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Understanding CHF is of an upmost importance in many industries, especially in the design and operation
of boilers, nuclear power plants, cryogenic systems, etc. Due to safety issues related to the nuclear power
plants, and the adaptation of CHF as the limiting criterion of power generation, it is important to under-
stand the mechanisms of CHF relevant to nuclear systems operation. Moreover, CHF is expected to occur
during transients than steady-state conditions. Therefore, knowledge of transient CHF is of great impor-
tance for the safety evaluation of nuclear reactors under transient condition. In this paper, the existing
CHF experimental and modeling studies are discussed in order to understand the phenomena leading
to CHF. Also, the effect of transient conditions on CHF for nuclear fuels has been evaluated.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Critical heat flux (CHF) is one of the most essential quantities
that forms a very important restriction in the safe operation of nu-
clear power reactors, such as water-cooled CANadian Deuterium
Uranium (CANDU) power reactor. CHF represents the maximum
heat flux a wetted surface can achieve. Any further increase in heat
flux beyond the CHF will result in a sharp decrease in the heat
transfer rate from the heating surface to cooling fluid. CHF can oc-
cur for a heated surface in both non-flowing (pool boiling) and
flowing (forced or free convection) conditions which, for the latter
case, is encountered more frequently in the cooling of nuclear
power reactor components and steam generators. The mechanisms
that occur in pool boiling, such as bubble nucleation, bubble
growth and departure and/or collapse occur also in two-phase
forced convective boiling. However, pool boiling heat transfer is
relatively less complicated to characterize because the forced con-
vection effect does not play a role, and knowledge obtained with
respect to pool boiling are considered to be valuable towards
understanding forced-flow boiling.

CHF occurrence can be identified when the heated surface is not
in contact with the cooling liquid. Taking as reference a heat-flux
controlled vertical heated pipe, two kinds of regimes are possible,
depending on the dryout quality and heat flux. At low heat flux
CHF occurs when the liquid film (annular flow regime) at the wall
ll rights reserved.
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becomes depleted due to thinning. Beyond the CHF point the dis-
persed flow film boiling region is entered. In this situation, the
occurrence of CHF is said to be due to dryout. At higher heat flux,
the crisis is reached directly from nucleate boiling conditions: a va-
por layer is formed separating the continuous liquid core from the
heated wall. This type of flow regime is called the inverted annular
film boiling regime which is characterized by more sever increase
in the heated surface wall temperature which might result in phys-
ical burnout. CHF occurrence in this case is called ‘‘departure from
nucleate boiling” or simply DNB.

Although, there have been several hundreds of papers published
to investigate critical heat flux (CHF) behaviors and predictions at
steady-state conditions for the thermalhydraulic analysis of the
nuclear reactors. However, CHF is expected to occur during tran-
sients than steady-state conditions. Therefore, knowledge of tran-
sient CHF is of great importance for the safety evaluation of
nuclear reactors under transient conditions.

The general approach in predicting transient CHF in nuclear
reactor safety is to treat it as a local-condition phenomenon. With
this approach, the steady-state correlations, coupled with instanta-
neous local flow conditions, are used to predict the transient CHF
values. The use of steady-state correlations to predict transient
CHF brings up two major concerns which are: (i) whether stea-
dy-state CHF data, or any analytical model which is derived from
these data, can be applied to predict CHF onset in transient and
(ii) on the basis of what parameters (e.g. local and instantaneous
values of flow) CHF should be calculated in transients. The answer
to the first concern is so far given in many places in the literature
that CHF can be calculated from steady-state data or correlations
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especially for flow reduction and power excursion accidents. How-
ever, there are no specific criteria currently available to answer the
second concern.
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Fig. 1. Chang et al. (1989) transient CHF map.
1.1. CHF relation to the safety of nuclear reactors

Nuclear reactors are operated below the CHF. However a part of
the fuel bundle can experience dryout during a loss of coolant acci-
dent (LOCA) occurrence. Dryout can also be encountered during a
loss-of-regulation accident (LORA) when the reactor power acci-
dentally increases. In the event of a large break LOCA in nuclear
reactor, such as that resulting from a rupture of a pipe of a primary
coolant transport system, pool boiling heat transfer considerations
would play a significant role. For example, during large breaks
LOCA, a significant decompression in the coolant transport system
could occur that consequently could cause flow reversal in the
downstream core pass. As a result, the net flow inertia within at
least some fuel channels in the reactor core system goes to zero
causing the coolant flow to stagnate in the fuel channels for some
period of time. This condition tends to cause rapid heat-up of the
pressure tubes in the fuel channels of the reactor core that might
result in possible expansion of the hot pressure tubes to contact
the calandria tubes, a phenomenon known as ‘‘pressure-tube bal-
looning”, such that pool boiling becomes applicable to the nearly
stagnant moderator water outside of the fuel channels in the calan-
dria vessel (Griffith et al., 1977; NSSD, 1981). There, pool boiling
dynamics such as nucleation of vapor bubbles, bubble growth
and departure and/or collapse which had been absent under reac-
tor normal operating conditions would become vigorous in such a
situation, so that it would become essential to take into account
these effects in the safety analysis with respect to design and oper-
ation of nuclear reactors.

