, Park & Bergles (1988) conducted
experiments on R-113 boiling on thin foil heaters (2.5- to 70-mm wide and 1- to 80-mm high),
providing empirical correlations of CHF. Figure 2 shows the locations of the onset of CHF
observed by these authors for heaters 5-mm wide and 5- to 80-mm high, which may be useful
information in considering the mechanism of CHF for vertical heaters (cf. section 2.2 and figure 6).

Nishio & Chandratilleke (1989) studied experimentally the effect of the surface roughness and
inclination on the heat transfer of saturated helium boiling on a disk heater of 20-mm dia, including
the CHF point and transition boiling regime. Meanwhile, Ohama & Miyazaki (1986) measured the
CHF of slightly subcooled water boiling from a nearly downward-facing disk heater of 29.5-mm

dia.
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Figure 1. Successive states of the vapor escape configuration near the CHF from a horizontal cylindrical
heater of 0.69-mm dia kept at a constant temperature (from Haramura 1989).
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Figure 2. Position of the onset of the CHF: (a) 5 x 5-mm high; (b) 5 x 10-mm high; (c) 5 x 20-mm high;
(d) 5 x 40-mm high; (¢) 5 x 80-mm high (from Park & Bergles 1988).

The following three studies employed the ‘“quenching method” to measure the boiling
curve, including the nucleate and transition boiling regions for inclined surfaces: Dix &
Orozco (1990) studied subcooled boiling of R-113 on a spherical surface of 38.4-mm
dia, showing that boiling curve, as well as peak heat flux values, change according to the
location on the sphere surface (see also section 2.7.2); Guo & El-Genk (1992) measured the
CHF for water boiling at 1atm on an inclined disk heater of 50.8-mm dia; and EIl-Genk
& Guo (1992) then proposed an empirical correlation for the CHF on inclined surfaces.

2.4. Geometrical Factors Exerting an Influence on the CHF

Employing the “quenching” method, Egan & Westwater (1985) conducted experiments
on boiling on a horizonal disk heater of diameter D = 6.4 to 304.8 mm, which closed the
open bottom end of a vertical glass tube of the same inside diameter D reserving liquid nitrogen
in it, with the purpose of determining the condition obtainable CHF value for a horizontal
infinite surface. If D/Ay, > 2.5, where A4 is the most dangerous wavelength for Taylor instability,
then the measured value of CHF on the disk heater is in agreement with that on an infinite
surface.

Elkassabgi & Lienhard (1987) measured the CHF of methanol boiling at 1 atm on a horizontal
wire of diameter D =0.813mm placed in the middle of the two parallel vertical sidewalls
(of width W) with an immersion depth H, observing that the CHF decreases as W/D decreases,
and that the CHF also decreases with a decrease in H/D if H/D is very small (see also
section 2.7.2 for the effect of the clearance between the heater and the side wall). Elkassabgi &
Lienhard (1987) explained this variation in the CHF value in terms of the steady-state
vapor escape flow, such as that postulated in the hydrodynamic CHF model [see figure 5(a)].
Bockwoldt er al. (1992) conducted a similar study for boiling on a horizontal disk heater of
15-mm dia immersed coaxially at the center of a vertical cylindrical pool of slightly subcooled
water.

Relating to the cooling problem of microelectronic components, experiments on the
CHF in the boiling of dielectric fluorocarbon FC-72 were carried out by Bar-Cohen &
McNeil (1992), for horizontal thin heaters, and by Golobic & Bergles (1992), for horizontal,
vertically oriented ribbon heater of 15 kinds of materials. These two studies analyzed experimen-
tal data, leading to the common conclusion that CHF can be correlated fairly well by the
use of a parameter & (pck)'?, where 8, p, ¢ and k are the thickness, density, specific heat
and thermal conductivity of the heater wall, respectively. Meanwhile, Carvalho & Bergles
(1992) performed more thorough analyses of data obtained under various conditions,
and suggested that, among the various parameters considered, the abovementioned
8 (pck )" seems the best to correlate CHF data for different heater materials and thicknesses.
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2.5. The CHF in Very Low Pressure and Microgravity Boiling
2.5.1. The CHF in very low pressure boiling

When the system pressure is reduced noticeably, pool boiling tends to change its features from
the ordinary state because of the enormous increase in the specific volume of vapor. This peculiar
trend was found by Katto et al. (1970) for the CHF of water boiling at p < 0.2 atm on a disk heater
of 10-mm dia, when observations by high-speed ciné camera disclosed that the fluid behavior on
the heater surface near the CHF condition differs from that in ordinary boiling. Subsequentily,
many experiments of CHF at low pressures were conducted: by Labuntsov (1978), for water and
ethanol on a disk heater of 32-mm dia as well as on a horizontal cylindrical heater of 15-mm dia;
by Wu et al. (1982), for water and methanol on a square surface of 47 x 47 mm; by Sakurai et al.
(1982), for water on a horizontal wire of 1.2-mm dia and sodium on cylindrical heaters of 7.6- and
10.7-mm dia; by Abuaf & Staub (1983), for R-113 on a horizontal disk heater of 59-mm dia; and
by Samokhin & Yagov (1988), for heptane, hexane, acetone, isopropanol and R-113 on a disk
heater of 64-mm dia. Recently, Soziev & Khrizolitova (1989) proposed a simple dimensionless
equation to predict the CHF g, at a very low pressure p:

Gep = qex (1 + po/P)'>. 0]
In [1], g is the CHF value given by the Kutateladze correlation
Gex/Pc Hi = 0.16[og (pL — ps)/p §1* 2]

and p, = [og (p. — pg )], where pg is the vapor density, H is the latent heat of evaporation, o
is the surface tension, g is the gravitational acceleration and p; is the liquid density.

2.5.2. The CHF in microgravity boiling

Microgravity boiling is, obviously, a different subject to low pressure boiling. However, consider
the situation when gravity is reduced—vapor tends to stay on the heater surface for longer due
to the reduction in the buoyancy force; and meanwhile, when pressure is reduced, a similar tendency
for vapor appears because of the large volume of vapor generated on the heater surface strongly
pushing away the overlying bulk liquid. Therefore, one can expect similar characteristics for these
two boiling situations, and this is the reason why the subject of CHF in microgravity boiling is
dealt with in this section.

Straub et al. (1990) reported the study of the CHF of saturated R-113 boiling on a thin wire
of 0.2-mm dia as well as on a flat plate (in horizontal and vertical positions) observed in ballistic
flight programs and, also, the study of the CHF of R-12 boiling on thin wires of 0.05- and 0.2-mm
dia and on a rectangular plate of 40 x 20 mm observed in parabolic aircraft flights. According to
these studies, bubbles as large as 30- to 40-mm dia are observed on the heated flat surface, and
the magnitude of the CHF measured in microgravity boiling does not decrease as much as predicted
by the ordinary CHF correlation (see [2] where g, decreases in proportion to g '*). It is of interest
to note that these characteristics of the CHF in microgravity boiling bear a resemblance to those
in low pressure boiling.

2.6. The Problem of the Existence of Two Transition Boiling Curves

CHF and transition boiling are closely connected, and hence the study of transition boiling is
regarded as a part of the study of CHF and vice versa. In particular, the change in the transition
boiling curve near the CHF point is nothing but the change in the CHF value.

2.6.1. Hypothesis of two tramsition boiling curves

Sakurai & Shiotsu (1974) conducted experiments on boiling on a horizontal wire (1.3-mm dia
and 100-mm long) kept at constant temperature by a computer, obtaining two boiling curves in
the transition boiling regime according to the increase/decrease cycle in the wire temperature, with
a comparatively slow temperature variation speed: 2 K/s. Then, Witte & Lienhard (1982)
reanalyzed the above data, together with the results of the famous experiment of Berenson (1962),
to propose the hypothesis that two transition boiling curves exist for a given liquid-heater
configuration. They stressed the existence of experimental data to support this hypothesis, and
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discussed the characteristics of the transition boiling regime on the basis of the concept of
an extension of either nucleate boiling or film boiling. Later, in accordance with this hypoth-
esis, comments were presented by Winterton (1983), followed by a reply from Witte & Lienhard
(1983).

Ramilison & Lienhard (1987) re-created Berenson’s experiment of transition boiling, resulting
in the conclusion that the jump between two transition boiling curves was caused by the shift
between the advancing and retreating contact angle. Rajab & Winterton (1990) experimented on
boiling of saturated water and R-113 at 1 atm on a disk heater of 34-mm dia equipped with a
temperature controller of 0.1-s cycle time, testing the two processes of ‘“steady-state heating™ and
“steady-state cooling”. The steady-state heating (or cooling) process here means that the surface
was previously at a lower (or higher) temperature, but measurements are made in the steady state.
A substantial part of the transition boiling regime was missing in their experiments, suggesting that
the temperature control was insufficient to stabilize the surface temperature, but they concluded
that the existence of two transition boiling processes was confirmed, because of the result that the
abovementioned “steady-state” boiling curves showed a distinct difference between increasing and
decreasing temperature.

2.6.2. Steady-state transition boiling in the strict sense

According to Auracher (1990, 1992), it is necessary for the realization of real steady-state
boiling in the transition boiling regime to establish the stability of the average surface temperature
as well as the temperature uniformity on the surface. Even if a feedback-controlled system
for the wall temperature is included, electrically heated boiling systems are apt to cause
strong temperature nonuniformity in the heating element. The experiments of Sakurai & Shiotsu
(1974) (section 2.6.1) were not exactly in the steady state (a temperature variation of 2K/s
is too fast) with temperature nonuniformity of the heating wire. Auracher (1992) reported
the details of his experimental apparatus with a feedback-controlled, electrically heated
system carefully designed so as to maintain stable boiling throughout the entire region of
transition boiling on a disk heater of 11.3-mm dia; figure 3 shows the boiling curve measured
by this apparatus, displaying the agreement between increasing and decreasing temperature.
In other words, no hysteresis occurs in transition boiling if steady-state experiments are
realized. )

Meanwhile, Haramura (1991a) pointed out that a large temperature disturbance is apt to appear
on the heater surface even in the so-called steady-state transition boiling, and hence clarification
of the condition required to maintain a uniform surface temperature is indispensable in reaching
the correct understanding of transition boiling. Haramura carried out a three-dimensional heat
conduction analysis for a cylindrical block heated uniformly from the bottom side under a

5.0 —
’_ Saturated R-113
110 kPa
—_ Steady state D'E.E
o . -
g ATsat' » 0
3 | O Decreasing s
- s Increasing & o
=
ot a
E)
| v
“: 1.0 — ] Eh
e —
= | %ﬁn
N o
0.5 L I N S N R
0 50 100

Wall superheat, AT

sat

(K)

Figure 3. Boiling curve of saturated R-113 measured for a horizontal disk heater of 11.3-mm dia set up
in a well-controlled stable boiling system (from Auracher 1992).
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disturbed heat transfer condition on the upper boiling surface, leading to the foilowing condition for
keeping the surface temperature uniform:

—dq/dT, < 3.390(H,/R,)(k | R,). (31

where dg/dT, is the slope of boiling curve, H, is the thickness of the block, R, is the radius of the
cylindrical block and k is the thermal conductivity of the block material. Meanwhile, Haramura
(1991b) carried out experiments on the steady-state transition boiling of R-113 at 1 atm on a disk
surface of 63.5-mm dia, equipped with a steam jet nozzle for heating the block and a cooling coil for
condensing the steam, specially designed so as to realize the steady-state transition boiling, showing
no significant hysteresis between increasing and decreasing temperature.

Shoji et al. (1990) experimented on water boiling at 1 atm on a large disk heater of 100-mm dia via
the quenching technique. In this case, in spite of a considerably slow temperature variation speed of
5-6 K/min (i.e. 0.083-0.10 K/s), the measured value of the CHF was quite low compared with the
ordinary magnitude of the CHF of water at 1 atm, suggesting that steady-state boiling was not
attained near the CHF point even in their very slow quenching experiment. Meanwhile, Adiutori
(1991) analyzed the literature data regarding the behavior of the heat flowing into and out of the
heater surfaces in transition boiling, resulting in the conclusions that: steady-state boiling was not
realized in the experiment of Berenson (1962) referred to in section 2.6.1; and that his abovementioned
analysis disproves a widely accepted conventional view that the means of condensing vapor as the
heat source on the back side of the heater wall can realize stable boiling in the whole region of
transition boiling.

2.7. Measurement of the Boiling Curve by the Transient Technique

2.7.1. Characteristics of the CHF measured via the transient technique

Mainly for the purpose of studying the nature of transition boiling influenced by the surface
condition, many experiments to date have been performed with the transient technique employing
large size heaters (e.g. Bui & Dhir 1985; Roy Chowdhury & Winterton 1985; Liaw & Dhir 1986;
Maracy & Winterton 1988; Shoji et al. 1990). From the viewpoint of the basic study of CHF, real
steady-state transition boiling, such as mentioned in section 2.6.2, is desirable in order to avoid useless
confusions of our concept of the CHF phenomenon. However, as many of the studies to date have
been performed with the transient technique, it is necessary to know the trend of the CHF measured
in these studies. Figure 4 (Liaw & Dhir 1986) shows typical results obtained in this type of study,
showing the general characteristics that the CHF in transient cooling (i.e. quenching) is low in
magnitude compared with the CHF in transient heating, and that the CHF in transient heating is close
to the CHF in steady-state boiling (see section 4.1.1 for the case of internal flow boiling).

2.7.2. Quasi-steady-state boiling curve (supplement: local state of boiling on a sphere)

Westwater and coworkers carried out several experimental studies on the criterion to obtain the
quasi-steady-state boiling curve by the quenching method (note that the boiling state, called
quasi-steady-state boiling here, is not necessarily the real steady-state boiling). Lin & Westwater
(1982) conducted experiments on boiling of liquid nitrogen at 1 atm on disk heaters (50.8-mm dia and
1- to 203-mm thick) made of five different kinds of pure metal. If the condition of hH /k > 0.9 holds,
where h is the heat transfer coefficient at the peak heat flux point of a boiling curve, H, is the thickness
of the heater and k is the thermal conductivity of the heater material, then the quasi-steady-state
boiling curve is obtained by this quenching method. Irving & Westwater (1986) conducted
experiments for the boiling of liquid nitrogen at 1 atm on heated spheres (6.35- to 101.6-mm dia) made
of five different kinds of pure metal. Significant effects are exerted on the shape of the boiling curve
by the clearance between the sphere and the liquid container wall, by the diameter of the sphere and
by the kind of metal. In addition to this, there is an azimuthal angle variation of heat flux over the
sphere surface; and the highest heat flux value attained at each azimuthal angle varies with the angle
and metal. Roughly speaking, the angle which gives a peak heat flux value closer to the ordinary CHF
value for horizontal flat plates is in the upper half of the sphere. Westwater et al. (1986) summarized
the foregoing two studies, indicating the conditions which must be satisfied to obtain the quasi-
steady-state boiling curve. Namely, the conditions in the case of a disk heater are: heater
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Figure 4. Boiling curve of saturated water on a vertical surface (63-mm wide x 103-mm high) at contact
angles of 38° and 107° (from Liaw & Dhir 1986).

diameter > 71, (cf. section 2.4 for Ar); heater thickness hH,/k > 0.9, diameter of the liquid
container = heater diameter; and immersion depth ~100 to 150 mm. In the case of a sphere:
diameter >4.54; diameter of the liquid container > (3.5 x sphere diameter); and immersion depth
~100 to 150 mm.

Regarding the complicated problem of the variation of the local heat flux as well as the local
temperature over a spherical (or a cylindrical) heater surface of large diameter, Subramanian &
Witte (1987) studied the boiling of methanol and water at 1 atm on a hollow sphere of 25.4-mm
dia via the quenching method. The sphere was split into nine azimuthal rings for a finite-difference
calculation of the local heat flux. According to observations by a high-speed ciné camera, the
collapse of film boiling starts from the bottom of the sphere and, thereafter, three regimes of boiling
coexist on the sphere surface: i.e. nucleate boiling at the bottom, film boiling at the top and
oscillating transition boiling in the middle region.

2.8. Surface Effects on the CHF

Liaw & Dhir (1986) conducted experiments on the boiling of saturated water and R-113 at 1 atm
on a vertical rectangular surface (63-mm wide and 103-mm high) with various contact angles. They
reported experimental results obtained not only in transient modes but also in the steady-state
mode, such as those shown in figure 4, from which the conclusion can be derived that the CHF
under the “steady-state” condition is certainly higher at a contact angle of 38° (comparatively
well-wetted surface) than at a contact angle of 107° (poorly-wetted surface).

Alem Rajabi & Winterton (1988) conducted experiments on the steady-state boiling of methanol
on a disk heater of 28-mm dia equipped with a temperature controller. Similarly to the experiment
of Rajab & Winterton (1990), cited in section 2.6.1, a greater part of the transition boiling regime
near the CHF point could not be realized, but the CHF condition measured as an upper limit of
nucleate boiling was uninfluenced by this unstable situation in the transition boiling regime. In this
study, the state of the liquid—solid contact was observed at the center of the disk heater surface
by means of the electrical impedance between a test probe and the heater surface. The fraction of
the wetted area at the CHF condition [determined through a one-point measurement similar to that
of Shoji (1992) mentioned in section 2.10.2] was found to be about 0.65; and Alem Rajabi &
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Winterton regarded this value as comparable with the magnitude of 1-7/16 (=0.80), i.e. the base
area fraction of the steady-state vapor escape passage [see figure 5(a)] assumed by Zuber (1959)
in his hydrodynamic instability model of CHF.

Wang & Dhir (1993) conducted experiments on saturated water boiling at 1 atm on a vertical
rectangular surface (63-mm wide and 103-mm high) via the quenching method with extremely slow
temperature variation speeds, <0.2 K/min (i.e. 0.003 K/s), which they regarded as practically
steady-state conditions. The CHF value for a well-wetted surface {contact angle of 187) is tolerably
close to the ordinary CHF value of water at 1 atm [cf. Shoji ez al. (1990) mentioned in section 2.6.2].
A square surface area of 10 x 10 mm in the lower middle portion of the heater surface was
observed, by means of still photographs taken by extinguishing the vapor near the heater surface
through the tentative introduction of subcooling, reporting the quantitative relationship between
active nucleation site density and heat flux in nucleate boiling for three different contact angles of
18", 35 and 90°.

It is added here that a number of studies have been conducted via the “‘quenching method™: for
the problem of liquid—solid contact, see the papers by Lee et al. (1985), Dhuga & Winterton (1985,
1986) and Shoji et al. (1991); and for the effect of roughness and contact angle on heat transfer,
see the paper by Roy Chowdhury & Winterton (1985).

2.9. Models of the CHF and Transition Boiling
2.9.1. Primary models of the CHF

CHF is a very complicated phenomenon, and it is impossible to give an exact model capable
of explaining the detailed mechanism of CHF completely. However, there are models which are
useful to explain the CHF phenomenon, even though some imperfections are involved, and their
role is regarded as similar to that of the famous Bore’s atomic model that was very effective prior
to the establishment of quantum mechanics. In concrete terms, two such primary models of CHF
have been put forward in the last decade: i.e. the hydrodynamic instability model [figure 5(a)] and
the macrolayer dryout model [figure 5(b)].

The hydrodynamic model [including the “mechanical energy stability criterion” proposed by
Lienhard & Eichhorn (1976)] postulates that the increase in vapor generation from the heater
surface causes a limit of the steady-state vapor escape flow, such as shown in figure 5(a), when CHF
occurs. Generally, this model notices the stability of the vapor escape flow only, paying no attention
to the near-wall fluid behaviors, Meanwhile, the macrolayer dryout model postulates that a liquid
sublayer (macrolayer) formed on the heater surface with an initial thickness J, is evaporated away
during a hovering period 7, of the overlying vapor mass (under the balance of simultaneous growth
and upward motion), when the CHF appears. This model has a freedom and flexibility which makes
it applicable to CHF under various flow configurations.

Vapor mass

Vapor escape passage

Td W
Infinite fiat plate Macrolayer

(a) (b)

Figure 5. Vapor escape configuration from an infinite horizontal surface: (a) the hydrodynamic instability
model; (b) the macrolayer dryout model (see sections 2.4 and 2.10.2 for iy and J,, respectively).
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Figure 6. Conceptualization of the boiling process on a vertical surface for a contact angle of 90°
(from Liaw & Dhir 1989).

Recently, Bergles (1992) reviewed these two models along with a somewhat classical “bubble
packing” model, stating that the steady-state vapor escape flow from the heater surface is not
necessarily in agreement with visual observations (also Bergles 1988) and that the hydrodynamic
model is experiencing a challenge from the macrolayer dryout model. On the other hand, Lienhard
(1985, 1988a) and Dhir (1990, 1992) criticized the Haramura & Katto (1983) model, related to the
macrolayer dryout model.

2.9.2. Steady-state model of the CHF considering surface wettability

In order to consider the effect of surface wettability on the CHF, Dhir & Liaw (1989) postulated
the existence of a thermal boundary layer adjacent to the heater surface throughout the nucleate
and transition boiling regimes (see figure 6 for their flow model) and assumed that, depending on
the contact angle and surface temperature, the vapor stems standing on the heated surface
undergo changes in the shape of interface, the base diameter at the wall D,, and the spacing L. The
steady-state heat transmission and evaporation assumed within the thermal boundary layer is then
analyzed by connecting the analytical wall void fraction, ¢, = (r/4)(D, /L), with the measured ¢,
[by Liaw & Dhir (1989) as mentioned in section 2.2], and a theoretical boiling curve including the
CHF point is derived. Then it is insisted that if the CHF value g, of this model (i.e. the CHF
dominated by the vapor generation rate) is higher than the CHF value ¢, of the hydrodynamic
model (i.e. the CHF dominated by the vapor escape rate), then g, appears as the CHF and, if g,
<4, then g appears as the CHF. [N.B. This model seems to have two questionable points: (1)
it is unable to indicate the steady-state liquid (or vapor) flow passages between the bulk liquid
region and the thermal layer at contact angles < (or >) 90°; and (2) there have been no examples
of a boiling curve with a flat summit portion restricted by ¢, for sufficiently wettable surfaces.]

Meanwhile, with respect to the effect of contact angle and roughness on the CHF, Ramilison
et al. (1992) analyzed the existing CHF data to derive the following empirical equation:

qes/qc, = 0.0336(m — B,)*%(r,)™'%, [4]
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where ¢, is the CHF value predicted by the Zuber correlation (the hydrodynamic model), B, is
the retreating contact angle (cf. section 2.5.1) and r, is the RMS surface roughness.

2.9.3. Modeling of the CHF and transition boiling based on the macrolayer concept, including the
effect of surface wettability

Pan and coworkers have conducted a series of analytical studies on transition boiling including
CHF based on the macrolayer concept. First, Pan et al. (1989) developed a theoretical model of
transition boiling based on the repetition of the following sequential processes: (1) transient heat
conduction in the bulk liquid brought into contact with the heater surface; (2) boiling incipience
on the heater surface; (3) generation of a macrolayer on the heater surface and its evaporation;
and (4) blanketing of the heater surface by a vapor mass.

Then, Pan & Lin (1990) extended the above model to take the effect of the surface wettability
into consideration by assuming the area fraction of the vapor stems, A,/A4,, included in the
Haramura & Katto (1983) model (see [5] in section 2.10.2), to be a function of the contact angle.
Subsequently, based on the earlier theoretical model of Pan et al. (1989), Pan & Lin (1991) analyzed
the effects of various parameters on transition boiling, such as the cavity size distribution, the
thickness of the surface coating, the thermal properties of the heater substrate, the system pressure
and the liquid subcooling. In addition, Pan & Ma (1992) reported modeling for transition boiling
under “external flow boiling”” based on the macrolayer concept.

2.10. Studies Relating to the Macrolayer

2.10.1. Analyses of nucleate boiling heat transfer at high heat flux based on the macrolayer

Analyses of “*heat transfer” in nucleate boiling at high heat flux (fully-developed nucleate boiling)
have been conducted based on the macrolayer concept. Bhat et al. (1983b) attempted an analysis
of heat transfer assuming a macrolayer of invariable thickness, leading to the result that heat
conduction across the macrolayer occupies the major portion of heat transfer. Chu (1987, 1989)
analyzed heat transfer, assuming variation of the macrolayer thickness with time, and stressed that
the heat conduction across the macrolayer and the evaporation at the free surface are not enough
to account for nucleate boiling heat transfer, and that the evaporation of the “microlayer™ (which
is not part of the macrolayer) formed at the base area of the vapor stems must be taken into
account. Jairajpuri & Saini (1991) proposed a heat transfer model based on the transient
one-dimensional heat conduction across a macrolayer changing its thickness on a constant heat
flux wall allowing for timewise variation of the wall superheat.

On the other hand, Pan & Lin (1989) developed theoretical and semi-theoretical models of
nucleate boiling heat transfer, which incorporate the heat transmission created by the Marangoni
flow in the macrolayer and the evaporation at the stem-liquid and vapor-liquid interfaces, stressing
the importance of the abovementioned involved mechanism.

Rajendra Prasad et al. (1985) attempted an analysis of heat transfer, taking the effect of the
heater wall thickness into consideration but neglecting the variation of the macrolayer thickness
caused by evaporation. Meanwhile, Pasamehmetoglu er al. (1993) performed a study, where a
couple of transient two-dimensional heat conduction equations for the heater wall and macrolayer
have been solved allowing for the timewise thinning of the macrolayer, leading to the results that
dominant evaporation occurs near the liquid-vapor—solid contact point (a triple point in a broad
sense) at the base of the vapor stem, while the evaporation at both the circumferential interface
of the vapor stem and at the vapor-macrolayer interface is negligible (except near the CHF).

2.10.2. Experimental studies of the macrolayer in nucleate boiling at high heat flux

For water boiling at 1 atm on a disk heater of 42-mm dia, Bhat er al. (1986) measured the initial
thickness J, of the macrolayer formed between the heater surface and an overlying vapor mass via
an electrical resistance probe at the center of the heater, giving an empirical correlation of
8 = 1.585 x 10°/g 7", where &, is in m and ¢ is in W/m’,

Rajvanshi et al. (1992) measured d, for the boiling of water, methanol, ethanol, isopropanol,
acetone and methy ethyl ketone, respectively, at 1 atm on a disk heater of 50-mm dia in a similar
manner to that of Bhat et al. (1986), finding that these data agree, within an error < +20% for
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every kind of fluid, with the double of the magnitude given by the RHS of the following generalized
correlation used in the Haramura & Katto (1983) model:

do = (n/2)e [(p+ pc)/PLPc)( A/ ALY (P Hic/9) s (5]

where A4,/A4, is the base area fraction of the tiny vapor stems standing on the heated surface [see
figure 5(b)], given as

A,/A, = 0.0584(pg/p.)**. 6l
The double of [5] is equivalent to the use of the following A4,/A4,, on the RHS of [5]:
A,/A4,, = 0.0584 x 2'*(pg [p, ) = 0.0826(pg/p.)**. (7]

Meanwhile, Shoji (1992) experimented on water boiling at 1 atm on a disk heater of 10-mm dia,
measuring the departure frequency of the vapor mass, the distribution of the void fraction, the
initial thickness of the macrolayer and the dry area fraction in the macrolayer. According to his
data, the macrolayer thickness is correlated as &, = 1.77 x 10*/¢ ', and the dry area fraction as
A,/A, = 0.17 independent of ¢g. [N.B. This value of 4,/4, =0.17 is determined from a one point
measurement at the disk center by assuming the random occurrence of nucleation on the heater
surface, though it is not necessarily consistent with the stationary state of active sites observed by
Gaertner & Westwater (1960) by means of nickel plating during boiling.]

2.10.3. Analytical studies on the formation of the macrolayer

Bhat et al. (1983a) presented a model as to the formation of the macrolayer, assuming that the
diameter of the vapor stems increases in the upward direction due to the vertical coalescence of
bubbles successively emitted from the active site, and that the macrolayer is formed due to lateral
coalescence of the vapor stems at the top position. Based on this model, the magnitude of J, was
derived theoretically, employing several existing empirical rules including those holding in “low”
heat flux region alone.

Chappidi et al. (1991) attempted a semi-theoretical study on the proportionality between the
mean macrolayer thickness and the mean vapor-stem diameter, considering the Helmholtz
instability at the interface of the vapor stems. Meanwhile, Sadasivan et al. (1992) reviewed critically
four possible mechanisms to determine the macrolayer thickness: (1) the Helmholtz critical
wavelength [the Haramura & Katto (1983) model]; (2) vapor-stem coalescence at the top position
[the Bhat et al. (1983a) model]; (3) the lateral coalescence of bubbles on the heater surface; and
(4) stem vapor velocity interrupting the resupply of liquid to the macrolayer. Among these
mechanisms, (1) and (2) were rated extremely low, while (3) was rated high because of the ability
to take into account the effect of the surface condition on the macrolayer “thickness”. [N.B. Pan
& Lin (1990) in section 2.9.3. considered “area fraction” instead of “thickness”.]

Based on the idea of the lateral coalescence of bubbles on the heater surface, Kumada &
Sakashita (1992) conducted a semi-empirical analysis of the initial thickness 8, of the microlayer
which resuited in the following involved expression:

30 =6.9{(a’via’)/g(pL— pc)p 11} (pc Hic/q)*", (8]

where o, is the thermal diffusivity of the liquid and v, is the kinematic viscosity of the liquid.
Equation [8] is involved with g, which is inconsistent with the insensitive situation described in
section 2.1.

2.11. The CHF in the Power Transient

Giarratano (1984) studied the “heat transfer” of liquid nitrogen boiling at 0.083 MPa on a
horizontal platinum wire of 0.02547-mm dia and a thin platinum film (35 nm x 8 mm x 35 mm)
supplied with a voltage pulse of various durations (1 ms-10s). Okuyama et al. (1988) conducted
experiments on the boiling of R-113 (0.1-1.8 MPa, subcooling 30K) on a copper foil
(7pm x 4mm x 14 mm) at large stepwise power generation, observing the bubble behaviors by
high-speed ciné camera to disclose that the CHF at low pressures can be explained by the
macrolayer dryout, while the CHF at high pressures occurs due to the filling of fine bubbles on
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the heater surface. Subsequently, Okuyama & Iida (1990) performed a similar study for liquid
nitrogen boiling at 0.1 MPa on a horizontal wire of 0.1-mm dia at stepwise heat generation.

Pavlov & Babich (1987) studied a model of CHF in the power transient including three types
of heat increase: stepwise, linear and exponential. In this analysis, the two-phase region adjacent
to the surface is divided into two regions: the outer region, with a void fraction g,; and the
wall-adjacent layer, with a void fraction of different magnitude ¢. The thickness of the wall-adjacent
layer 0 is assumed to be equal to the largest diameter of bubbles growing on the heating surface,
and if this wall-adjacent layer is vaporized away, then CHF occurs.

Pasamehmetoglu et al. (1990a) presented a model based on the macrolayer concept for predicting
the CHF in saturated and subcooled boiling at exponentially increasing heat input:

Q = Q- explt/t.), [9]

where 7 is the elapsing time and 7, is the exponential heat input period (constant). Their model has
been established through various careful considerations, some of which are (1) a modification of
the original 4,/4,, = 0.0584( ps/p.)*? in the Haramura & Katto (1983) model [6] to

AJA, = CA(PG/PL)O{ [10]

where C, is an empirical constant determined so as to agree with the data of Bhat et al. (1986)
for water at 1 atm (cf. [7]); (2) a change in the hovering or growth period of a vapor mass due to
subcooling; (3) 2 mechanisms governing the thinning of the macrolayer for a slow and a fast
transient, i.e. at a slow transient, the macrolayer thins down by evaporation only, while at fast
transient, a part of the macrolayer thinning depends on a decrease in the thickness of the stable
macrolayer caused by an increase in the heat flux (cf. [5]); and (4) the effect of the heater’s thermal
storage on the CHF. The predicted CHF value compared well with the data measured by Sakurai
& Shiotsu (1977) (saturated water at 1.08 and 2.06 MPa on a horizontal wire of 1.2-mm dia and
7. = 0.005 to 5s), Kuroda (Serizawa 1983) (subcooled water at 0.933 MPa on a horizontal wire of
1.2-mm dia and 1, = 0.005 to 10s) and Kataoka et a/. (1983) (saturated water at 0.143-1.503 MPa
on a vertical wire and 1, =0.005 to 10s).

3. THE CHF IN EXTERNAL FLOW BOILING

3.1. The CHF in Bulk Liquid Flow Parallel to the Heater Surface

Fully developed nucleate boiling on a small size heater surface flush-mounted on one side wall
in a rectangular duct is included in this section, because it is easy to understand the physical aspects
involved rather than the treatment as forced “internal flow boiling”.

3.1.1. Experimental studies on the CHF

Yagov & Puzin (1984) experimented on the CHF in the boiling of R-12 at 0.84-2.54 MPa with
slight subcooling of 0.5-2.5 K on a disk heater surface (D = 16 mm) flush with the lower side wall
of a rectangular horizontal duct (17 x 29 and 5 x 20 mm) at a bulk liquid velocity u = 0.5 to
12.5m/s. It was reported that the measured data of the CHF ¢, are in good agreement with the
following generalized correlation:

ge/pLuH = 0.66(pg/py )* (o [pLu’D )™, (1]

where Hy; is the latent heat of evaporation and ¢ is the surface tension.

Mudawar & Maddox (1989) experimented on the CHF in the boiling of dielectric fluorocarbon
FC-72 (subcooling of 2.5-44 K) at near 1 atm on a square heater (12.7 x 12.7 mm) flush with one
side wall of a vertical rectangular duct (12.7 x 38.1 mm) for bulk liquid velocity » = 0.22 to 4.1 m/s.
At low flow velocities, the formation of a continuous vapor blanket and the dryout of the
macrolayer beneath the vapor blanket were observed; while at high flow velocities, not only
reduction of the vapor blanket thickness but also the bianketing of the heater surface by much
smaller and discrete vapor clots were found. Mudawar & Maddox developed a new model for the
CHF in the region of low velocities (10> < p u’L/c <8 x 10°, where L is the heater length),
presenting a generalized correlation of the CHF composed of several dimensionless terms including
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(L/D,)"3, where D, is the hydraulic diameter of the flow channel based on the heater perimeter.
The small magnitude, 1/23, of the foregoing exponent suggests that the effect of the flow channel
on the CHF is minor in the present case.

McGills et al. (1991) carried out experiments on the boiling of R-113 (subcooling of 7-33 K)
at near latm on a linear array of ten discrete square heaters (6.4 x 6.4 mm) mounted at
intervals of 6.4 mm on one side wall of a vertical rectangular duct (1.9-6.4 x 12.7 mm) for
inlet liquid velocity u =0.096 to 1.039 m/s with the object of studying the combined effect of
subcooling and velocity on the CHF. Tests were carried out for a flush and a 0.8-mm protruding
heater, respectively, revealing that for a given subcooling and velocity, the CHF is significantly
higher for the flush heater relative to the 0.8-mm protruding heater. Meanwhile, Willingham &
Mudawar (1992) experimented on the boiling of FC-72 (subcooling of 3-36 K) at near | atm
on a linear array of nine discrete square heaters (10 x 10 mm) flush-mounted on one side wall
of a vertical rectangular duct (5 x 20 mm) for inlet liquid velocity u = 0.13 to 4 m/s, yielding
various information relating to boiling and the CHF. The CHF for a heater at the foremost
position agrees well with the foregoing Mudawar & Maddox (1989) correlation for a single
heater.