For the other accident scenario, LORA, the power might acci-
dently increase to a level that exceeds that corresponding to the
CHF at normal flow conditions of pressure and flow. In this case
the flow regime could change for the fuel bundle (or a part of it)
from nucleate boiling to inverted annular film boiling passing
through the CHF point, which is in this case DNB.

Of the three boiling heat transfer regimes; namely, nucleate,
transition and film boiling, nucleate boiling is the regime most effi-
cient and simultaneously most complex mode of boiling. By defini-
tion, nucleate boiling heat transfer is characterized by the
formation of vapor bubbles from fixed sites randomly distributed
on a heated surface. The boiling crisis, or burnout, phenomenon
could occur in boiling-water-cooled fuel channels in the reactor
core where there is a depletion of liquid film, which under normal
operation flows over the fuel rods in the fuel channels, and a stable
vapor film is formed over the fuel rods. Also, it could occur at reac-
tor high powers where the rate of bubble nucleation exceeds the
ability to replenish the liquid supply to the heating surface of the
fuel rods. Consequently, the efficient process of nucleate boiling
heat transfer suddenly deteriorates in burnout condition, whereas
it gradually deteriorates in dryout condition, thus causing cooling
failure and the fuel sheath (cladding) experiences a sharp rise in
temperature, may be some orders of magnitude, which is a crucial
characteristic of burnout behavior. This phenomenon could limit
the fuel performance, and most likely cause failure in form of dam-
aging or melting the fuel rods, which eventually result in an unsafe
operation of the nuclear power reactor.

In the present paper, the review of the available literature on
the steady-state and transient CHF, in order to better understand
CHF phenomena, is presented. In addition, the parameters associ-
ated with the onset of CHF influenced by the transients are dis-
cussed. Also, the applicable range of flow conditions for which
the steady-state correlations or prediction methods could safely
be applied to effectively predict the transient CHF values is finally
evaluated.
2. Theories for explaining the transient CHF

There are some theories for explaining the transient CHF phe-
nomena such as the dryout of a thin liquid sub-layer under a vapor
colt (e.g. the model of Lee and Mudawaar, 1988) or the existence of
a bubbly layer between the heated surface and the liquid core (e.g.
the model of Weisman and Pei (1983)). Weisman (1995) tried to
explain the relation between steady-state and transient CHF phe-
nomenologically based on studies conducted by Iwamura et al.
(1994a,b) which showed that the Weisman and Pei (1983) stea-
dy-state CHF model was the best model to predict and explain
the transient CHF. The Weisman–Pei steady-state CHF model as-
sumes CHF occurs when the vapor volume fraction in the bubbly
layer exceeds a critical value. The vapor content of the bubbly layer
is determined by a balance between the outward flow of vapor and
inward turbulent transport of liquid at the bubbly layer–core
interface.

Chang et al. (1989) proposed a method of classifying the tran-
sient CHF mechanisms. The method is based on a novel transient
CHF map that considered upstream and local effects. The proposed
transient CHF regime map is shown in Fig. 1, and is divided into
four regions:

(a) Hydraulic-Instability-Limited DNB (Regime I);
(b) Thermally-Limited DNB (Regimes II and III);
(c) Liquid-Film-Limited Dryout (Regime IV).

For each regime the CHF mechanism and transient effect are gi-
ven in Table 1.

The transient CHF correction factors here were derived for each
CHF regime using the local-micro-layer-depletion factor and the
upstream-effect factor. The transient-correction factor KTR is de-
fined as (Chang et al., 1989)

KTR ¼
qCHF;TR

qCHF;SS
ð1Þ

where qCHF,SS is the steady-state CHF and qCHF,TR is the transient CHF
for the same local condition. Chang et al. (1989) proposed the tran-
sient-correction factor to have two components:

KTR ¼ KTR;m � KTR;u ð2Þ

where KTR,m is the local transient-effect factor (micro-layer-deple-
tion factor), and KTR,u is the flow-history-effect (upstream-effect fac-



Table 1
Transient CHF mechanism as proposed by Chang et al. (1989).