Galloway & Mudawar (1992) experimented on FC-72 boiling on a rectangular heater (2.7-mm
high and 12.7- to 50.8-mm long) flush-mounted on the inner wall of a cylindrical vessel (inner
radius: 41.9 and 76.2 mm) equipped with a rotating central axis with two or four blades to stir the
liquid. Consgdering the effects of the inner radius of the vessel, the number of stirrer blades and
the heater length, they developed an empirical correlation in a generalized form.

3.1.2. Studies on the mechanism of the CHF

Galloway & Mudawar (1993a) carried out microscopic and macroscopic observations of the
near-wall region for the boiling of dielectric fluorocarbon FC-87 at 1.37 atm and 8 K subcooling
on a rectangular heater (1.6-mm wide and 12.7-mm long) flush-mounted on a vertical rectangular
duct (1.6 x 6.4 mm). Visual observations were made by a 16 mm high-speed ciné camera for high
flow velocity and by a video motion analyzer for velocities <2 m/s. It was concluded that the
CHF was approached when the heat flux reached a sufficiently high level to cause coalescence of
vapor bubbles into a wavy vapor layer, that vapor effusion into the vapor waves was caused by
violent boiling and evaporation from the liquid subfilm and that the CHF was triggered by the
separation of the liquid-vapor interface from the heater surface at the location of the upstream
wetting front due to intense vapor effusion from the heater surface. Based on the foregoing
observation, Galloway & Mudawar (1993b) developed a new theoretical CHF model incorporat-
ing: (1) the instability of the liquid-vapor interface; (2) the separated two-phase flow model; and
(3) the criterion for the separation of the liquid-vapor interface from the heater surface. [N.B.
Item (3) may give rise to the logical problem of whether or not the intense vapor effusion is
possible from the dry heater surface.]

3.2. The CHF on a Cylinder in Crossflow

3.2.1. The CHF on a cylinder of comparatively small diameter in crossflow

Katto et al. (1987) performed experiments on the CHF on a cylinder of 1-mm dia in a crossflow
of water, R-133 and R-12, respectively, in a very wide range of the vapor/liquid density ratio
p./p. = 0.000624 to 0.306. Analyzing the CHF data thus obtained for saturated boiling, together
with other existing data for cylinders of D =0.81 to 6.5 mm, they developed a semi-empirical
generalized correlation based on the upper limit of the macrolayer thickness [5] to predict the
CHF ¢, at a sufficiently high liquid velocity u:

q4c/pruHg = K(o/pLu’D)" (107° <o/p u’D <107"), [12]
where K = 0.00588 + 0.500( p/p, )" and m = 0.42(pg/p, )*2%.

According to Lienhard (1988a), Lienhard and his coworkers have conducted detailed studies of
the CHF on a cylinder in crossflow, deriving semi-empirical correlations. Considering the case of
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d.c. heating and high velocity, they obtained a generalized correlation of the following somewhat
complicated form (based on the mechanical energy stability criterion):

¢ =f(r7,WeG ’¢)’ [13]

where ¢ = nq./pguH, n =0.077(pg/pL) " Weg™'? and Weg = pgu*D/o.

Meanwhile, with the object of studying the effect of surface wettability, Sadasivan & Lienhard
(1991) experimented on the boiling of acetone, isopropanol, methanol and water at 1 atm on
cylinders of 0.3- to 2.41-mm dia. Their data for the CHF g, were correlated by the following
dimensionless equation:

Nqe/pouH = 1.8 x 107%(p /pg ) (0 /pgu’*D )" *(n — B.)C, [14]
where B, is the retreating contact angle (see sections 2.6.1 and 2.9.2) and C = (1900p¢/p, )**”. Tt
is quite impressive to read the following description in Sadasivan & Lienhard (1991): *... the

observations indicate that the far-wake vapor sheet and bubble breakoff play only a minimal role,
if any, in determining CHF. Visual observations also indicate that the vapor sheet is intact after
CHF occurs. It appears that burnout is dictated by near-surface effects.” This may perhaps be a
denial of the mechanical energy stability criterion (see section 2.9.1).

Jensen & Pourdashti (1986) conducted an experimental study of the CHF in the boiling of R-113
at 0.207-0.414 MPa on a horizontal cylinder of 6.35-mm dia in upward crossflow at low velocity
u = 0.070 to 0.298 m/s and quality x = 0 to +0.3. Correlating the measured data aldng with some
other data, they gave the following empirical equation:

Ge/qesn = 1 = 0.025(py [pg)***(u )~ "x, (15]

where gy, is the CHF value given by the Katto & Haramura (1983) analysis for the low upward
velocity regime based on the macrolayer dryout model and u’ = u/[og (pr — ps)/p &1

3.2.2. The CHF on a cylinder in crossflow under other conditions

Meyer et al. (1986) conducted an experimental study of the CHF in the crossflow boiling of R-11
and R-113 (subcooling of 1-16 K) on a horizontal cylinder of large diameter D = 25.4 mm placed
perpendicularly to a horizontal uniform flow at velocity u = 0.04 to 1.2 m/s, showing the features
of the CHF affected by subcooling and liquid velocity. Furthermore, under similar conditions,
Meyer et al. (1990) experimented on the CHF for binary mixtures of R-11 and R-113, showing
the characteristics of the CHF affected by the mole fraction of the components.

Yao & Hwang (1989) experimented on the CHF in the crossflow boiling of R-113 on a single
heated tube of 19.1-mm dia placed at the center of the 13th row from the bottom in an unheated
horizontal tube bundle (3 columns x 6 rows) under low velocity (# = 0 to 0.25 m/s) and low quality
(x =0 to +0.143) upward crossflow conditions. The abovementioned tube bundle was housed in
a vertical channel of rectangular cross section (61.5 x 85.7mm). Meanwhile Leroux & Jensen
(1992) carried out a similar experiment under the following wide range of conditions: mass flux
(50-500 kg/m?s), pressure (0.15-0.5 MPa), local quality (0 to +0.7) and test geometry (staggered
and in-line bundle of 5 columns x 27 rows with a heated tube of 7.94-mm dia at the center of the
25th row from the bottom). Disclosing that the CHF-quality curve changes its characteristics at
low, intermediate and high mass flux, respectively.

3.3. The CHF on a Heater Cooled by an Impinging Jet

3.3.1. The CHF on a disk heater cooled by a circular jet

Sharan & Lienhard (1985) analyzed the existing data for the CHF on a disk heater of diameter
D with a jet of saturated liquid impinging at the disk center, giving the following correlation based
on the mechanical energy stability criterion for the efflux velocity  from a nozzle of diameter dy:

(ge/pouHic)(D [dy)'"” = f,(r)(1000/We)*®, [16]

where f,(r) =0.00171r + 0.21, 4 (r) = 0.486 + 0.06052(In r) — 0.0378(In r) +0.00362(In r)’, r is the
liquid/vapor density ratio p, /pg and We = p u D/e.
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Monde & Okuma (1985) studied experimentally the CHF on a disk heater (D = 40 and 60 mm)
with an impinging jet of saturated R-113 flowing out of a nozzle (dy = 0.7 to 4.13 mm) under the
limiting condition of very low jet velocity # and very high magnitude of D/dy. At the same time,
Monde (1985) studied the generalized correlation of the existing data of the CHF on a disk heater
with an impinging jet based on the upper limit of macrolayer thickness [5]. Then Monde (1987)
performed experiments on the CHF on a disk heater employing saturated R-12 at comparatively
high pressure, 0.6-2.8 MPa, and analyzed the data to give a generalized correlation consisting of
three characteristic regimes—the V-, I- and HP-regime—though no general principle was given to
predict the boundaries between each regime. Subsequently, based on a macrolayer model similarly
to that used by Monde, almost all the existing data (D /dy = 3.9 to 53.9 and pg/p. = 0.000624 to
0.189) were analyzed by Katto & Yokoya (1988) to give the following correlation in the form of
a single equation (cf. [12] in section 3.2.1):

q./puuH. = K{o [pLu*(D —dy)(1 + D/d\]}", (17]

where K = 0.0166 + 7.00( pg/p.)"'? and m is given as m = 0.374(pg/p.)**">, for pg/p. < 0.00403;
and m = 0.532(pg/p )", for pg/pL = 0.00403,

Kandula (1990) postulated that the CHF process in the disk—jet system was governed by the
relative velocity between the radially flowing liquid film and the upwardly moving vapor from the
heater surface due to bubble generation, presenting the following CHF model consisting of two
characteristic regions: in the first region, where the liquid film velocity is of the same order as the
vapor velocity, the CHF is governed by the mechanical energy stability criterion (i.e. surface
tension-controlled CHF); while in the second region, where the liquid film velocity is far in excess
of the vapor velocity, the CHF is governed by the separation of the liquid film flow (i.e. liquid
viscosity-controlled CHF).

3.3.2. The CHF in miscellaneous jet systems

Monde & Inoue (1991) experimented on the CHF of water of 1 atm on a disk heater (D =40
and 60 mm) cooled by two, three or four circular jets (dy =0.7 to 4.13 mm), and attempted to
correlate the CHF data by using the maximum straight-line distance measured from the position
of jet impingement to the outer boundary of the disk heater.

Maceika & Skema (1990) conducted an experimental study on the CHF on a heater placed in
the interaction zone of a circular jet submerged in a liquid pool (immersion depth = 200 mm)
employing subcooled water at pressures <0.2 MPa.

Mudawar & Wadsworth (1991) performed a study on the CHF of dielectric fluorocarbon FC-72
boiling (subcooling of 0-40 K) in a system consisting of a square heating element (12.7 x 12.7 mm)
and an opposite square flat wall with a perpendicularly-bored rectangular nozzle (0.127- to
0.508-mm wide) along the centerline of the wall (the height of a channel between the two parallel
square walls: H, =0.508 to 5.08 mm). At medium nozzle exit velocities u = 1.5 to 7m/s, a weak
dependence of the CHF on the channel height H, was observed; while at high velocity u > 7 m/s,
a strong effect of H, on the CHF was found. For the case of medium velocity, an empirical
generalized correlation of the CHF was presented.

3.4. The CHF in Liquid Film Flow Driven by Gravity or Centrifugal Force

3.4.1. The CHF in liquid film flow on inclined and vertical surfaces

Baines ef al. (1984) conducted experiments on the CHF for a falling film flow of saturated water
and R-113 at I atm on a rectangular heater surface (66-mm wide and 114-mm long), inclined 45°
or 80° to the horizontal. They developed a CHF model incorporating the assumptions that: (1)
the liquid film flow separates at a small angle from the leading edge leaving a subfilm (macrolayer)
on the surface; (2) liquid droplets ejected from the separated film return to the surface, replenishing
the subfilm; and (3) as the heat flux is increased, the separation angle increases, throwing the ejected
droplets further downstream from the surface to cause the CHF. Their analysis resulted in the
following relationship:

q./pcuHg o< (PL/PG)Z/J(U/PLVZL)W, [18]
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where u is the film average velocity and L is the heater length. This relationship is quite similar
to

q./pcuHi = 0.0164(p. /pg)** (e [p u’L )", [19]

which was derived empirically by Katto & Ishii (1978) for the CHF on a rectangular heater surface
fed with saturated liquid through a rectangular nozzle. However, it must be noted that Katto &
Ishii’s experiments were conducted with a downward-facing heater surface to avoid the effect of
the returning droplets on the CHF.

Mudawwar et al. (1987) experimented on the CHF in a falling liquid film of dielectric
fluorocarbon FC-72 (subcooling AT,,=1.0 to 5.9K) over a vertical rectangular heater
surface (25.4-mm wide and 12.7- to 127-mm long). Detailed visual observations were made
showing that, due to vigorous boiling prior to the CHF, most of the liquid film was
separated from the heater surface; and the following generalized correlation equation was
derived:

4c/pcuHic = 0.121(py /pe)**(o /oL 1L Y1 + ST7[1 + 0.16(po /p6)S T, (20]

where S =c¢,; AT,,,/Hy, and ¢, is the specific heat of the liquid.

3.4.2. The CHF in liquid film flow driven by a strong centrifugal force

Mudawwar et al. (1985) performed an experimental study on the CHF in a water film
(pressure = 0.1 to 0.541 MPa; subcooling of 024 K) flowing along a ribbon heater (12 x 6.35 mm)
mounted on a high-speed rotating disk (centrifugal acceleration: a/g=36.5 to 460), such as
illustrated in figure 7. This study reveals that because of a strong centrifugal force acting on the
splashed droplets as well as on the vapor flow, the mechanism which causes the CHF in this case
differs from those encountered in section 3.4.1. Namely, the CHF in this case depends on the
behavior of individual downstream droplets rather than on the details of the film breakdown
process and, hence, ordinary CHF correlations, such as those described in section 3.4.1, should be
avoided for this boiling system. Mudawwar et al. proposed a CHF model based on the balance
between the Coriolis force and the vapor drag acting on droplets formed from the shattered liquid
film.

CHF
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film
17.15 cm
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Figure 7. The CHF of boiling in the liquid film flow along a ribbon heater mounted on a high-speed
rotating disk (from Mudawwar ez al. 1985).
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4. THE CHF IN FORCED INTERNAL FLOW BOILING

4.1. Studies of the Transition Boiling Curve Including the CHF

4.1.1. Experimental studies on the transition boiling curve

France et al. (1987) measured the steady-state transition boiling heat transfer by employing a
vertical tube heated from the outside by a downward flow of liquid sodium along the tube wall
(i.e. a temperature-controlled system). Tests were carried out for the convective boiling of water
at 7-15.3 MPa in a tube (10.1-mm i.d. and 13.1-m long) in the range of mass flux G =700 to
3200 kg/m?s. They derived the following equation to predict the mean heat transfer coefficient 4
over the inside wall surface of superheat AT:

h/h, = (AT,/AT )exp[— C(AT — AT,)], with C=0.0279 —0.00556 x 10-°G, [21]

where h, and AT, are the heat transfer coefficient and the superheat at the CHF condition,
respectively.

Weber & Johannsen (1990a) experimented on the transition boiling heat transfer for a flow
boiling of water at 0.11-1.0 MPa (inlet subcooling of 5-30 K) in a circular channel (10-mm dia and
50-mm long) passing through an electrically heated cylindrical copper block (32-mm o.d. and
50-mm thick) for low mass fluxes G =25 to 200 kg/m’s). They correlated the heat flux g at
superheat AT in the transition boiling region as

q/9.=(AT/AT,)™", [22]

where g, is the CHF value. Employing the same experimental apparatus, Weber & Johannsen
(1990b) measured the CHF for the steady-state flow boiling of water at 0.11-1.2 MPa for
comparatively low flow rates G = 10.8 to 301.4 kg/m’ s (cf. section 4.7). Subsequently, Huang e al.
(1993) used the same test section to compare the boiling curve between the “transient” and the
“steady-state” mode for water boiling under the conditions of pressure p = 0.1 to 1.2 MPa, mass
flux G = 25 to 500 kg/m’ s and subcooling AT, = 3 to 30 K, showing that the data agree between
quenching and steady-state boiling in the nucleate boiling region but disagree in the transition
boiling region and the CHF (cf. sections 2.6 and 2.7 for the case of pool boiling).

4.1.2. Transition boiling curve with a positive slope at very high flow rates

Fukuyama & Hirata (1982) conducted experiments on the flow boiling heat transfer of R-113
at 1.37-2.28 MPa in a “horizontal” narrow tube (diameter d = 1.2 mm and length L = 61 mm)
heated by an a.c. current for exceedingly high mass fluxes G = 28,300 to 51,400 kg/m?s, showing
the existence of boiling curves with a positive slope in the transition boiling regime. Fukuyama &
Hirata explained this phenomenon as being caused by an enhancement of the film boiling heat
transfer up to the level of the CHF. Recently, Hosaka ef al. (1990) reconfirmed this phenomenon
via experiments on the flow boiling of R-113 at 1.1-2.4 MPa and inlet subcooling AT,,, = 50 to
90K ford =0.5t0 3.0mm, L/d = 20 and 50 and G = 10,000-30 000 kg/m? s, showing substantially
the same results as before.