Regime Dryout
mechanism

Transient

I Pool boiling and
low flow

Hydrodynamic
Instability

Micro-layer depletion

II Sub-cooled DNB Bubble crowding
(local)

Micro-layer depletion

III Low quality DNB
and transient

Bubble crowding
(bubbly layer)

Micro-layer depletion
and upstream effect

IV Annular dryout Liquid film dryout Upstream effect
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tor). The transient-correction factor in each regime was defined
(Chang et al., 1989) as follows:

KTR ¼ KTR;m for regime I
KTR ¼ KTR;m for regime II
KTR ¼ KTR;m � KTR;u for regime III
KTR ¼ KTR;u for regime IV
3. Experimental studies on CHF

The technical significance of CHF phenomenon that relates to
burnout has led to the development of a variety of empirical or
semi-empirical correlations and models. Many different correla-
tions based on experimental measurements for the prediction of
CHF exist in the literature and vast amount of experimental data
are currently available. In general, CHF correlations are applicable
to specific geometries and valid over relatively limited ranges
and cannot be extended to conditions beyond the database. CHF
has been measured extensively in simple flow geometries such
as plates, strips, wires, and single tubes, made of various materials
that have been investigated over a wide range of boiling conditions
as reported in Pioro et al. (2004).

Other simple flow geometries have been used frequently in CHF
experiments. Such measurements have helped to provide a better
understanding of CHF behavior. One of the main problems for
investigating CHF in rod bundles is very high cost of such experi-
ments, and investigators are still attempting to find the reliable
and relatively inexpensive simple flow geometry test sections to
model CHF mechanisms in fuel bundles. Browne and Bansal
(1999) reviewed many experimental and modeling studies on boil-
ing over single horizontal tubes and on horizontal tube bundles
with different surface geometries. CHF experiment in fuel bundles
using water as a working fluid is very costly because of high pres-
sure and temperature of water requirements in heat transport
loops under standard nuclear reactor operating conditions (Ahmad,
1973; Chen et al., 2004). Therefore, in order, to reduce the high
electrical power cost, parameter scaling has been attempted. One
method is to scale down the size of test sections, while using the
same working coolant, i.e. water. This method of scaling has been
successful for simple geometries, but there is evidence that it
would not work effectively for multi-rod bundles (Chen et al.,
2004).

An alternative method, which has been widely used, is to re-
place water by a modeling fluid having a lower latent heat of
vaporization, such as refrigerants for simulating CHF for water.
This tends to reduce the test section power considerably. Also,
the required identical liquid/vapor density ratio for both water
and an environmentally safe refrigerant, such as R-134a results
in much lower operating pressures and temperatures for R-134a.
For example, Pioro et al. (2000) reported that reliable CHF predic-
tions for water can be made based on CHF measurements in refrig-
erants at considerably lower pressures (e.g. 1.13–1.67 MPa in R-
134a compared to 7–10 MPa in water), temperatures (e.g. 44–
60 �C in R-134a compared to 286–311 �C in water) and powers
(e.g. 0.95 MW in R-134a compared to 10 MW in water for the
experiments with bundles). Consequently, scaling using refriger-
ants for water in CHF experiments dramatically reduces loop con-
struction costs and allows improved visualization capability due to
lower operating pressures and temperatures (Ahmad, 1973). The
existing methods for the development of scaling criteria for two-
phase flow systems that, for example, could simulate heat trans-
port loops in nuclear reactor systems have been reviewed by Ishii
and Jones (1976). Those methods were used by Ishii and Kataoka
(1983) to develop scaling criteria for a thermalhydraulic loop,
and extended by Kocamustafaogullari and Ishii (1986) for re-
duced-pressure and fluid-to-fluid scaling. Cheng et al. (1993) re-
ported a range of experimental data of thermophysical properties
of various modeling fluids, including R-134a, based on a series of
CHF experiments that were performed to validate CHF fluid-to-
fluid modeling techniques.

Early research studies, such as the work by Palen et al. (1972),
have characterized boiling outside large-scale horizontal multi-
tube bundles. In these studies, tube-bundle average heat transfer
coefficients were obtained, and found to be greater than those
for a single tube in saturated pool boiling. Hsieh et al. (2003a,b)
performed an experimental study to investigate nucleate pool boil-
ing heat transfer from plasma coated tube bundles immersed in
saturated R-134a. They studied the influence of various parame-
ters, for instance, bundle arrangements and heat flux on nucleate
boiling characteristics. They observed that at low heat fluxes, the
vertical-in-line tube bundles had the highest bundle factor. Other
nucleate boiling studies using multi-tube bundles include investi-
gations by Chan and Shoukri (1987), Cornwell (1990), Memory
et al. (1995a,b), and Hsieh and Yang (2001). Although, there have
been several studies that investigated general pool boiling charac-
teristics on horizontal single tubes and multi-tube bundles made of
different materials and operating under various boiling conditions
(Hsieh and Hsu, 1994; Memory et al., 1995a,b; Chiou and Lu, 1997;
Saidi et al., 1999; Hsieh and Ke, 2002; Hsieh et al., 2003a,b; Barthau
and Hahne, 2004), the CHF mechanism and its relation to dynamics
of dry patches formation and spreading on such geometries in sub-
cooled and saturated pool boiling were not comprehensively inves-
tigated previously.

Dry patches, known also as dry areas or dry spots, on the heat-
ing surface during nucleate boiling have been reported in a number
of experimental results. The occurrence of dry patches seems to
indicate that the heating surface is partly in contact with the liquid.
The effect of dry patches on the heating surface is very important,
because the dry patches have much poorer heat transfer mecha-
nism. In an early study by Kirby and Westwater (1965), the li-
quid–vapor interactions very close to the heating surface were
investigated. From their results, an important consequence is that
sizable dry patches may develop under the large vapor masses,
whereas only small dry patches, if any, can develop under primary
bubbles which are small compared to vapor masses. Kirby and
Westwater (1965) concluded that the rapid growth of the dry
patches seems to be responsible for the occurrence of the CHF.
Van Ouwerkerk (1972) experimentally investigated the occurrence
of dry patches using Pyrex or fused quartz with a conductive layer
of gold having a thickness of 10 nm. When the heat flux is suffi-
ciently high, suddenly at some point on the heating surface a dry
area is not wetted and starts growing, leading to boiling crisis or
burnout.

Unal et al. (1992) reported that research in the area of hot spot
or dry patch CHF has involved work in three main categories: (1)
thin horizontal boiling surfaces – size, formation, and growth of
dry patches investigated but no work done on the contact temper-
ature; (2) thick horizontal boiling surfaces – formation of dry
patches observed; and (3) wires – spatial distribution of dry
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patches along the length of a wire, with much ‘‘CHF hot spot tem-
perature” work done. Dry patch formation on horizontal flat boil-
ing surfaces and horizontal wires could show slightly different
characteristics because of the hydrodynamics of the vapor mush-
rooms. In the work done by Unal et al. (1992), emphasis was given
to the formation of dry patches on horizontal flat boiling surfaces.
In their model, they hypothesized that a dry patch with a given size
to have a circular shape, and the occurrence of these patches alone
was not sufficient to cause CHF. They also proposed that the tem-
perature at the center of the dry patch first must reach a critical va-
lue above which liquid–solid contact was no longer possible. Once
this condition occurs at a local point on the heating surface for
most heat-flux-controlled systems, the dry patch starts growing,
causing a dry patch finally to cover the entire heating surface, as
the surface moved through transition boiling into film boiling. Unal
et al. (1992) concluded that the occurrence of such a hot spot on
the surface was the real cause of the CHF.

Carvalho and Bergles (1994) identified nucleate pool boiling
sub-regimes together with the description of dry patch formation.
They concluded that if the slope of the boiling curve was invariant,
no dry patches were formed on the heating surface. And they be-
lieved, as proposed by Gaertner (1965), that the primary event
for the onset of CHF was the propagation of dry patches or local
dry areas or film boiling under vapor clots to envelop the whole
heating surface. Nishio et al. (1998) observed the dynamic behav-
ior of dry patches for the pool boiling of R-113 on a sapphire plate.
They pointed out that the liquid–solid contact of the network pat-
tern at CHF is much different from the observation of Gaertner, and
the boiling structure model by Dhir and Liaw (1989) and Haramura
and Katto (1983), in which isolated minute vapor stems are at-
tached to the boiling surface.

Even though the dry patches were experimentally observed by a
number of investigators as discussed above, they were not actively
considered in CHF modeling so far. For example, Ha and No
(1998a,b, 2000) successfully applied the behavior of dry patches
to the development of CHF models. It seems evident that from
the previous reviews that the bubble dynamics in each boiling
sub-regime are closely related to the formation of dry patches that,
at least, are responsible for the onset of the CHF. Therefore, to gain
clear information for the CHF triggering mechanism, the simulta-
neous observation for the behaviors of bubbles and dry patches
rather than the individual observation in the vicinity of a heating
surface is essential.

Nishio et al. (1998) proposed a direct observation technique of
the dynamic behavior of liquid–solid contact from below the boil-
ing surface using a transparent boiling surface and optical mea-
surements using a total reflection method. They proposed a new
parameter describing the heat transfer in high-heat flux boiling
based on experimental results obtained with the total reflection
technique for pool boiling of saturated R-113 at atmospheric pres-
sure. Nishio et al. (1998) termed the new parameter the ‘‘contact-
line-length density” (CLLD) and was defined as the total length of
contact-lines existing in unit area on the boiling surface. Nishio
and Tanaka (2002) later proposed a simplified model to predict
the CLLD at CHF based on optical images taken from below a boil-
ing surface using a total reflection method. They also proposed a
criterion to estimate the maximum value of the CLLD, where in this
criterion it is assumed that CLLD reaches maximum value if the dry
areas become to touch each other.