Independent of the above studies, Groeneveld (1986) also reached a similar conclusion. Based
on the experimental record of the surface temperature variation with time, Groeneveld classified
CHF into four types: (1) the “fast CHF”, with a sudden very large increase in the surface
temperature; (2) the “stable CHF”, with a sudden but moderate rise in the surface temperature;
(3) the “‘unstable CHF”, with a fluctuating surface temperature corresponding to the appearance
and disappearance of dry patches; and (4) the “‘slow CHF”, with a gradual increase in the surface
temperature. Concerning the *“slow CHF”, Groeneveld stated that at high mass fluxes and/or high
qualities, the film boiling heat transfer becomes more efficient and, consequently, the slope of the
boiling curve changes from negative to positive. For boiling curves appearing with a positive slope
in the transition boiling region, Groeneveld proposed new concepts to replace the normal ones at
two critical points on the boiling curves: OID (onset of intermittent dryout) instead of CHF (critical
heat flux); and ODS (onset of dry sheath) instead of MHF (minimum heat flux).
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4.2. Empirical Correlations of the CHF in Flow Boiling in Tubes

4.2.1. Correlations of the CHF based on the local quality (local conditions hypothesis)

Groeneveld et al. (1986a) presented a revised version of the earlier “lookup table” for the CHF
of water, on the basis of 15,000 data points, where the CHF values of water boiling in an 8-mm
dia tube, ¢, are listed in a table postulating the propriety of the following relationship:

ch.S =f(pa G9 X), [23]

where p is the pressure (0.1-20 MPa), G is the mass flux (0-7500 kg/m? s) and x is the local quality
at the CHF condition (—0.50 to + 1.00). The CHF value for a tube of diameter other than 8 mm,
qowa, 18 estimated approximately by the empirical relationship g.,, 4 = g.,5(d/8)"” in the range d =4
to 16 mm. Correction factors are also listed for applying the abovementioned table to many other
geometries and flow conditions. At the same time, Groeneveld et al. (1986b) conducted a study
on a procedure to predict the CHF for nonaqueous fluids, providing a “standard nondimensional
CHF table” based on the scaling technique in the following form:

qc,S/GHﬂG =f(pG/pL’ l//k, x)a [24]

where y, = (G *d/op,)"?. For diameters other than 8 mm, g4 = ¢.5(d/8)'” is employed, similarly
to the case of water, in the range d = 2 to 16 mm. Meanwhile, Tain et al. (1993) experimented on
the CHF of R-22, R-123 and R-134a (alternatives to the harmful substances which delete the ozone
layer, such as R-11 and R-12), together with the CHF of R-11 and R-12 for d = 4.2 mm, L/d = 120
to 240, G = 1000 to 4000 kg/m?s, p = 1 to 2 MPa and x = +0.07 to +0.6. Their data were found
to be in accord with the predictions of the foregoing Groeneveld correlation and the Shah
correlation mentioned below.

Shah (1987) presented an improved version of his earlier “graphical’ correlation of the CHF
in vertical tubes, which consists of two correlations: the upstream condition correlation (UCC) and
the local condition correlation (LCC). The CHF correlations under the UCC and the LCC are
represented in the following forms, respectively:

qc/GHfG =f(L/d’ Y’ xi) and qc/GHfG =f(YaL/d9Pr’ X), [25]

where Y (=Gde, [k ) (p 1 gd/G*)~**(ur/u)™S, ¢, is the specific heat of the liquid, & is the thermal
conductivity of the liquid, g is the gravitational acceleration, g, and g are the dynamic viscosities
of the liquid and vapor, respectively, x; is the inlet quality, p, is the reduced pressure and x is the
local quality at the CHF condition. The correlation covers the ranges d =0.315 to 37.5 mm,
Ljd =13 to 940, G = 4 to 29,051 kg/m?s, p, = 0.0014 to 0.96, x;= —4 to +0.85 and x = —2.6
to +1; and indicates good agreement with the CHF data. [N.B. The Shah correlation, although
it is an empirical one, includes two questionable points if viewed physically: (1) the extensive use
of g in Y on the RHS of [25] (except in a region of very low flow rate) for forced flow boiling;
and (2) the positive inlet quality x; = 0 to +0.85, i.e. the mixed condition, allowing nonunique flow
patterns at the inlet section of the heated tube.]

4.2.2. Correlations of the CHF based on a concept different from the local quality

Weisman & Ying (1986) presented a comment on the HP-regime (high pressure region) classified
in the earlier Katto (1980a, b) empirical correlation that it is an unsubstantial region whose
appearance is solely to the predictive approach taken (note that the same situation is found in the
foregoing Shah correlation also). With regard to the correlation of the CHF at high pg/p, ratios,
a series of experimental studies were conducted by Katto & Ashida (1982) for R-12 (pg/pL = 0.109
t0 0.306, d = Smm, L/d = 50 and G = 700 to 7000 kg/m’ s), by Katto & Yokoya (1984) for liquid
helium (pg/pL = 0.409, d = 1 mm, L/d =25 to 200 and G = 11 to 108 kg/m’s) and by Katto &
Ohno (1984) for R-12 (pg/pL=0.109 to 0306, d =10mm, L/d =100 and G =120 to
2100 kg/m?s). Based on the accumulation of such experimental studies, Katto & Ohno (1984)
revised the foregoing Katto correlation into an improved version:

q./GHg =f(pG/pL’GPL/GZL,L/d’AHi/HI‘G)’ [26]
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Figure 8. Relationship of the CHF g, vs the exit quality x postulated for flow boiling in a uniformly heated
tube with fixed p, d and G.

where AH, is the inlet subcooling enthalpy. In this new correlation, the difficulty in discriminating
between the characteristic regimes in the earlier correlation was eliminated except for between two
regions: pg/pL < 0.15 and pg/p. > 0.15. Furthermore, Katto & Yokoya (1987) experimented on the
CHEF in the flow boiling of R-12 at ps/p, = 0.0735 in comparatively narrow tubes of d = 3 to 8 mm
and L/d = 50 to 800 for G = 510 to 6055 kg/m?s, revealing a trend for a gradual decrease in the
prediction accuracy for very narrow tubes of d <5 mm.

4.2.3. Correlations involving the acceleration of gravity and other topics

4.2.3.1. The problem of gravity. As mentioned in section 4.2.1, the Shah correlation involves the
acceleration of gravity. Similarly, the correlations derived in the following three studies involve the
effect of gravity. First, Subbotin ez al. (1982) experimented on the CHF in the flow boiling of liquid
helium at 0.1-0.2 MPa in a tube of d = 1.63 mm and L/d = 110 for low mass fluxes G = 80 to
320 kg/m?’s, and they correlated the data by dimensionless formulas applied to the low and high
quality regions, respectively, interposing the limiting quality x;, (mentioned in section 4.2.3.2
below) between the two regions. Second, Unal (1985) analyzed the data for R-12 and R-113
obtained at comparatively low pressures to provide empirical CHF correlations for uniformly and
nonuniformly heated tubes. Finally, Avkesentyuk (1988) was convinced of the ability of the
Kutateladze correlation for the CHF in pool boiling ([2] in section 2.5.1) to deal with the CHF
in the forced flow boiling of both subcooled and saturated liquids, and he derived a correlation
in the form of the Kutateladze correlation multiplied by a complicated correction term for flow
boiling.

4.2.3.2. Other topics. Postulating the g~—x curve to appear in the form illustrated in
figure 8, Doroschuk et al. (1970) advocated that region I relates to DNB, while regions II
and III relate to dryout, and that the CHF in region II takes place at a constant exit quality
Xiym, i.€. the limiting quality. A dimensionless correlation of x,, was derived by Morozov
(1987) based on the assumption of heat transfer deterioration due to the breakup of the liquid
film.

Cuta (1983), Cheng & Chin (1986) and Siikonen & Vanttola (1986) compared the prediction
accuracies of the existing empirical correlations via a comparison with the experimental data of
the CHF for water flow boiling.
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4.3. Studies of the CHF in the Region of High Quality

4.3.1. Experimental studies

Kottowski et al. (1991) carried out experiments on the CHF for sodium and potassium, and
derived the following empirical correlation based on 170 data points, including their own data and
some others:

q./GHyg = 0216(dy /L)1 — 2x,)G ', where G is in kg/m?s: [27]

covering the following ranges of the hydraulic diameter dy =4 to 6 mm, the length/hydraulic
diameter ratio L/d,, = 30 to 125, the inlet quality x,= —0.4 to 0 and the mass flux ¢ =50 to
800 kg/m?s. Equation [27] is close to the relationship g./GH,g = 0.25 (dy/L) for the complete
evaporation of saturated liquid at the CHF.

Milashenko et al. (1989) conducted experiments on the CHF in the upflow, in the high quality
boiling of water at 310 MPa in a vertical tube of 13.1-mm dia and 1.8-m long (heated length = 0.15
to 1.0 m) for a normal mass flux range G = 1000 to 3000 kg/m?s, measuring the distribution of
liquid between the core vapor flow and the wall liquid film flow at the end of the heated section,
and at the same time, measuring the liquid film flow rate at the onset of annular dispersed flow
as well as at the CHF condition. The following three matters have been reported: (1) that the
suppression of droplet deposition due to vaporization is observed; (2) that the entrainment rate
of droplets is strongly dependent on the heat flux; and (3) that the film flow rate at the location
of the onset of the CHF is generally greater than zero.

4.3.2. The CHF model based on the concept of liquid film dryout in annular flow

Govan et al. (1988) conducted a study relating to the annular flow code HANA, which predicts
the onset of the CHF in an evaporating vapor-liquid upflow in a vertical channel by calculating
the point at which the liquid film flow rate reduces to zero, allowing for evaporation, droplet
entrainment and droplet deposition. These authors carried out measurements of droplet deposition
in high velocity air-water flows in a tube of 31.8-mm dia, and developed a new deposition
correlation. Then, through combination with a new correlation for the entrainment rate, an
improved version of the CHF modeling code was developed which showed good predictions not
only for equilibrium entrainment in adiabatic flow but also for entrainment and CHF in heated
tubes.

The magnitude of the CHF predicted by the ordinary liquid film dryout model tends, in general,
to increase excessively when the quality decreases beyond a certain value. Katto (1984) analyzed
this problem, showing that if the upper limit of the macrolayer thickness given by [5] (section 2.10.2)
is taken into account in the evaluation of the liquid film thickness at the onset point of annular
flow, the abovementioned undesirable tendency is readily corrected.

Sugawara (1990) developed a CHF prediction model, which was based on the zero film flow rate
model, but gave consideration to the following: (1) the use of a three-fluid model, consisting of
a liquid film, a continuous vapor and entrained droplets suspended in vapor, employing the
correlations derived by Sugawara for the deposition coefficient and the entrainment rate; (2) the
suppression of droplet deposition due to vaporization; and (3) the maximum liquid film thickness
restricted by the macrolayer thickness d, of [5], in which an empirical correlation was developed
to evaluate A,/A4, so as to agree with the CHF data.

Leung et al. (1982) performed CHF tests in annuli with direct and indirect heating of the inner
rod, finding that the heating method is insensitive to the CHF and that the experimental results
of CHF can be well-predicted by a multifiuid model in which the CHF is postulated to occur when
the liquid on the inner rod surface drys out.

4.4. Experimental Studies on the CHF Mechanism Under the Subcooled Condition

Del Valle M. (1983) experimented on the CHF in subcooled water boiling at 1 atm in a vertical
channel of rectangular cross section (12 x 15 mm) electrically heated on one side wall, with a glass
window forming the front wall for a high-speed ciné photographic study of the flow structure near
the CHF. Experiments were carried out for very thin wall thicknesses of 0.08, 0.13 and 0.20 mm,
mass flow rates of 800, 1700 and 2000 kg/m’s and exit qualities from —0.12 to 0. A strong effect
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of wall thickness on the CHF and related phenomena, such as flow configuration, temperature
fluctuation and dryout area formation, was reported. Subsequently, Del Valle M. & Kenning (1985)
employed the same experimental apparatus to observe the bubble behaviors and to measure the
distribution of active nucleation sites in subcooled flow boiling at high heat fluxes, 70-95% CHF.

Ueda & Kim (1986) performed experiments on the subcooled flow boiling of R-113 at 0.147 MPa
in a vertical annular passage composed of a heated inner tube (8-mm o.d., 0.5-mm thick and
400-mm long) and an unheated transparent shroud (18-mm i.d.). The wall temperature variation
prior to and at the CHF condition was measured, and the behavior of large coalesced bubbles
(vapor mass) was observed. One of the conclusions says that the CHF condition seems to be
initiated when the rise in the wall temperature, due to the partial disruption of the liquid film
beneath the vapor mass, becomes greater than the drop in wall temperature resulting from the
quenching caused by the succeeding liquid flow.

4.5. CHF Models for Subcooled and Low Quality Flow Boiling

Studies of CHF models for flow boiling at comparatively high pressures (higher than, say, 7 MPa
in the case of water) are reviewed in this section, and the problem of the CHF at low pressures,
including 1 atm, will be dealt with in section 4.6.

4.5.1. The CHF model based on the critical bubbly layer mechanism

Weisman & Pei (1983) presented a theoretical CHF model for subcooled and low quality flow
boiling in a tube, postulating a bubbly layer between the heated wall and the core flow, and
assuming that the CHF occurs when the “volume fraction of vapor” in the bubbly layer just exceeds
a certain critical value, which is brought about through the balance between the outward flow of
vapor bubbles and the inward flow of liquid at the interface between the bubbly layer and the core
flow. This model applies to the condition of the void fraction in the core flow being <0.6.
Comparisons of the predicted CHF value with the experimental data of water, R-11, R-113, liquid
nitrogen and anhydrous ammonia indicate good agreement.

Ying & Weisman (1986) then extended the study to include higher quality in the core flow and
lower velocities than the foregoing model by allowing for a nonuniform radial void profile in the
core flow at void fraction >0.6, resulting in a high-void correction procedure with which the
previous Weisman-Pei model can be extended to void fractions in the core flow of up to 0.8.
Subsequently, Weisman & lleslamlou (1988) considered the highly subcooled region, where the
original Weisman-Pei model tends to overpredict the experimental data, and they succeeded in
revising the Weisman—Pei model, to extending its range of application to qualities from x > 0.12
up to x > —0.7.

Lim & Weisman (1990) studied a procedure to apply the foregoing Weisman-Pei model with
Ying-Weisman’s high-quality correction procedure to predict the CHF in annuli with a heated
inner rod and an unheated shroud. In addition, Yang & Weisman (1991) applied the flow
configuration assumed in the foregoing models to the prediction of the “heat transfer” in subcooled
flow boiling at high heat flux, showing that the predicted boiling curve was in reasonable agreement
with the experimental heat transfer data.

Chang & Lee (1989) presented a CHF model, which is the same as the foregoing model of
Weisman and coworkers except for the procedure to evaluate the mixing mass flux across the
bubbly layer interface, adopting the concept of momentum balance instead of the concept of
turbulent intensity used in the model of Weisman and coworkers. Subsequently, Lee & Chang
(1990) conducted an analytical study with the objective of improving their earlier model at several
points and of extending the applicability to include cryogenic fluids. The prediction of this refined
model compared well with water data in the following ranges of pressure = 0.1 to 20 MPa (which
includes the low pressure range, <7 MPa, dealt with in section 4.6) and mass flux = 345 to
8000 kg/m’s, as well as with the data of liquid helium and nitrogen.

4.5.2. The CHF model based on the liquid sublayer (macrolayer) dryout mechanism

Lee & Mudawar (1988) developed a mechanistic CHF model based on the dryout of a thin liquid
sublayer (macrolayer) beneath an intermittent vapor blanket due to a Helmholtz instability at the
sublayer—vapor interface. The length of the vapor blanket was determined by the Helmholtz critical
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wavelength, and the thickness of the liquid sublayer was determined through the force balance of
the vapor blanket in the radial direction. The three empirical constants employed («,, a, and ay)
were evaluated through comparison with the experimental data. The prediction accuracy of the
model was tested against the CHF data of water.

Lin et al. (1989) presented a version of the abovementioned Lee-Mudawar model by increasing
the number of empirical constants from three to four, in order to increase the prediction accuracy.
Similarly to the Lee-Mudawar model, this model applies to water only and its range of applicability
covers pressure = 4.9 to 17.6 MPa, tube diameter = 4 to 16 mm, subcooling < 50 K, void fraction
<0.7 and mass flux = 1000 to 5000 kg/m?s.

Katto (1990a, b) proposed a CHF model, which is based on the same principle as the foregoing
Lee-Mudawar model, but has the following particular features: (1) the assumption of a similarity
in the macrolayer condition between pool and flow boiling (both in the DNB condition with bulk
liquid near the heater surface), i.e. the evaluation of the macrolayer thickness by employing [5] in
section 2.10.2; (2) the avoidance of applying simplistic mechanistic assumptions to the complicated
state of two-phase flow near the vapor-liquid interface including condensation, i.e. the use of the
vapor velocity coefficient k, correlated empirically as a function of three flow parameters as

kv zf(Re’ pG/pLﬂg)’ {28]

where Re is the Reynolds number (assuming homogeneous two-phase flow in a tube), pg/p, is the
density ratio and & is the void fraction (see the N.B. in section 4.6.3 regarding the role of k. ); (3)
the avoidance of the use of any empirical parameters or constants other than k,; and (4) the
capability of the model to apply to not only water but also various nonaqueous fluids.

Yagov & Puzin (1985) derived a theoretical correlation of the CHF based on the concept that
the CHF occurs through a sharp increase in the dry spot area on the heater surface underneath
a vapor mass which is generated by the coalescence of small bubbles in the viscous sublayer of
turbulent flow at high heat flux. Yagov et al. (1987) derived a predictive equation for the CHF
through an analysis of the steady-state flow and evaporation, which are assumed to appear in
liquid-film meniscuses underneath a large vapor mass, and compared the prediction with the data
of water and liquid helium.

4.6. The CHF in Subcooled Flow Boiling at Low Pressure and High Flow Rate

Due to the requirement of extremely high CHF values for the heat removal of fusion reactor
components, such as diverters, plasma limiters, neutral beam calorimeters, ion dumps etc. the CHF
in water flow boiling at relatively low pressures (say 0.1-2.5 MPa) in narrow tubes under the
conditions of a very high flow rate and high subcooling has been studied recently.

4.6.1. Experimental studies of the CHF in subcooled flow boiling

Boyd et al. (1986, 1987) carried out experiments on the CHF of water at 1.6 MPa in a
“horizontal” tube of 10.2-mm dia (length-to-diameter ratio L/d = 115.56) for a mass flux of
G = 630 to 3500 kg/m’ s and a quality at the CHF condition of x = 0; and the data were compared
with the three existing empirical correlations, resulting in their overprediction. Subsequently, Boyd
(1988) experimented on the CHF of water at 0.77 MPa in a “horizontal” tube of 3-mm dia
(L/d =96.6) for very high mass fluxes of G = 4600 to 40,600 kg/m?s and subcooling at the CHF
of 30-74 K; then Boyd (1989) conducted experiments under almost the same conditions as before
except for the pressure of 1.66 MPa; and, finally, Boyd (1991) compared the data obtained in the
foregoing two studies with the Gambill (1963) correlation, concluding that this correlation
adequately predicts the CHF data at 1.66 mPa, but underpredicts the CHF at 0.77 MPa for
G > 14,000 kg/m?s.

Nariai et al. (1987) experimented on the CHF of water flow boiling at near 1 atm in vertical tubes
of 1- to 3-mm dia and 10- to 100-mm long in the range G = 7000 to 20,000 kg/m’ s, and compared
the data with the four existing empirical correlations, showing that, on the whole, the agreement
was unsatisfactory. Then, with the object of studying the effect of tube diameter on the CHF and
on the discontinuity in the CHF characteristics between the subcooled and quality region, Nariai
et al. (1989) conducted experiments on the CHF for water boiling at I atm in vertical tubes of I-
to 3-mm dia (L /d = 33 to 50) for G = 7000 to 11,000 kg/m? s and x = —0.06 to +0.06. Meanwhile,
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Inasaka & Nariai (1989) experimented on the CHF of water boiling at 0.3—1 MPa in a tube of 3-mm
dia and 100-mm long for G = 5500 to 30,000 kg/m?s and x = —0.20 to —0.05, and they compared
the data with the three existing empirical correlations as well as the Tong correlation modified by
Inasaka & Nariai themselves (see [29] and [30] in section 4.6.2).

Celata et al. (1990) conducted experiments on the CHF of water boiling at 0.1-2.2 MPa in
vertical tubes of 2.5- to 5.0-mm dia (L/d =80 to 100) for G =2000 to 33,500 kg/m?s and
subcooling at the CHF of 15-120 K, and compared the data with the eight existing empirical
correlations, showing a general inadequacy in predicting the CHF. Celata et al. (1992) performed
more detailed experiments under almost the same experimental conditions as before, and the data
obtained were compared with the Westinghouse empirical correlation (Tong et al. 1968) as well
as two recent mechanistic CHF models (Lee & Mudawar 1988; Katto 1992a). Subsequently, Celata
et al. (1993a) performed an experimental study for subcooled water boiling at 0.6-2.5 MPa in a
vertical tube of 2.5-mm dia (L/d =40) for G =11,000 to 40,000kg/m?s and subcooling of
50-136 K at the CHF condition. The data points obtained in this study were compared with the
six existing empirical correlations, including the Tong correlation modified by Celata et al.
themselves (see [31] in section 4.6.2) and three mechanistic models (Weisman & Ileslamlou 1988;
Lee & Mudawar 1988; Katto 1992a), showing the good predictions attained in the Tong correlation
modified by Celata et al. and the Katto model. Furthermore, Celata et al. (1993b) discussed the
relationship between the CHF and tube diameter based on the existing experimental data.

4.6.2. Empirical correlations of the CHF for water in subcooled flow boiling

Based on the boundary layer separation assumption, Tong (1968) previously proposed an
empirical correlation of the CHF in subcooled water boiling at a pressure of 7-14 MPa:

4e/GHig = Crong (41 /Gd)®®, wWith Crong = 1.76 — 7.433x + 12.222x2, [29]

where y; is the dynamic viscosity of water and x is the local quality at the CHF condition. Now,
for the purpose of correlating the CHF data at low pressures, Inasaka & Nariai (1987) replaced
Crong in the first equation of [29] by C, defined as follows:

C/Crong =1 — (52.3 + 80x — 50x 2)/[60.5 + (10p)*], [30]

where Cr,,, is given by the second equation of [29] and p is the pressure measured in MPa
(recommended region: 0.1-5.3 MPa).

Meanwhile, Celata er al. (1993a) modified [29] by changing the exponent from 0.6 to 0.5 as
follows:

q./GHyg = C'(p /Gd)*, with C’'=(0.27+5.93 x 10~ 2p)y, [31]

where i = 0.825 +0.986x, for x > —0.1, Y =1, for x < —0.1, and p is the pressure in MPa
(recommended region: 0.1-20 MPa).

4.6.3. Theoretical models including the low pressure region

Katto (1992a) extended his earlier model (see section 4.5.2) to the region of low pressures (say,
0.1-2.5 MPa) through an extension of the applicable range of the vapor velocity coefficient
k. =f(Re, ps/pL, €) to low values of pg/p,. Though this extension was made on the basis of the
limited CHF data for water obtained by Boyd (1988), Inasaka & Nariai (1987) and Celata e al.
(1992), the extended Katto model (which covers the pressure range 0.1-20 MPa) can predict the
CHF in the low pressure region considerably well [see figure 9, reproduced from Celata et al.
(1994)]. In addition, judging by the unified structure of this model, there is the possibility that it
could be applied to nonaqueous fluids at low values of pg/p; .

Celata er al. (1994) developed a new liquid sublayer dryout model with an operating range p = 0.1
to 8.4 MPa, eliminating all the empiricism involved in the Lee-Mudawar and Katto models. Of
course this model includes no empirical constants determined so as to agree with the experimental
data. Considering the Lee-Mudawar model, for the sake of convenience, it employs three empirical
constants @,, a, and a; as follows: (1) g, is used in the analysis for evaluating the temperature T,
of the liquid entering the sublayer; and (2) a, and a, are used in the analysis for evaluating the
lateral force on the vapor blanket necessary to calculate the sublayer thickness o. Against this,

MF 20/7 Sup—F
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Celata et al. developed a procedure for evaluating the key quantities, such as 7, and &, in the above
model by utilizing the temperature distribution across the tube cross section, such as that proposed
by Martinelli. Figure 9 shows the superiority of the Celata model in predicting the CHF value under
the abovementioned pressure range. [N.B. In the Lee-Mudawar and Celata models, the vapor
blanket velocity is evaluated from the balance between the drag and the “buoyant force” acting
on the vapor blanket moving along the vertical tube wall. However, the CHF values at very high
flow rates show, in general, no significant difference between horizontal and vertical tubes.]

4.7. The CHF in a Vertical Channel at Low Pressure and Low Flow Rate

Studies on the CHF of upward and downward flow boiling in a vertical channel at low pressure
and low flow rate have so far been carried out in relation to the problems of removing the decay
heat in loss-of-coolant accidents (LOCASs) in nuclear reactors. In this case, one must pay attention
to the following: (1) that experiments on the CHF at near 1 atm are often subject to insufficient
throttling conditions upstream of the test section; and (2) that the effect of gravity on the CHF
cannot be neglected at low flow rates.

4.7.1. The CHF in upward or downward flow boiling

Rogers et al. (1982) experimented on the CHF in an upward flow of water at 0.156 MPa in annuli
composed of a heated inner tube of 13.1-mm o.d. and a glass shroud of 22- to 30.2-mm i.d. for
mass fluxes of G = 60 to 1200 kg/m? s, showing that the CHF data are lower than the predicted
values of the existing four CHF correlations, and that the experimental CHF differs in character-
istics between G > 180 and G < 180 kg/m*s. El-Genk et al. (1988) conducted experiments on the
CHF in upward flow of water at 0.118 MPa in vertical annuli composed of a heated inner tube
of 12.7-mm o.d. and an unheated shroud of 20- to 25.4-mm i.d. for G =0 to 260 kg/m’s, and
developed CHF correlations according to flow patterns at the CHF condition.

Ozawa et al. (1993) experimented on the CHF of vertical upward (and horizontal) flow boiling
of water at 0.101 MPa in a tube of 5.0-mm dia under oscillatory conditions (mean flow rate G, = 70
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Figure 9. RMS errors of prediced CHF vs single data sets, for the Celata (ENEA) and Katto models (from
Celata et al. 1994). The numerals in square brackets are the reference numbers used by Celata et al. (1994)
and most of the data, [48]-[59], were obtained over 25 years ago (1958-1969).
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Figure 10. Schematic diagram of the test loop with a vertical test section in it employed by Mishima and
coworkers and Sudo and coworkers (from Mishima et al. 1985).

to 450 kg/m? s; amplitude of the flow rate AG/G,, = 0.209 to 3.77; and oscillation period t =2 to
6 s), showing that the CHF decreases with increasing AG/G,, and .

On the other hand, Khabenskii ez al. (1988) experimented on the CHF in a “downward” flow
of water at 0.1 MPa through a vertical rectangular duct (3.5-mm gap x 70-mm wide and 100-mm
long; heating both sides) connected to an upper plenum with a free liquid level in it, for G =0 to
800 kg/m? s and inlet subcooling of 0-85 K. The CHF data obtained for this downward flow boiling
were analyzed on the basis of the flooding concept (cf. section 5.2 for countercurrent flow boiling).

4.7.2. The CHF in [upward (G > 0) and downward (G < 0)] flow boiling

Because of the need to evaluate the CHF in nuclear research reactors, the CHF of water flow
boiling at near 1 atm was studied by the following two research groups with a vertical test section
setup in a special loop, as shown in figure 10. This test loop has a downcomer of large volume
with a free liquid level in it and, in addition, an upper and a lower plenum, so there may be the
possibility that flow instabilities exert some unknown effects on the CHF.

Mishima & Nishihara (1985) experimented on the CHF of the forced flow boiling of water at
1 atm in a thin vertical rectangular channel (2.4-mm gap x 30-mm wide and 350-mm long) in the
flow rate ranges: G =0 to 110 kg/m?s (upward flow) and G = —7 to —280 kg/m?s (downward
flow) for the case of one heated side wall; and G =0 to 360 kg/m®s (upward flow) and G = —7
to —610 kg/m* s (downward flow) for the case of both side walls heated. They also studied the CHF
correlations allowing for the flow direction and the flow rate. Then Mishima et al. (1985) conducted
experiments for a circular tube of 6-mm dia and 33-mm long under conditions similar to the
preceding study, and thereby examined the effects of buoyancy, upstream compressibility and inlet
valve throttling in upward and downward flows. Subsequently, Mishima & Nishihara (1987)
attempted an analytical study of the CHF depending on the experimental CHF data.

Meanwhile, employing a test loop similar to figure 10, Sudo et al. (1985) also conducted an
experimental study on the CHF of the upward and downward flow boiling of water at
0.1-0.12 MPa in a rectangular channel with a narrow gap (2.25- to 2.80-mm gap, 50-mm wide),
and analyzed the data together with some other data to present a scheme of the CHF correlation.
Sudo & Kaminaga (1989) and Sudo et al. (1991) performed experiments on the flooding limit of
countercurrent flow in vertical channels by employing an air-water system at 1 atm, and presented
an empirical correlation of the CHF in downflow including the effect of subcooling. Finally,
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analyzing the existing CHF data for the upward and downward flow boiling of water in
vertical rectangular channels at low pressures, Sudo & Kaminaga (1993) presented an
empirical CHF correlation scheme for water boiling in rectangular channels heated from
both sides, in the range p = 0.1 to 4 MPa and G = —25,800 to + 6250 kg/m? s (including stagnant
flow conditions), covering the exit end condition from subcooling of 0-74K 1o a quality of
0-1.0.

Then, Cheng (1991) conducted an analytical study of the CHF in the downflow and upflow
near G =0 in a thin rectangular channel, assuming a steady-state countercurrent two-phase flow
subjected to interfacial friction, which increases in magnitude with increasing liquid film
thickness, and postulating the CHF to occur by the interfacial instability. The predicted CHF
values agree well with the experimental data obtained by Nishima & Nishihara (1985) and Sudo
& Kaminaga (1989), explaining why the minimum CHF value of downflow boiling appears not
at G =0 but at G #0.

Oh & Englert (1993) employed a test loop similar to that in figure 10, but their loop had neither
an upper nor a lower plenum chamber and the downcomer had no free liquid level in it. In
addition, their experiments were conducted at very low pressures, 0.02-0.085 MPa, and at low
flow rates |G | = 30 to 80 kg/m?s (upward and downward, respectively). Their data were found to
disagree with the existing CHF correlations derived from the data at near 1 atm, and hence a new
correlation was proposed.

4.8. The CHF in Transients of Mass Flow Rate, Thermal Power and Pressure

Celata et al. (1986) conducted experiments of R-12 flow boiling in a tube of 7.5-mm dia and
2300-mm long at 1.25-3.00 MPa (covering PWR and BWR conditions with respect to the
magnitude of pg/p.) and a specific mass flow rate of G = 1010 to 1470 kg/m’s. They measured
the time interval from the start of the flow transient to the onset of the CHF, i.c. the initiation
of the wall temperature excursion under constant heat flux. The steady-state CHF correlations
were found to be inadequate in predicting the onset of the CHF in the case of a fast flow transient
(half-flow decay time #, < 5.0 to 6.0 s), and a simple design correlation of the transient time prior
to the onset of the CHF was presented. Subsequently, under similar experimental conditions,
Celata et al. (1989) studied the CHF during transients caused by simultaneous changes in the flow
rate and thermal power (for an exponential decrease in the mass flow rate and ramp- and stepwise
increases in power) under constant pressure condition. Then, Celata et al. (1991) studied the CHF
in the case of transients caused by simultaneous variations in either two or three of the
parameters pressure, mass flow rate and thermal power (an exponential decrease in pressure, an
exponential decrease in flow rate and ramp- and stepwise increases in power). In the above two
studies, the analyses were conducted on the basis of the local conditions hypothesis (cf. section
4.2.1) as well as the quasi-steady-state assumption.

Iwamura (1987) experimented on the CHF in transients caused by a linear reduction in the
mass flow rate under constant pressure and heat flux. Tests were carried out for water boiling at
0.1-3.9 MPa in either a tube (10-mm dia and 800-mm long) or annuli (a heated inner tube of
10-mm o.d. and 800-mm long with a glass shroud of 12.8- to 14.0-mm i.d.). The observations
suggested that the CHF was caused by the “dryout of a liquid sublayer” on the heated surface,
and a method was proposed to predict the transient time before the onset of the CHF based on
the “local conditions hypothesis™.

Meanwhile, Pasamehmetoglu er al. (1990b) presented a theoretical analysis of the CHF during
power transients in flow boiling at low qualities (DNB conditions) based on the “macrolayer
dryout” concept. The power transient CHF model was based on similar considerations to those
in the case of pool boiling (see section 2.11). The predicted values of the CHF in the case of an
exponential power increase, Q = Q,-exp(t/t.) (cf. [9], where 7. is the exponential heat input
period), were compared with the experimental data obtained by Kataoka et al. (1983) for upward
flow boiling of water at 0.143-1.503 MPa for subcooling of 0-70K and a liquid velocity of
1.35-4.04 m/s along a heated wire of 0.8- to 1.5-mm dia located along the centerline of a vertical
shroud tube of 38-mm i.d. Very good agreement with the data was seen over a wide range of the
exponential heat input period 7, =0.005 to 10s.
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5. THE CHF IN COUNTERCURRENT FLOW BOILING SYSTEMS

5.1. The CHF in a Closed Two-phase Thermosyphon

The closed two-phase thermosyphon is usually a simple vertical tube, closed at both ends,
charged with a definite quantity of liquid and divided into three adjoining parts: the upper cooled
(condenser), middle adiabatic and lower heated (evaporator) sections (note that another branch
of the CHF in countercurrent flow boiling has already been included in section 4.7).

5.1.1. Experimental studies

Imura et al. (1983) studied the effect of a liquid charge fraction F, (in the range 0.04-1.0) on
the CHF value ¢, leading to the classification of the three regimes: (1) the “small F,”, where ¢,
increases with F,; (2) the “middle F,”, where g, is constant and independent of F,; and (3) the “large
F.”, where a periodic burst of boiling and noise occurs. Among them, the “middle F,” is a regime
of practical use, and Imura et al. (1983) analyzed their own CHF data along with other existing
data to give the following CHF correlation:

q./pc Hig = 0.16[ag (pL — ps)/p &1 - (d/L X pr/pc )™, (32]

where d is the tube diameter and L is the length of the “heated section™. This correlation was
derived empirically by modifying the Kutateladze correlation (see [2] in section 2.5.1) derived for
the CHF in pool boiling.

Fukano et al. (1983) studied the characteristics of the wall temperature excursion at the CHF,
resulting in the classification of three types: (1) *“‘the first type”, characterized by the temperature
oscillation, which is caused by a cyclic phenomenon of liquid accumulation by flooding in the upper
cooled section and the spreading of the dryout area in the lower heated section; (2) “the second
type”, due to the liquid film dryout at the middle F.; and (3) “the third type”, due to the CHF
(in DNB conditions) at the large F,. Fukano et al. (1986) continued the foregoing study, reporting
that the abovementioned first type of temperature oscillation appears near F, = 0.33. Fukano et al.
(1987) also attempted to derive a generalized correlation of the CHF data obtained for F,=0.10
to 0.50.

5.1.2. Theoretical models

Dobran (1985) conducted an analytical study of the closed two-phase thermosyphon, based on
the three governing equations of continuity, momentum and energy, allowing for interfacial friction
between the two phases and assuming a liquid film thickness 6,, common to all the cooled, adiabatic
and heated sections. Reed & Tien (1987) extended the foregoing lumped model by assuming
individual mean liquid film thicknesses J., , and , for each of the three sections; and their analysis
suggests that the CHF occurs when the countercurrent flow reaches the point where there is a sharp
increase in the liquid film thickness.