In a recent study by Chung and No (2003), new experimental
using R-113 attempts were made to directly observe the physical
boiling phenomena of bubbles and dry patches simultaneously
from below a horizontal flat heating surface, whereas side views
of bubbles were also attempted to obtain the two-dimensional
bubble behavior. They observed that the formation of bubbles
and dry spots occurs simultaneously. At CHF, the surface rewetting
was repeated by the local nucleate boiling around the large vapor
film. At post-CHF, nucleate boiling at the locally wetted region was
extinguished, resulting in the dryout of the whole heating surface.
Chung and No (2003) concluded that the CHF was triggered from
the locally limited nucleate boiling activity rather than any hydro-
dynamic instability.

Several researchers investigated the effect of heating surface
characteristics, such as surface configuration, thermophysical
properties, wettability, roughness, geometry, and orientation, on
nucleate pool boiling. For example, Rohsenow (1982) reported that
changing surface characteristics can shift the position of the boiling
curve markedly, because it tends to change the cavity size distribu-
tion. Nishikawa et al. (1984) proposed that the effects of surface
roughness would be decreased if a system pressure was increased
because active nucleation sites density on the heating surface was
decreased with increasing pressure. Kang (2000) performed an
experimental parametric study to investigate the effect of surface
roughness on pool boiling heat transfer using saturated pool boil-
ing of water at atmospheric pressure. He observed that an increase
surface roughness tends to provide enhancement to heat transfer
at a fixed wall superheat because the rough surface tends to have
more cavities than the smooth surface, while pool boiling heat
transfer coefficient depends on the nucleation site density. Kang
(2000) also reported that an increase in surface roughness gives
no observable change in pool boiling heat transfer characteristics,
especially in high-heat flux region, for the horizontal tubes because
of the lack in liquid agitation. However, its effect tends to magnify
as the orientation of a tube changes from horizontal to the vertical
position because the change in tube orientation gives much stron-
ger liquid agitation and smaller bubble coalescence. Recently, Tak-
ata et al. (2005) performed an experimental study to investigate
the effect of surface wettability on pool boiling at saturation condi-
tions using a heating surface coated with a photocatalyst substance
using titanium dioxide (TiO2) that tends to have a high contact area
with boiling water when irradiated by UV light. They observed that
the TiO2-coated surface exhibited higher heat transfer characteris-
tics in nucleate boiling region and its CHF was higher than that ob-
tained for the non-coated surface. Pioro et al. (2004) presented an
extensive review on studies that investigated effects of boiling sur-
face characteristics on nucleate pool boiling heat transfer. They re-
ported that nucleate pool boiling is a very complicated process
which is interdependently and simultaneously affected by heating
surface characteristics under various boiling conditions.

3.1. Experimental techniques used for transient CHF

Flow transient CHF experiments are performed using electri-
cally heated tubes (internal flow), single rod (annular flow or
heated wire), or bundle of rods. Characterizing transient CHF re-
quires determining important quantities at any time and along
any location of the test section. These quantities are: heater tem-
perature, pressure, mass flux, coolant enthalpy, and power to cool-
ant. These important quantities are discussed in the following
section.

3.1.1. Heater temperature measurement
Thermocouples are used to detect heated wall temperature at

any location along the heater. The thermocouples are either di-
rectly attached to the heated wall through a metallic joint or
through a dielectric joint such as mica, ceramic or even air. The re-
sponse time of the thermocouples has an equal importance as that
of accuracy when performing transient CHF experiments. The re-
sponse time is an important parameter to determine the exact time
at which CHF occurs from the recorded data. A too long time re-
sponse could make the experiments meaningless except for very
slow transients. Hassid (1973) suggests having a time response
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of 0.2–0.4 s as satisfactory response. Direct attachment of the ther-
mocouple junction to the metallic walls has been adopted by many
researchers (e.g. Moxon and Edwards, 1967; Hicken et al., 1972).
Very short time response can be obtained by this method
(�0.1 s). Some of the drawbacks of using this technique arise from
the difficulties of installation and the possibility of having electri-
cal unbalance. Brazed sheathed thermocouples to the heated wall
have been used by Gaspari et al. (1973). The results are satisfactory
with an overall time response of 0.2–0.3 s. One other technique
consists of silver soldering thermocouple junctions or sheath to a
metallic piece fitted to the heated walls through an insulating
layer. Hassid (1973) recommends that this method should be dis-
carded due to the very large time response, unless when used for
very slow transients.

3.1.2. Pressure measurement
The very large variety of available pressure transducers made

the continuous measurement of pressure an easy task. The overall
time response of the transducer-recording system must be speci-
fied. Determination of pressure at various locations along length
is important when rapid pressure transients are expected (Gaspari
et al., 1973).