5.2. The CHF in a Heated Bottom-closed Vertical Tube with an Upper Saturated Liquid Reservoir

A heated vertical tube closed at the bottom end, and open at the top end to an upper saturated
liquid reservoir of large volume, is a useful device for the basic study of the CHF mechanism in
the closed two-phase thermosyphon, because the liquid reservoir acts as a pressurizer capable of
stabilizing the system pressure at any prescribed magnitude.

5.2.1. Experimental studies

Chang & Yao (1983) conducted an experimental study on the CHF of boiling in very narrow
vertical annuli closed at the bottom (composed of an unheated inner cylinder of 63.5-mm o.d. and
a heated shroud of 25.4- to 76.2-mm long with gap sizes of 0.32-2.58 mm), employing water and
acetone at 1 atm and R-113 at 1-4.04 atm; and they derived an empirical CHF correlation based
on the famous Wallis correlation of flooding.

Meanwhile, Smirnov (1984) performed an experimental study on the CHF of water boiling in
bottom-closed vertical tubes, annuli and rod bundles, respectively. Then, based on the Kutateladze
two-phase flow stability criterion (cf. Pushkina & Sorokin 1969), he derived empirical correlations
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of the CHF data. In the case of a tube, the following correlation has been given for d = 6 to 23 mm.
L/d =20 to 400 and pressure in the wide range 0.2-12 MPa (i.e. pg/p. = 0.00120 to 0.347):

q./pc Hig = 0.163[og (p. — pg)/p 517 - (d/L)(pL/pc)"". (33]

It is really surprising to see two quite similar correlations, [32] and [33], derived in mutuaily
independent studies (as mentioned in sections 5.1.1. and 5.2.1).

Katto & Hirao (1991) and Katto & Watanabe (1992) conducted experiments on the CHF of
water boiling at 0.1-0.4 MPa in bottom-closed vertical tubes of d =8 to 12 mm and L/d =20 to
120, clarifying the following matters: (1) after a slight stepwise increase in the heat flux up to the
CHF, a rather long time lag is often observed prior to the onset of the wall temperature excursion;
(2) a slow and irregular wall temperature excursion appears at the CHF condition, being different
from a sudden and sharp rise in the ordinary CHF (which may correspond to the “unstable CHF”
in section 4.1.2); (3) the temperature excursion commences at an intermediate location along the
tube length; and (4) the CHF is insensitive to the liquid level in the reservoir. The foregoing items
(1)-(3) suggest the need for careful detection of the onset of the wall temperature excursion for
the correct measurement of the CHF value.

35.2.2. Theoretical models

Katto & Watanabe (1992) and Katto (1994) presented a theoretical model of the CHF in a
bottom-closed vertical tube heated uniformly and connected with an upper saturated liquid
reservoir. This model is an improved version of the so-called “envelope theory” of flooding, one
of the flooding theories (Bankoff & Lee 1986) which predicts the limit condition from the flow limit
of a “steady-state” separated two-phase flow in an nonevaporative gas-liquid countercurrent flow
tube. In contrast to the nonevaporative tube, in the case of the evaporative bottom-closed tube,
the mass flow rate of either the vapor or liquid changes in magnitude continuously along the tube
length, with the highest value at the top end. In other words, the trigger condition leading to the
onset of the CHF at the intermediate location of the tube is concentrated at the top end, suggesting
that the improved envelope theory predicts the CHF on the basis of the local condition at the top
end alone. In fact, the abovementioned theoretical model predicts the CHF well, and reveals that
the CHF can occur when the interfacial friction is increasing in magnitude with increasing liquid
film thickness. [N.B. The foregoing trigger condition concentrated at the top end differs from the
concept of the “top flooding” in quenching (cf. Collier 1982; Osakabe & Kawasaki 1989).]

On the other hand, Lock (1993) considered the CHF in the evaporative thermosyphon from the
standpoint of the ordinary flooding limit. Assuming that the limit is characterized by a balance
between the inertial force, buoyancy and surface tension acting on a curved liquid—vapor interface,
he discussed the role of the Bond, Froude, Weber and Kutateladse numbers, leading to a criterion
in the form of Ku = f(T/T., pg/pL. geom), where T, is the critical temperature. Lock (1993) insists
that (1) the role of interfacial friction is minor, (2) the thickening of the liquid film may have a
plausible role, but is not an indispensable factor and (3) the factors of importance are the buoyancy
and surface tension.

6. CONCLUSIONS

This paper presents a synthetic review of recent studies on the CHF, showing a variety of facets
of the CHF phenomenon together with the present status as to how the onset of the CHF can be
explained physically, and predicted empirically or theoretically, under various configurations of
two-phase flow. The range of conditions under which the experiments were carried out have been
mentioned regardless of the complexity, because such information is important at the present stage
in the study of the CHF phenomenon. The author hopes that this review will be useful in directing
future studies toward a better understanding of the CHF, as well as in developing new CHF
technologies in the field of engineering.

Finally, it is to be noted that, due to space limitations and other reasons, the description of
several tributary subjects and some speculative studies has been omitted.



CRITICAL HEAT FLUX 81

REFERENCES

ABUAF, N. & STaUB, F. W. 1983 Low pressure pool boiling and critical heat flux limits for R-113.
AIChE Symp. Ser. 79(225), 35-40.

ADIUTORL E. F. 1991 Thermal behavior in the transition region between nucleate and film boiling.
ASME-JSME Therm. Engng Joint Conf. Proc. 2, 51-58.

ALEM RaIaABI, A. A. & WINTERTON, R. H. S. 1988 Liquid—solid contact in steady-state transition
pool boiling. Int. J. Heat Fluid Flow 9, 215-219.

AURACHER, H. 1990 Transition boiling. Proc. 9th Int. Heat Transfer Conf. 1, 69-90.

AURACHER, H. 1992 Transition boiling in natural convection systems. In Pool and External Flow
Boiling (Edited by DHIR, V. K. & BERGLES, A. E.), pp. 219-236. ASME, New York.

AVKESENTYUK, B. P. 1988 Critical heat flux with forced flow of subcooled and saturated liquids.
Therm. Engng 35, 694-697.

BAINES, R. P., EL MASRI, M. A. & RoHsENOow, W. M. 1984 Critical heat flux in flowing liquid films.
Int. J. Heat Mass Transfer 27, 1623-1629.

BANKOFF, S. F. & LEE, S. C. 1986 A critical review of the flooding literature. In Multiphase Science
and Technology (Edited by HEwITT, G. F., DELHAYE, M. & ZUBER, N.), pp. 95-180. Hemisphere,
Washington, DC.

BAR-COHEN, A. 1991 Thermal management of electronic components with dielectric liquids.
ASME-JSME Therm. Engng Joint Conf. Proc. 2, XV—XXXiX.

BAR-CoOHEN, A. & McNEIL, A. 1992 Parametric effects on pool boiling critical heat flux in dielectric
liquids. In Pool and External Flow Boiling (Edited by DHIR, V. K. & BERGLES, A. E.), pp. 171-175.
ASME, New York.

BERENSON, P. J. 1962 Experiments on pool-boiling heat transfer. Int. J. Heat Mass Transfer S,
985-999.

BerGLES, A. E. 1988 High flux boiling applied to microelectronic thermal control. Int. Commun.
Heat Mass Transfer 15, 509-531.

BERGLES, A. E. 1992 What is the real mechanism of CHF in pool boiling. In Pool and External Flow
Boiling (Edited by DHIR, V. K. & BERGLES, A. E.), pp. 165-170. ASME, New York.

BERGLES, A. E. & ROHSENOW, W. M. 1964 The determination of forced-convection surface-boiling
heat transfer. Trans. ASME J. Heat Transfer 86, 365-372.

BHAT, A. M., PrakasH, R. & Samy, J. S. 19832 On the mechanism of macrolayer formation in
nculeate pool boiling at high heat flux. Int. J. Heat Mass Transfer 26, 735-740.

BHAT, A. M., PrakasH, R. & SaIng, J. S. 1983b Heat transfer in nucleate pool boiling at high heat
flux. Int. J. Heat Mass Transfer 26, 833-840.

BHAT, A. M., SAINL, J. S. & PrAKASH, R. 1986 Role of macrolayer evaporation in pool boiling at
high heat flux. Int. J. Heat Mass Transfer 29, 1953-1961.

BockwoLprT, T. S., JETER, S. M., ABBEL-KHALIL, S. I. & HARTLEY, J. G. 1992 Induced convective
enhancement of the critical heat flux from partially heated horizontal flat plates in saturated pool
boiling. Trans. ASME J. Heat Transfer 114, 518-521.

Boyp, R. D. 1985a Subcooled flow boiling critical heat flux (CHF) and its application to fusion
energy components. Part I. A review of fundamentals of CHF and related data base. Fusion
Technol. 7, 7-30.

Boyp, R. D. 1985b Subcooled flow boiling critical heat flux (CHF) and its application to fusion
energy components. Part II. A review of microconvective, experimental, and correlational
aspects. Fusion Technol. 7, 31-52.

Boyp, R. D. 1988 Subcooled water flow boiling experiments under uniform high heat flux
conditions. Fusion Technol. 13, 131--142.

Boyp, R. D. Sr 1989 Subcooled water flow boiling at 1.66 MPa under uniform high heat flux
conditions. Fusion Technol. 16, 324-330.

Boyp R. D. Sr 1991 Critical heat flux and heat transfer transition for subcooled flow boiling. Trans.
ASME J. Heat Transfer 113, 264-266.

Boyp, R. D., PowELL, L. N. & SCHLUTER, L. L. 1986 Critical heat flux and heat transfer for high
heat flux applications. Int. J. Heat Mass Transfer 29, 337-340.

BoyD, R. D., POWELL, L. N., SCHLUTER, L. L., WRIGHT, R. & RUPPERT, D. 1987 Experimental flow



82 Y. KATTO

boiling for high heat flux applications. In Heat Transfer in High Technology and Power
Engineering (Edited by YaNG, W.-J. & Morl, Y.), pp. 212-226. Hemisphere, Washington, DC.

Bui, T. D. & DHir, V. K. 1985 Transition boiling heat transfer of a vertical surface. Trans. ASME
J. Heat Transfer 107, 756-763.

CaArRvALHO, R. D. M. & BERGLES, A. E. 1992 The effects of the heater thermal conductance/
capacitance on the pool boiling critical heat flux. In Pool and External Flow Boiling (Edited by
DHIR, V. K. & BERGLES, A. E.), pp. 203-211. ASME, New York.

CELATA, G. P. 1991 A review of recent experiments and predictions aspects of burnout at very high
heat fluxes. Proc. Int Conf. on Multiphase Flows ’91—Tsukuba 3, 31-40.

CELATA, G. P., CuMo, M., D’ANNIBALE, F., FARELLO, G. E. & SETARO, T. 1986 Critical heat flux in
flow transient. Proc. 8th Int. Heat Transfer Conf. 5, 2429-2435.

CELATA, G.P., CuMo, M., D’ANNIBALE, F. & FARELLO, G. E. 1989 Critical heat flux in transient flow
boiling during simultaneous variations in flow rate and thermal power. Expts Therm. Fluid -Sci.
2, 134-145.

CELATA, G. P., CuMo, M., FARELLO, G. E. & MARIANA, A. 1990 Preliminary remarks on high heat
flux CHF in subcooled water flow boiling. Heat Technol. 8, 2042,

CELATA, G. P, Cumo, M., D’ANNIBALE, F., FARELLO, G. E. & MARIANI, A. 1991 CHF behavior
during pressure, power and/or flow rate simultaneous variations. Int. J. Heat Mass Transfer 34,
723-738.

CELATA, G. P., CuMo, M. & MARIANI, A. 1992 Subcooled water flow boiling CHF with very high
heat fluxes. Revue Gén. Therm. 362, 106-114.

CELATA, G. P., CuMo, M. & MARIANI, A. 1993a Burnout in highly subcooled water flow boiling in
small diameter tubes. Int. J. Heat Mass Transfer 36, 1269-1285.

CELATA, G. P., CuMo, M., MARIANL A., NARIAL H. & INasaka, F. 1993b Influence of channel
diameter on subcooled flow boiling burnout at high heat fluxes. Int. J. Heat Mass Transfer 36,
3407-3410.

CELATA, G. P., CuMo, M., MARIANI, A., SIMONCINI, M. & ZuMmMo, G. 1994 Rationalization of
existing mechanistic models for the prediction of water subcooled flow boiling critical heat flux.
Int. J. Heat Mass Transfer 37 (Suppl. 1), 347-360.

CHANG, S. H. & Leg, K. W. 1989 A critical heat flux model based on mass, energy, and momentum
balance for upflow boiling at low qualities. Nucl. Engng Des. 113, 35-50.

CHANG, Y. & YAO0, S.-C. 1983 Critical heat flux of narrow vertical annuli with closed bottoms.
Trans. ASME J. Heat Transfer 105, 192-195.

CHAPPIDL, P. R., UNAL, C., PASAMEHMETOGLU, K. O. & NELSON, R. A. 1991 On the relationship
between the macrolayer thickness and the vapor-stem diameter in the high heat-flux, pool
nucleate boiling region. Int. Commun. Heat Mass Transfer 18, 195-205.

CHENG, L. Y. 1991 Counter-current flow limited CHF in thin rectangular channels. ASME-JSME
Therm. Engng Joint Conf. Proc. 2, 43-50.

CHENG, S. C. & CHIN, S. K. 1986 CHF prediction via Katto’s correlations and Whalley’s model
using the AECL CHF data bank. Int. J. Heat Mass Transfer 29, 1989-1993.

CHyYU, M.-C. 1987 Evaporation of macrolayer in nucleate boiling near burnout. Int. J. Heat Mass
Transfer 30, 1531-1538.

Cuyu, M.-C. 1989 Formation and heat transfer mechanism of vapor mass during nucleate boiling.
In Thermal, Non-equilibrium in Two-phase Flow, pp. 157-181. ENEA, Rome.

COLLIER, J. G. 1982. Heat transfer in the postdryout region and during quenching and reflooding.
In Handbook of Multiphase Systems (Edited by HETSRONI, G.), pp. 6.142-6.188. Hemisphere,
Washington, DC.

CuUTA, J. M. 1983 Evaluation of performance of eight CHF correlations with the VIPRE-1
computer code. In Thermal-hydraulics of Nuclear Reactors, Vol. I, pp. 356-369. Am. Nucl. Soc.,
Washington, DC.

DEL VALLE M., V. H. 1983 An experimental study of critical heat flux in subcooled flow boiling
at low pressure including the effect of wall thickness. ASME-JSME Therm. Engng Joint Conf.
Proc. 1, 143-150.

DEL VaLLE M., V. H. & KENNING, D. B. R. 1985 Subcooled flow boiling at high heat flux. Inz. J.
Heat Mass Transfer 28, 1907-1920.



CRITICAL HEAT FLUX 83

DHIR, V. K. 1990 Nucleate and transition boiling heat transfer under pool and external flow
conditions. Proc. 9th Int. Heat Transfer Conf. 1, 129-155.

DHIR, V. K. 1992 Some observations from maximum heat flux data obtained on surfaces having
different degrees of wettability. In Poo! and External Flow Boiling (Edited by DHIR, V. K. &
BERGLES, A. E.), pp. 185-192. ASME, New York.

DHIR, v. K. & Liaw, S. P. 1989 Framework for a unified model for nucleate and transition pool
boiling. Trans. ASME J. Heat Transfer 111, 739-746.

DHUGA, D. S. & WINTERTON, R.H. S. 1985 Measurement of surface contact in transition boiling.
Int. J. Heat Mass Transfer 28, 1869-1880.

DHUGA, D. S. & WINTERTON, R. H. 8. 1986 The pool boiling curve and liquid-solid contact. Proc.
8th Int. Heat Transfer Conf. 4, 2055-2059.

Dix, D. & Orozco, J. 1990 An experimental study in nucleate boiling heat transfer from a sphere.
Trans ASME J. Heat Transfer 112, 258-263.

DoBraN, F. 1985 Steady-state characteristics and stability thresholds of a closed two-phase
thermosyphon. Int. J. Heat Mass Transfer 28, 949-957.

DOROSCHUK, V. K., LANTSMAN, F. P. & LEvITAN, L. L. 1970 A peculiar type of burnout in
evaporative tubes. Proc. 4th Int. Heat Transfer Conf. 6, B6.1.

EGaN, J. P. JR & WESTWATER, J. W. 1985 Effect of horizontal plate diameter on boiling heat transfer
from copper to nitrogen. J. Therm. Engng 4, 1-12.

EL-GENK, M. & Guo, Z. 1992 Saturated pool boiling from downward-facing and inclined surfaces.
In Pool and External Flow Boiling (Edited by DHIR, V. K. & BERGLES, A. E.), pp. 243-249. ASME,
New York.

EL-GENK, M. S., HAYNES, S. J. & Kim, S.-H. 1988 Experimental studies of critical heat flux for low
flow of water in vertical annuli at near atmospheric pressure. Int. J. Heat Mass Transfer 31,
2291-2304.

ELKASSABGI, Y. & LIENHARD, J. H. 1987 Sidewall and immersion-depth effects on pool boiling
burnout for horizontal cylindrical heaters. Trans. ASME J. Heat Transfer 109, 1055-1057.
FRANCE, D. M., CHAN, L. S. & SHIN, S. K. 1987 High-pressure transition boiling in internal flows.

Trans. ASME J. Heat Transfer 109, 498-502.

Fukano, T., CHEN, S. J. & TieN, C. L. 1983 Operating limits of the closed two-phase thermosyphon.
ASME-JSME Therm. Engng Joint Conf. Proc. 1, 95-101.