3.1.3. Mass flow rate measurement
Mass flow rate determination is very difficult when two-phase

flow is to be measured at both inlet and exit of the test section.
The overall time response must be accurately determined, as
emphasized by Moxon and Edwards (1967). Flinta et al. (1971)
have proposed a continuous measuring technique based on the
use of a turbine flow meter together with a ‘‘drag body meter”. This
method allows measuring mass flow as well as determining en-
thalpy. However, the reliability of this method is not fully estab-
lished. Another technique has been used by Gaspari et al. (1973)
and Agostini and Premoli (1971), which permits discrete measure-
ments of mass balance over portions of the reactor or experimental
test section coolant circuit. This method is based on a quick-acting
valve technique (closure time 60.01 s). The drawback of this tech-
nique is that it requires many test repetitions. No attempts have
been yet made to measure the mass flow rate at intermediate loca-
tions along the test section. From the available information it
seems that much effort is still to be done, also for inlet and outlet
flow measurements, which are very important parameters for the
interpretation of transient CHF data.

3.1.4. Coolant enthalpy measurement
Temperature measurements of coolant are easier when a single

phase fluid is present (sub-cooled liquid or superheated vapor).
However, in the CHF transient, where two-phase flow is present,
no information is in general available or reliable on coolant enthal-
py. One of the suggestions to determine the coolant enthalpy dur-
ing transients is through the measurement of void fraction which is
related to quality, and therefore to enthalpy. It should be noted
that the void fraction is normally expressed in terms of the slip
velocity. The slip velocity is defined as the difference between
the average velocities of two different fluids flowing together in a
pipe. In vertical ascending flow, the lighter fluid flows faster than
the heavier fluid. Also, the slip velocity depends mainly on the dif-
ference in density between the two fluids, and their holdups. Void
fraction measurements are more reliable and accurate with the
development of fiber-optics sampling techniques.

3.1.5. Power to coolant measurement
Determination of power to coolant is important in power and

pressure transient tests. In these tests, power to coolant may be
considerably different than generated power. Determination of
power to coolant is also necessary when CHF is let to propagate up-
stream of the test section where temperature of the heater can
vary considerably along its length (1973). This has a strong effect
on generated power for heaters which have electrical resistance
dependent on temperature. Thus a continuous measurement of
current and voltage in a number of locations along length is in gen-
eral useful.
4. CHF modeling studies

Most of the studies on CHF mechanism have been reviewed in
numerous studies by Tong (1972), Tadreas and Kazimi (1990), Kat-
to (1994), Collier and Thome (1996), and Tong and Weisman
(1996). Furthermore, extensive research work has been made on
modeling or experimentally describing the relevant physical pro-
cesses leading to boiling crisis (Tong and Hewitt, 1972; Weisman
and Ying, 1985; Hewitt and Govan, 1990; Galloway and Mudawar,
1993; Theofanous et al., 2002). Most CHF models are based on a
description of a limiting process that limits flow to the heated sur-
face during intense boiling. Galloway and Mudawar (1993) classi-
fied CHF modeling studies into three general categories: boundary
layer separation models, bubble crowding models, and sub-layer
dryout models. All three types of models were based on conditions
that promote dryout of the heating surface, but differ in the phys-
ical description of the CHF triggering mechanism.

Sadasivan et al. (1995) reviewed the current status of CHF mod-
eling and highlighted a number of areas where future CHF experi-
ments should focus, and emphasized the need for new experiments
towards further understanding of boiling crisis and CHF triggering
mechanisms. Sadasivan et al. (1995) reported that the two main
schools of thought that have emerged on the controlling mecha-
nism of CHF were both based on the concept of hydrodynamic
instability and the main difference between the two approaches
is the location of the instability with respect to the heating surface.
The hydrodynamic instability model, also termed as ‘‘far-field
model”, was originally presented in the foundation work of Zuber
(1958) that was the first theoretical formulation of CHF. In this ap-
proach, CHF is triggered by the instability in the vapor–liquid inter-
face of the vapor columns originating from the heating surface
during the process of nucleate boiling. There, the onset of hydrody-
namic instability leads to a breakdown in the process of vapor re-
moval from the heating surface, leading eventually to entire vapor
blanketing of the surface. In a heat-flux-controlled system, this
causes the surface temperature to increase dramatically, whereas
in a temperature-controlled system, this causes a slight reduction
in the heat flux. Sadasivan et al. (1995) argued that because of
the very nature of this model, the temperature of the heating sur-
face does not play a role; CHF is solely a function of hydrodynamics
of the vapor flow in the vapor columns above the heating surface.
Sadasivan et al. (1995) also reported that based on the Zuber model
the vapor flow from the heating surface is influenced by two major
factors: the vapor generation at the heating surface as a result of
the heat flux, and the vapor escape path or pattern from the heat-
ing surface. There, the heating surface geometry relates to CHF
through its boiling area and the hydrodynamic flow pattern, which
the given geometric configuration generates.

The Zuber model was first used to predict CHF in saturated pool
boiling over horizontal surfaces, such as infinite flat plate. The
model was then used to evaluate CHF in a variety of pool boiling
situations depending on appropriate configuration-related modifi-
cations. For example, Lienhard and Dhir (1973) further developed
the Zuber model and used it to predict CHF on wires, ribbons,
etc. Lienhard (1988) reviewed studies that utilized the Zuber mod-
el to predict burnout on cylinders taking into accounts such vari-
ables as size, properties of the boiled liquid, gravity, liquid sub-
cooling, velocity of an imposed cross flow, and certain other vari-
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ables as well. Dhir (1991) reviewed studies that provided mecha-
nistic understanding, including the Zuber model, of nucleate and
transition boiling heat transfer under pool and external flow boil-
ing conditions. Katto (1994) presented an extensive review of
experimental and theoretical studies on CHF phenomenon under
various geometrical configurations and boiling conditions, includ-
ing a survey of a number of fundamental models of CHF and tran-
sition boiling, such as the Zuber model.

Kirby and Westwater (1965) and Yu and Mesler (1977) reported
the existence of a thin-rich liquid sub-layer between the large va-
por mushrooms and the heating surface. The possible role of this
so-called macro-layer in nucleate boiling and CHF was not ex-
plored in detail for several more years. In 1983, Haramura and Kat-
to (1983) proposed the ‘‘macro-layer” dryout model, also termed as
‘‘near-surface model”, based on series of experimental observa-
tions including Gaertner’s (1965), which seem much different from
the physical model used by Zuber (1958). The macro-layer dryout
model postulates that the macro-layer formed on the heating sur-
face with an initial thickness is evaporated away during a hovering
period of the overlying vapor mass when the CHF appears. The
macro-layer model still retained the basic element of the Zuber
model, i.e. hydrodynamic instabilities control the occurrence of
CHF, but based on the condition of the dryout of the macro-layer
without liquid resupply throughout the period of vapor mushroom.
Haramura and Katto (1983) proposed that the controlling instabil-
ities occur not at the walls of the vapor columns as envisioned by
Zuber (1958) but rather at the walls of the minute vapor stems
around active nucleation cavities that intersperse the liquid
macro-layer at the heating surface.

On-wall mechanisms are not considered in either of the two
above models. Some attempts have been made to explain the de-
tailed processes of heat and mass transfer on the heating surfaces.
A group of studies have been performed by Pasamechmetoglu et al.
(1993) based on the macro-layer dryout model, in which the dom-
inant heat transfer is attributed to the evaporation at the liquid–
vapor–solid contact points. Another group of studies have been
performed by Dhir and Liaw (1989) who proposed the ‘‘unified
model” for CHF, in which the heat flux is related to the void frac-
tion and. Furthermore, Lay and Dhir (1995) have proposed a vapor
stem model and made a dynamic analysis of it, from which stable
minute vapor stems are possible. Those models have shown that
only the evaporation of a so-called micro-layer (which is much
thinner than the macro-layer) can contribute to the high-heat flux
in fully developed nucleate boiling. Extensive studies have been
performed to understand these complex transport processes, but
due to experimental difficulties only a few studies have focused
on the micro-phenomena of such processes. For example, Moore
and Mesler (1961) deduced the existence of micro-layer from
observations of rapid fluctuations in the temperature of a heating
surface on which bubbles were being generated. The existence of
a thin evaporating micro-layer beneath a growing bubble in nucle-
ate pool boiling was then experimentally confirmed by Cooper and
Lloyd (1969), and it was observed that the evaporation of the mi-
cro-layer contributed significantly to the growth of the bubbles.

Cooper (1969) developed a micro-layer theory to predict the
growth of bubbles in nucleate pool boiling. Judd and Hwang
(1976) studied the role of micro-layer evaporation mechanism in
nucleate pool boiling heat transfer. They performed a comprehen-
sive set of measurements that substantiated a model for the pre-
diction of boiling heat flux that incorporated micro-layer
evaporation, natural convection, and nucleate boiling mechanisms.
Judd and Hwang (1976) also found that the micro-layer evapora-
tion heat transfer represented a significant proportion of the total
heat transfer for the range of heat flux considered. Haider and
Webb (1997) reported that the high-heat flux in nucleate boiling
can be attributed to one or more of the following possible mecha-
nisms: (1) transient conduction, and subsequent replacement of,
the superheated liquid layer in contact with the heating surface,
(2) evaporation of a thin liquid micro-layer beneath the growing
bubble, and (3) circulation of liquid in the vicinity of a growing
bubble due to thermocapillarity effects at the vapor–liquid bubble
interface. Many of experimental studies indicated that the boiling
curve around the CHF point is a continuous function of wall super-
heat and the boiling mechanism does not change drastically at CHF
(Nishio and Tanaka, 2002). However, it is expected that vapor and
liquid transport balances would change.