Fukano, T., KapoGucHi, K. & TieN, C. L. 1986 Oscillation phenomena and operating limits of the
closed two-phase thermosyphon. Proc. 8th Int. Heat Transfer Conf. 5, 2325-2330.

Fukano, T., KapoGUCHI, K. & IMURA, H. 1987 Experimental study on the heat flux at the operating
limit of a closed two-phase thermosyphon. Trans. JSME 53(B), 1065-1071.

Fukuyama, Y. & HirATA, M. 1982 Boiling heat transfer characteristics with high mass flux and
disappearance of CHF following to DNB. Proc. 7th Int. Heat Transfer Conf. 4, 273-278.

GAERTNER, R. F. & WESTWATER, J. W. 1960 Population of active sites in nucleate boiling heat
transfer. Chem. Engng Prog. Symp. Ser. 56(30), 39-48.

GaLLowAy, J. E. & MUDAWAR, 1. 1992 Critical heat flux enhancement by means of liquid
subcooling and centrifugal force induced by flow curvature. Int. J. Heat Mass Transfer 35,
1247-1260.

GALLOWAY, J. E. & MUDAWAR, 1. 1993a CHF mechanism in flow boiling from a short heated
wall—I. Examination of near-wall conditions with the aid of photomicrography and high-speed
video imaging. Int. J. Heat Mass Transfer 36, 2511-2526.

GALLOWAY, J. E. & MuDAWAR, 1. 1993b CHF mechanism in flow boiling from a short heated
wall—II. Theoretical CHF model. Inz. J. Heat Mass Transfer 36, 2527-2540.

GAMBILL, W. R. 1963 Generalized prediction of burnout heat flux for flowing, subcooled, wetting
liquids. 4AIChE Symp. Ser. 59(41), 71-87.

GIARRATANO, P. J. 1984 Transient boiling heat transfer from two different heat sources: small
diameter wire and thin film flat surface on a quartz substrate. Int. J. Heat Mass Transfer 27,
1311-1318.

Govosic, I. & BERGLEs, A. E. 1992 Effects of thermal properties and thickness of horizontal
vertically oriented ribbon heaters on the pool boiling critical heat flux. In Pool and External Flow
Boiling (Edited by DHIR, V. K. & BERGLES, A. E.), pp- 213-218. ASME, New York.



84 Y. KATTO

Govan, A. H., HEwirt, G. F., OWeN, D. G. & Bort, T. R. 1988 An improved CHF modeling code.
2nd UK Nat. Conf. Heat Transfer 1, 33-48.

GROENEVELD, D. C. 1986 The onset of dry sheath condition—a new definition of dryout. Nucl.
Engng Des. 92, 135-140.

GROENEVELD, D. C. & Snoek, C. W. 1986 A comprehensive examination of heat transfer
correlations suitable for reactor safety analysis. In Multiphase Science and Technology (Edited
by HEWITT, G. F., DELHAYE, J. M. & ZUBER, N.), Vol. 12, pp. 181-274. Hemisphere, Washington,
DC.

GROENEVELD, D. C., CHENG, S. C. & DoaN, T. 1986a 1986 AECL-UO critical heat flux lookup table.
Heat Transfer Engng 7, 46-62.

GROENEVELD, D. C., KIaMEH, B. P. & CHENG, S. C. 1986b Prediction of critical heat flux (CHF) for
non-aqueous fluids in forced convective boiling. Proc. 8th Int. Heat Transfer Conf. 5, 2209-2214.

Guo, Z. & EL-GENK, M. S. 1992 An experimental study of saturated pool boiling from downward
facing and inclined surfaces. Int. J. Heat Mass Transfer 35, 2109-2117.

HARAMURA, Y. 1989 Characteristics of pool boiling heat transfer in the vicinity of the critical heat
flux (relations between bubble motion and heat flux fluctuations). Heat Transfer Jap. Res. 18(3),
18-31.

HARAMURA, Y. 1991a Temperature uniformity across the surface in transition boiling. Trans.
ASME J. Heat Transfer 113, 980-984.

HArRAMURA, Y. 1991b Steady state pool transition boiling heated with condensing steam.
ASME—-JSME Thermal Engng Joint Conf. Proc. 2, 59-64.

HaraMURA, Y. & KAaTTO, Y. 1983 A new hydrodynamic model of critical heat flux, applicable
widely to both pool and forced convection boiling on submerged bodies in saturated liquids. Int.
J. Heat Mass Transfer 26, 389-399.

HosAKA, S., HIRATA, M. & Kasac, N. 1990 Forced convective subcooled boiling heat transfer and
CHF in small-diameter tubes. Proc. 9th Int. Heat Transfer Conf. 2, 129-134.

Huang, X. C., WEBER, P. & BARTSCH, G. 1993 Comparison of transient and steady-state boiling
curves for forced upflow of water in a circular tube at medium pressure. Int. Commun. Heat Mass
Transfer 20, 383-392.

IMURA, H., SasacucHl, K. & Kozal, H. 1983 Critical heat flux in a closed two-phase thermosyphon.
Int. J. Heat Mass Transfer 26, 1181-1188.

INASAKA, F. & Narial, H. 1987 Critical heat flux and flow characteristics of subcooled flow boiling
in narrow tubes. JSME Int. J. 30, 1595-1600.

INasaka, F. & Narial, H. 1989 Critical heat flux of subcooled flow boiling with water. Proc.
NURETH—4 1, 115-120.

IRVING, M.E. & WESTWATER, J. W. 1986 Limitations for operating boiling curves by the quenching
method with spheres. Proc. 8th Int. Heat Transfer Conf. 4, 2061-2066.

IwaMURA, T. 1987 Transient burnout under rapid flow reduction condition. J. Nucl. Sci. Technol.
24, 811-820.

JAIRAJPURI, A. M. & SaINg, J. S. 1991 A new model for heat flow through macrolayer in pool boiling
at high heat flux. Ins. J. Heat Mass Transfer 34, 1579-1591.

JENSEN, M. K. & PourDAsHTI, M. 1986 Critical heat flux on a horizontal cylinder in an upward
subcooled and low-quality two-phase crossflow. Trans. ASME J. Heat Transfer 108, 441-447.

KaLiNIN, E. K., BErRLIN, I. I. & KoSTIOUK, V. V. 1987 Transition boiling heat transfer. In Advances
in Heat Transfer (Edited by HARTNETT, J. P. & IRVINE, T. F. JR), Vol. 18, pp. 241-323. Academic
Press, New York.

KANDULA, M. 1990 Mechanisms and predictions of burnout in flow boiling over heated surface
with an impinging jet. Int. J. Heat Mass Transfer 33, 1795-1803.

KATAOKA, 1., SERIZAWA, A. & SAKURAI, A. 1983 Transient boiling heat transfer under forced
convection. Int. J. Heat Mass Transfer 26, 583-595.

KATTO, Y. 1980a General features of CHF of forced convection boiling in uniformly heated vertical
tubes with zero inlet subcooling. Int. J. Heat Mass Transfer 23, 493-504.

KATTO, Y. 1980b Critical heat flux of forced convection boiling in uniformly heated vertical tubes
(correlation of CHF in HP-regime and determination of CHF-regime map). Int. J. Heat Mass
Transfer 23, 1573-1580.



CRITICAL HEAT FLUX 85

KaTTO, Y. 1983 Critical heat flux in forced convective flow. ASME-JSME Therm. Engng Joint
Conf. Proc. 3, 1-10.

KATTO, Y. 1984 Prediction of critical heat flux for annular flow in tubes taking into account the
critical liquid film thickness concept. Int. J. Heat Mass Transfer 27, 883-891.

KaTTO, Y. 1985 Critical heat flux. In Advances in Heat Transfer (Edited by HARTNETT, J. P. &
IrviNg, T. F. JR), Vol. 17, pp. 1-64. Academic Press, New York.

KaTTO, Y. 1986 Critical heat flux in boiling. Proc. 8th Int. Heat Transfer Conf. 1, 171-180.

KaTTO, Y. 1990a A physical approach to critical heat flux of subcooled flow boiling in round tubes.
Int. J. Heat Mass Transfer 33, 611-620.

KaTtro, Y. 1990b Prediction of critical heat flux of subcooled flow boiling in round tubes. Int. J.
Heat Mass Transfer 33, 1921-1928.

KATTO, Y. 1992a A prediction model of subcooled water flow boiling CHF for pressure in the range
0.1-20 MPa. Int. J. Heat Mass Transfer 35, 1115-1123.

KATTO, Y. 1992b Critical heat flux in pool boiling. In Pool and External Flow Boiling (Edited by
DHIR, V. K. & BERGLES, A. E.), pp. 151-164. ASME, New York.

KATTO, Y. 1994 Limit conditions of steady-state countercurrent annular flow and the onset of
flooding, with reference to the CHF of boiling in a bottom-closed vertical tube. Int. J. Multiphase
Flow 20, 45-61.

KaTTO, Y. & ASHIDA, S. 1982 CHF in high-pressure regime for forced convection boiling in
uniformly heated vertical tube of low length-to-diameter ratio. Proc. 7th Int. Heat Transfer Conf.
4, 291-296.

KaATTO, Y. & HARAMURA, Y. 1983 Critical heat flux on a uniformly heated horizontal cylinder in
an upward crossflow of saturated liquid. Int. J. Heat Mass Transfer 26, 1199-1205.

KATTO, Y. & HIRAO, T. 1991 Ceritical heat flux of counter-flow boiling in a uniformly heated vertical
tube with a closed bottom. Int. J. Heat Mass Transfer 34, 993—-1001.

KarTO, Y. & IsHi, K. 1978 Burnout in a high flux boiling system with a forced supply of liquid
through a plane jet. Proc. 6th Int. Heat Transfer Conf. 1, 435-440.

KATTO, Y. & OHNO, H. 1984 An improved version of the generalized correlation of critical heat
flux for the forced convective boiling in uniformly heated vertical tubes. Int. J. Heat Mass
Transfer 27, 1641-1648.

KATTO, Y. & OTOKUNI, S. 1994 Behavior of vapor masses on a vertical flat surface of comparatively
large height near critical heat flux condition in saturated pool boiling. Int. J. Heat Mass Transfer
37(Suppl. 1), 255-263.

KATT0, Y. & WATANABE, K. 1992 An analytical study on the critical heat flux of counter-
current boiling in a verical tube with a closed bottom. Int. J. Heat Mass Transfer 35, 3021
3028.

KATTO, Y. & YOKOYA, S. 1984 Critical heat flux of liquid helium (I) in forced convective boiling.
Int. J. Multiphase Flow 10, 401-413.

KATTO, Y. & YOKOYA, S. 1987 Critical heat flux of forced convection boiling in uniformly heated
vertical tubes with special reference to very large length-to-diameter ratios. Int. J. Heat Mass
Transfer 30, 2261-2269.

KATTO, Y. & YOKOYA, S. 1988 Critical heat flux on a disk heater cooled by a circular jet of saturated
liquid impinging at the center. Int. J. Heat Mass Transfer 31, 219-227.

KATTO, Y., YOKOYA, S. & YASUNAKA, M. 1970 Mechanism of boiling crisis and transition boiling
in pool boiling. Proc. 4th Int. Heat Transfer Conf. V, B3.2.

KATTO, Y., YOKOYA, S., MIAKE, S. & TANIGUCHI, M. 1987 Critical heat flux on a uniformly heated
cylinder in a cross flow of saturated liquid over a very wide range of vapor-to-liquid density ratio.
Int. J. Heat Mass Transfer 30, 1971-1977.

KHABENSKII, V. B., MIGROV, Y. A., EFiMov, V. K. & TokAR’, O. V. 1988 Critical heat flux in a single
channel. Therm. Engng 35, 689-693.

Korrowski, H. M., SAVATTERI, C. & HUFSCHMIDT, W. 1991 A new critical heat flux correlation for
boiling liquid metals. Nucl. Sci. Engng 108, 396-413.

KuMaDA, T. & SAKASHITA, H. 1992 Proposed model for Kutateladze correlation and new
correlation of CHF. In Pool and External Flow Boiling (Edited by DHIR, V. K. & BERGLES,
A.E.), pp. 177-183. ASME, New York.



86 Y. KATTO

LaBuNnTsov, D. A. 1978 Critical heat fluxes in boiling at low pressure region. Proc. 6th Int. Heat
Transfer Conf. 1, 221-225.

Lzg, C. H. & MUDAWAR, 1. 1988 A mechanistic critical heat flux model for subcooled flow boiling
based on local bulk flow conditions. Int. J. Multiphase Flow 14, 711-728.

LEg, K. W. & CHANG, S. H. 1990 A refined mechanistic critical heat flux model for upflow boiling
at low qualities. Proc. 9th Int. Heat Transfer Conf. 2, 141-146.

Leg, L. Y. W.,CuEN, J. C. & NELSON, R. A. 1985 Liquid-solid contact measurements using a surface
thermocouple temperature probe in atmospheric pool boiling water. Int. J. Heat Mass Transfer
28, 1415-1423.

Leroux, K. M. & JenseN, M. K. 1992 Critical heat flux in horizontal bundles in vertical crossflow
of R113. Trans. ASME J. Heat Transfer 114, 179-184.

LEUNG, A., BANERIEE, S. & GROENEVELD, D. C. 1982 Investigation of the effects of heater
characteristics on CHF performance of a long vertical annulus in high pressure water. Proc. 7th
Int. Heat Transfer Conf. 4, 303-308.

Liaw, S.-P. & DHIR, V. K. 1986 Effect of surface wettability on transition boiling heat transfer from
a vertical surface. Proc. 8th Int. Heat Transfer Conf. 4, 2031-2036.

Law, S. P. & Duir, V. K. 1989 Void fraction measurements during saturated pool boiling of water
on partially wetted vertical surfaces. Trans. ASME J. Heat Transfer 111, 731-738.

LIENHARD, J. H. 1985 On the two regimes of nucleate boiling. Trans. ASME J. Heat Transfer 107,
262-264.

LIENHARD, J. H. 1988a Burnout on cylinders. Trans ASME J. Heat Transfer 110, 1271-1286.
[Correction. Trans. ASME J. Heat Transfer 113, 548 (1991).]

LieNHARD, J. H. 1988b Things we don’t know about boiling heat transfer: 1988. Int. Commun. Heat
Mass Transfer 15, 401-428.

LiENHARD, J. H. & EICHHORN, R. 1976 Peak boiling heat flux on cylinders in a cross flow. Inz. J.
Heat Mass Transfer 19, 1135-1142.

Lim, J. C. & WEISMAN, J. 1990 A phenomenologically based prediction of the critical heat flux in
channels containing an unheated wall. Int. J. Heat Mass Transfer 33, 203-205.

LN, D.Y. & WESTWATER, J. W. 1982 Effect of metal thermal properties on boiling curves obtained
by the quenching method. Proc. 7th Int. Heat Transfer Conf. 4, 155-160.

LN, W.-S., Leg, C.-H. & PE1, B.-S. 1989 An improved theoretical critical heat flux model for
low-quality flow. Nucl. Technol. 88, 294-306.

Lock, G. S. H. 1993 On the flooding limit in the evaporative, tubular thermosyphon. Int. Commun.
Heat Mass Transfer 20, 63-68.

MACEIKA, A. A. & SKEMA, R. K. 1990 Boiling crisis burnout in the zone of interaction of a circular
submerged water jet with a flat wall. Heat Transfer Sov. Res. 22(5), 587-594.

MARACY, M. & WINTERTON, R. H. S. 1988 Hysteresis and contact angle effects in transition pool
boiling of water. Int. J. Heat Mass Transfer 31, 1443-1449.

McGicts, W. R., CAREY, V. P. & StroM, B. D. 1991 Geometry effects on critical heat flux for
subcooled convective boiling from an array of heated elements. Trans. ASME J. Heat Transfer
113, 463-471.

MEYER, G., GADDIs, E. S. & VOGELPOHL, A. 1986 Critical heat flux on a cylinder of large diameter
in a cross flow. Proc. 8th Int. Heat Transfer Conf. 5, 2125-2130.

MEYER, G., GaDDIs, E. S. & VOGELPOHL, A. 1990 Critical heat flux for a binary mixture
over a cylinder of large diameter in a cross flow. Proc. 9th Int. Heat Transfer Conf. 2,
51-56.

MILASHENKO, V. I., NIGMATULIN, B. 1., PETUKHOV, V. V. & TRUBKIN, N. I. 1989 Burnout and
distribution of liquid in evaporative channels of various lengths. Int. J. Multiphase Flow 15,
393-401.

MisHiMA, K. & NisHIHARA, H. 1985 The effect of flow direction and magnitude on CHF for lovw
pressure water in thin rectangular channels. Nucl. Engng Des. 86, 165-181.

Misuima, K. & NisHIHARA, H. 1987 Effect of channel geometry on critical heat flux for low pressure
water. Int. J. Heat Mass Transfer 30, 1169—-1182.

Misuima, K., NisaiHARA, H. & MicHivosHl, 1. 1985 Boiling burnout and flow instabilities for water
flowing in a round tube under atmospheric pressure. Int. J. Heat Mass Transfer 28, 1115-1 129.



CRITICAL HEAT FLUX 87

MONDE, M. 1985 Critical heat flux in saturated forced convective boiling on a heated disk with an
impinging jet. Wdrme-u. Stoffiibertr. 19, 205-209.

MoNDE, M. 1987 Critical heat flux in saturated forced convection boiling on a heated disk with
an impinging jet. Trans. ASME J. Heat Transfer 109, 991-996.

MoNDE, M & INouEg, T. 1991 Critical heat flux in saturated forced convective boiling on a heated
disk with multiple impinging jets. Trans. ASME J. Heat Transfer 113, 722-727.

MoNDE, M & OKUMa4, Y. 1985 Critical heat flux in saturated forced convective boiling on a heated
disk with an impinging jet—CHF in L-regime. Int. J. Heat Mass Transfer 28, 547-552.

Morozov, Y. D. 1987 A correlation for the limiting dryout steam quality in forced convection in
uniformly heated vertical round tubes. Int. J. Heat Mass Transfer 30, 1885-1893.

MUDAWAR, I. & MaDpoX, D. E. 1989 Critical heat flux in subcooled flow boiling of fluorocarbon
liquid on a simulated electronic chip in a vertical rectangular channel. Int. J. Heat Mass Transfer
32, 379-394.

MUDAWAR, I. & WaDswWORTH, D. C. 1991 Critical heat flux from a simulated chip to a confined
rectangular impinging jet of dielectric liquid. Int. J. Heat Mass Transfer 34, 1465-1479.

MUDAWWAR, . A., INCROPERA, T. A. & INCROPERA, F. P. 1987 Boiling heat transfer and critical heat
flux in liquid film falling on vertically-mounted heat sources. Int. J. Heat Mass Transfer 30,
2083-2095.

MUDAWWAR, 1. A., EL-Masr1, M. A., Wy, C. S. & AUSMAN-MUDAWWAR, J. R. 1985 Boiling heat
transfer and critical heat flux in high-speed rotating liquid films. Int. J. Heat Mass Transfer 28,
795-806.

NARIAL H., INasakA, F. & SHIMURA, T. 1987 Critical heat flux of subcooled flow boiling in narrow
tube. ASME-JSME Therm. Engng Joint Conf. Proc. 5, 455—462.

NaRIaL H., INAsaka, F. & UEHARA, K. 1989 Critical heat flux in narrow tubes with uniform heating.
Heat Transfer Jap. Res. 18(6), 21-30.

NisHikAWwA, K., Funita, T., UCHIDA, S. & OHTtA, H. 1983 Effect of heating surface orientation on
nucleate boiling heat transfer. ASME-JSME Therm. Engng Joint Conf. Proc. 1, 129-136.
NisHIO, S. & CHANDRATILLEKE, G. R. 1989 Steady-state pool boiling heat transfer to saturated

liquid helium at atmospheric pressure. JSME Int. J. Ser. II 32, 639—645.

On, C. H. & ENGLERT, S. B. 1993 Critical heat flux for low flow boiling in vertical uniformly heated
thin rectangular channels. Int. J. Heat Mass Transfer 36, 325-335.

OHAMA, T. & Mivazaki, K. 1986 Influence of inclination on downfacing burnout heat flux in water
pool. J. Nucl. Sci. Technol. 23, 1104-1106.

OkuyAMA, K. & Tipa, Y. 1990 Transient boiling heat transfer characteristics of nitrogen (bubble
behavior and heat transfer rate at stepwise heat generation). Int. J. Heat Mass Transfer 33,
2065-2071.

Oxuyama, K., Kozawa, Y., INOUE, A. & Aok, S. 1988 Transient boiling heat transfer character-
istics of R113 at large stepwise power generation. Int. J. Heat Mass Transfer 31, 2161-2174.

OsakABE, M. & Kawasakl, Y. 1989 Top flooding in thin rectangular and annular passages. Int.
J. Multiphase Flow 15, 747-754.

Ozawa, M., UMEKAWA, H., YOSHIOKA, Y. & ToMIYAaMaA, A. 1993 Dryout under oscillatory flow
condition in vertical and horizontal tubes—experiments at low velocity and pressure conditions.
Int. J. Heat Mass Transfer 36, 4076-4978.

PaN, C. & LiN, T. L. 1989 Marangoni flow on pool boiling near critical heat flux. /ns. Commun.
Heat Mass Transfer 16, 475-486.

PaN, C. & LiN, T. L. 1990 A model for surface wettability effect on transition boiling heat transfer.
Proc. 9th Int. Heat Transfer Conf. 2, 147-152.

PaN, C. & LiN, T. L. 1991 Predictions of parametric effect on transition boiling under pool boiling
conditions. Int. J. Heat Mass Transfer 34, 1355-1370.

PAN, C. & Ma, K. T. 1992 Modeling of transition boiling. In Pool and External Flow Boiling (Edited
by DHIR, V. K. & BERGLES, A. E.), pp. 263-270. ASME, New York.

PaAN, C., HWANG, J. Y. & LN, T. L. 1989 The mechanism of heat transfer in transition boiling. Int.
J. Heat Mass Transfer 32, 1337-1349.

PARK, K.-A. & BERGLES, A. E. 1988 Effects of size of simulated microelectronic chips on boiling
and critical heat flux. Trans. ASME J. Heat Transfer 110, 728-734.



88 Y. KATTO

PASAMEHMETOGLU, K. O., NELSON, R. A. & GUNNERSON, F. S. 1990a Critical heat flux modeling in
pool boiling for steady-state and power transients. Trans. ASME J. Heat Transfer 112,
1048-1057.

PASAMEHMETOGLU, K. O., NELSON, R. A. & GUNNERSON, F. S. 1990b Critical heat flux modeling in
forced convection boiling during power transients. Trans. ASME J. Heat Transfer 112,
1058-1062.

PASAMEHMETOGLU, K. O., CHAPPIDI, P. R., UNAL, C. & NELSON, R. A. 1993 Saturated pool nucleate
boiling mechanisms at high heat fluxes. Int. J. Heat Mass Transfer 36, 3859--3868.

Paviov, Y. M. & BaBicH, V. 1. 1987 Prediction of critical heat transfer with rapid increase of heat
flux at the boiling surface. Therm. Engng 34, 62-66.

PusHKINA, O. L. & SorokIN, Y. L. 1969 Breakdown of liquid film motion in vertical tubes. Hear
Transfer Sov. Res. 1(5), 5664,

RaiaB, I. & WINTERTON, R. H. 8. 1990 The two transition boiling curves and solid-liquid contact
on a horizontal surface. Int. J. Heat Fluid Flow 11, 149-153.

RAJENDRA PrRASAD, N., SAINI, J. S. & PraKASH, R. 1985 The effect of heater wall thickness on heat
transfer in nucleate pool-boiling at high heat flux. Int. J. Heat Mass Transfer 28, 1367-1375.

RaJvansHl, A. K., SAINT J. S. & PrakASHL, R. 1992 Investigation of macrolayer thickness in nucleate
pool boiling at high heat flux. Int. J. Heat Mass Transfer 35, 343-350.

RAMILISON, J. M. & LiENHARD, J. H. 1987 Transition boiling heat transfer and the film transition
regime. Trans. ASME J. Heat Transfer 109, 746-752.

RAMILISON, J. M., SADASIVAN, P. & LIENHARD, J. H. 1992 Surface factors influencing burnout on
flat heaters. Trans. ASME J. Heat Transfer 114, 287-290.

REED, J. G. & TiEN, C. L. 1987 Modeling of the two-phase closed thermosyphon. Trans. ASME
J. Heat Transfer 109, 722-730.

RoGERs, J. T., SALCUDEAN, M. & TAJIR, A. E. 1982 Flow boiling critical heat fluxes for water in
a vertical annulus at low pressure and velocities. Proc. 7th Int. Heat Transfer Conf. 4, 339-344.

RouseNow, W. M. 1985 Boiling. In Handbook of Heat Transfer Fundamentals (Edited by
RouseNow, W. M., HARTNETT, J. P. & Ganic, E. N.), pp. 12.1-12.94. McGraw-Hill, New York.

Roy CHOWDHURY, S. K. & WINTERTON, R. H. S. 1985 Surface effects in pool boiling. Int. J. Heat
Mass Transfer 28, 1881-1889.

SADASIVAN, P. & LIENHARD, J. H. 1991 Burnout of cylinders in flow boiling: surface wettability
effects in gravity-uninfluenced flows. ASME-JSME Therm. Engng Joint Conf. Proc. 2, xhi-l.

SADASIVAN, P., CHAPPIDL, P. R., UNAL, C. & NELSON, R. A. 1992 Possible mechanisms of macrolayer
formation. Int. Commun. Heat Mass Transfer 19, 801-815.

SAKURAL A. & SHIOTSU, M. 1974 Temperature-controlled pool-boiling heat transfer. Proc. 5th Int.
Heat Transfer Conf. IV, 81-85.

SAKURAL A. & SHIOTSU, M. 1977 Transient pool boiling heat transfer, part 2: boiling heat transfer
and burnout. Trans. ASME J. Heat Transfer 99, 554-560.

SAKURAL A., SHIOTSU, M. & HATA, K. 1982 Critical heat fluxes of saturated and subcooled boiling
in water and in sodium at subatmospheric pressures. Proc. 7th Int. Heat Transfer Conf. 4,
345-350.

SAMOKHIN, G. I. & YAGOV, V. V. 1988 Heat transfer and critical fluxes with liquids boiling in the
region of low reduced pressures. Therm. Engng 35, 115-118.

SERIZAWA, A. 1983 Theoretical prediction of maximum heat flux in power transient. Int. J. Heat
Mass Transfer 26, 921-932.

SHAH M. M. 1987 Improved general correlation for critical heat flux during upflow in uniformly
heated vertical tubes. Int. J. Heat Fluid Flow 8, 326 —335.

SHARAN, A. & LIENHARD, J. H. 1985 On predicting burnout in the jet—disk configuration. Trans.
ASME J. Heat Transfer 107, 398-401.

SHOi, M. 1992 A study of steady transition boiling of water: experimental verification of
macrolayer evaporation model. In Pool and External Flow Boiling (Edited by DHIR, V. K. &
BERGLES, A. E.), pp. 237-242. ASME, New York.

SHoJ, M., WITTE, L. C., YOKOYA, S. & OHsHIMA, M. 1990 Liquid solid contact and effects of surface
roughness and wettability in film and transition boiling on a horizontal large surface. Proc. 9th
Int. Heat Transfer Conf. 2, 135-140.



CRITICAL HEAT FLUX 89

Suou1, M., WiTTE, L. C., YOKOYA, S., Kawakami, M. & Kuroki, H. 1991 Measurement of
liquid-solid contact using micro-thermocouples in pool transition boiling of water on a
horizontal copper surface. ASME-JSME Therm. Engng Joint Conf. Proc. 2, 333-338.

SHKONEN, T. & VANTTOLA, T. 1986 Studies on dryout and post-dryout heat transfer. Proc. 8th Inz.
Heat Transfer Conf. S, 2423-2428.

SMIRNOV, Y. L. 1984 Critical heat flux in flooding in vertical channels. Heat Transfer Sov. Res.
16(3), 19-24.

SoHAL, M. S. 1985 Critical heat flux in flow boiling of helium I. In Advances in Heat Transfer
(Edited by HARTNETT, J. P. & IrRvINE, T. F. JR), Vol. 17, pp. 319-340. Academic Press, New
York.

Soziev, R. 1. & KHrizoLITOvA 1989 Calculating critical heat flux density with pool boiling. Therm.
Engng 37, 400-401.

STRAUB, J., ZELL, M. & VOGEL, B. 1990 Pool boiling in a reduced gravity field. Proc 9th Int. Heat
Transfer Conf. 1, 91-112.

SuBBOTIN, V. 1., DEEV, V. 1. & ARKHIPOV, V. V. 1982 Critical heat flux in flow boiling of helium.
Proc. 7th Int. Heat Transfer Conf. 4, 357-361.

SuBRAMANIAN, S. & WITTE, L. C. 1987 Quenching of a hollow sphere. Trans. ASME J. Heat
Transfer 109, 262-264.

Supo, Y. & KaMmNaGa, M. 1989 A CHF characteristic for downward flow in a narrow vertical
rectangular channel heated from both sides. Int. J. Multiphase Flow 15, 755-766.

Supo, Y. & KAMINAGA, M. 1993 A new CHF correlation scheme proposed for vertical rectangular
channels heated from both sides in nuclear research receptors. Trans. ASME J. Heat Transfer
115, 426-434.

SuDO, Y., MIYATA, K., IKAwWA, H., KAMINAGA, M. & OHKAWARA, M. 1985 Experimental study of
differences in DNB heat flux between upflow and downflow in vertical rectangular channel.
J. Nucl. Sci. Technol. 22, 604-618.

Supo, Y., Usul, T. & KAMINAGA, M. 1991 Experimental study of falling water limitation under a
counter-current flow in a vertical rectangular channel (1st report, effect of flow channel
configuration and introduction of CCFL correlation). JSME Int. J. Ser. II 34, 169-174.

Sucawara, S. 1990 Analytical prediction of CHF by FIDAS code based on three-fluid and
film-dryout model. J. Nucl. Sci. Technol. 27, 12-29.

TAIN, R. M.,, CHENG, S. C. & GROENEVELD, D. C. 1993 Critical heat flux measurements in a round
tube for CFCs and CFC alternatives. Int. J. Heat Mass Transfer 36, 2039-2049.

Tong, L. S. 1968 Boundary-layer analysis of the flow boiling crisis. Int. J. Heat Mass Transfer 11,
1208-1211.

TONG, L. S., CURRIN, H. B. & THORP, A. G. 1968 An evaluation of the departure from nucleate
boiling in bundles of regular fuel rods. Nucl. Sci. Engng 33, 7-15.

Uepa, T. & KiM, K.-K. 1986 Heat transfer characteristics during critical heat flux condition in a
subcooled flow boiling system. Proc. 8th Int. Heat Transfer Conf. 5, 2203-2208.

UNAL, H. C. 1985 A dryout correlation of R12 and R113 flowing vertically upwards in uniformly
and non-uniformly heated tubes. Int. J. Heat Mass Transfer 28, 724-7217.

WanG, C. H. & DHIR, V. K. 1993 Effect of surface wettability on active nucleation site density
during pool boiling of water on a vertical surface. Trans. ASME J. Heat Transfer 115, 659—669.

WEBER, P. & JOHANNSEN, K. 1990a Convective transition boiling of water at medium pressure. Proc.
9th Int. Heat Transfer Conf. 6, 35-40.

WEBER, P. & JOHANNSEN, K. 1990b Study of the critical heat flux condition at convective boiling
of water: temperature and power controlled experiments. Proc. 9th Int. Heat Transfer Conf. 2,
63-68.

WEISMAN, J. 1991 The current status of theoretically based approaches to the prediction of the
critical heat flux in flow boiling. ASME-JSME Therm. Engng Joint Conf. Proc. 2, 33-42.
WEISMAN, J. & ILESLAMLOU, S. 1988 A phenomenological model for prediction of critical heat flux
under highly subcooled conditions. Fusion Technol. 13, 654-659. [Correction. Fusion Technol. 15,

1463 (1989).]

WEIsMAN, J. & Per, B. S. 1983 Prediction of critical heat flux in flow burnout at low qualities. Int.

J. Heat Mass Transfer 36, 1463-1477.



90 Y. KATTO

WEISMAN, J. & YING,. S. H. 1986 Effect of high vapor density on critical heat flux predictions at
low void fractions. Int. J. Multiphase Flow 12, 493-496.

WESTWATER, J. W., HWALEK, J. H. & IRVING, M. E. 1986 Suggested standard method for obtaining
boiling curves by quenching. Ind. Eng. Chem. Fundam. 25, 685-692.

WILLINGHAM, T. C. & MUDAWAR, 1. 1992 Forced-convection boiling and critical heat flux from a
linear array of discrete heat sources. Int. J. Heat Mass Transfer 35, 2879-2890.

WINTERTON, R. H. S. 1983 Comments on ‘On the existence of two “‘transition’ boiling curves’. Int.
J. Heat Mass Transfer 26, 1103-1104.

WITTE, L. C. & LIENHARD, J. H. 1982 On the existence of two ‘transition’ boiling curves. Int. J. Heat
Mass Transfer 25, 771-779.

WIiTTE, L. C. & LIENHARD, J. H. 1983 Reply to ‘Comments on “On the existence of two “transition”
boiling curves™. Int J. Heat Mass Transfer 26, 1104-1104.

Wu, W.-G., Ma, T.-Z. & L1, H.-Q. 1982 Experimental study of critical heat flux in pool boiling at
low pressures. Proc. 7th Int. Heat Transfer Conf. 4, 119-123.

YaGov, V. V. & PuziN, V. A. 1984 Critical heat flux in forced-convection boiling of refrigerant-12
under conditions of local heat sources. Heat Transfer Sov. Res. 16(4), 47-52.

YaGov, V. V. & PuziN, V. A. 1985 Burnout under conditions of forced flow of subcooled liquid.
Therm. Engng 35, 569-572.

YaGov, V. V., PuziN, V. A. & KUDRYAVTSEV, A. A. 1987 Investigation of the boiling crisis and heat
transfer in dispersed-film boiling of liquids in channels. Heat Transfer Sov. Res. 19(1), 1-8.

YANG, J. Y. & WEISMAN, J. 1991 A phenomenological model of subcooled flow boiling in the
detached bubble region. Int. J. Muitiphase Flow 17, 77-94.

YA0, S. C. & HwaANG, T. H. 1989 Critical heat flux on horizontal tubes in an upward crossflow
of freon-113. Int. J. Heat Mass Transfer 32, 95-103.

YING, S. H. & WEISMAN, J. 1986 Prediction of the critical heat flux in flow boiling at intermediate
qualities. Int. J. Heat Mass Transfer 29, 1639-1648.

ZUBER, N. 1959 Hydrodynamic aspects of boiling heat transfer. Report AECU-4439, U.S. Atomic
Energy Commission.