Zhao et al. (2002a,b) proposed a new dynamic micro-layer mod-
el to predict theoretically CHF in transient and fully developed
nucleate boiling regions for pool boiling on horizontal surfaces.
Their experimentally-validated model presented a dynamic struc-
ture of vapor–liquid–solid contacts and the boiling heat transfer
was mainly attributed to the evaporation of the micro-layer which
was formed during the initial growth period of individual bubbles.
In their model, the micro-layer thickness and the dryout area as
well as the wall heat flux were formulated as functions of wall
superheat. They also found that the initial thickness of the mi-
cro-layer becomes thinner with increasing of wall superheat, and
both the evaporation and the partial dryout speed of the micro-
layer increase.

4.1. Modeling aspects related to transient CHF

It should be noted that the analysis of transient CHF data is
based mostly on the use of computer codes for calculation of
flow and enthalpy transient at any location along the heated
length. These codes are developed to solve mass, momentum
and energy balance equations together with some steady-state
empirical correlations for the calculation of quantities such as
slip ratio (void fraction), heat transfer coefficient, pressure drop,
etc.

Some of the attempts were made to predict transient CHF
from inlet conditions (Moxon and Edwards, 1967; Hein and
Mayinger, 1972). The results of using inlet conditions were
unsatisfactory which led to the adoption of using local instan-
taneous conditions for predicting transient CHF. Generally the
time at which CHF occurs for any location along the test sec-
tion is calculated using a steady-state correlation. Basically
there are two different approaches for steady-state correlations
used:

� correlations of the form (e.g. Morgan et al., 1972; Moxon and
Edwards, 1967; Hein and Mayinger, 1972):

q ¼ qðX;G; PÞ ð3Þ

where q is the heat flux to coolant which is considered as a un-
ique function of the local quality X, the local mass flux G, and
the local pressure P, and
� correlations of the form (e.g. Gaspari et al., 1973):
X ¼ XðLH;G; PÞ ð4Þ

where X is the local quality which is considered to be a unique
function of heated length LH, local mass flux G, and local pressure
P. The comparison between experimental transient CHF data and
predictions from analytical models is usually performed on the
time at which CHF occurs from the beginning of the transients
(e.g. Gaspari et al., 1973; Tong et al., 1965).

Two major concerns are worth mentioning in performing
the analysis. The first concern is the reliability of overall com-
parison is dependent on the computer code to predict local
and instantaneous values of flow and temperature (or enthal-
py), and the CHF steady-state correlation at the mass flow rate,
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pressure, quality and heat flux (or length) for which CHF occur.
The second concern arises in performing the comparison on
critical heat flux considered to be more significant than on
the time at which CHF occurs (Hassid, 1973). A better agree-
ment will be achieved when the accuracy of transient CHF pre-
diction is comparable to that required for a steady-state CHF
correlation. This is better evidenced if critical heat flux is
considered.

In conclusion, the general approach to predict transient CHF is
to relate it to corresponding steady-state CHF values obtained at
the same instantaneous local pressure, mass flux and quality (qua-
si-steady-state approach),

KTR ¼
qCHF;TR

qCHF;SS
ð5Þ

In the above Eq. (5), transient CHF, qCHF,TR, is obtained directly
from the experiment. However there are three ways applied to ob-
tain the steady-state CHF, qCHF,SS namely:

(a) by obtaining steady-state CHF experimental data with flow
conditions matching the corresponding instantaneous local
conditions of the transient CHF,

(b) by curve-fitting of the steady-state CHF data for the same
range of conditions of transient CHF data, and use the
curve-fit to predict steady-state CHF values, or

(c) by using very well established steady-state CHF correlations
like the ones used in safety codes.
Table 2
Flow transient experiments.

Reference Fluid Test section geometry

Smirnov et al. (1973) Water One tube

Hein and Mayinger (1972) Water One tube, one annulus, 4- and 9-rod
bundles

R-12

Gaspari et al. (1973) Water One annulus outer tube heated,

One tube, both 4 m long

Shih (1974) R-11 One annulus inner rod heated 0.92 m
heated

Zielke and Wilson (1974) Water 9-Rod bundle, 1.83 m long

Celata et al. (1986a,b) R-12 Round tube
ID = 7.5 mm
L = 2300 mm

Sugawara and Shiba (1987) 36-Rod bundle
L = 3.7 m

Iwamura and Kuroyanagi
(1982)

Water Round tube
ID = 10 mm
L = 800 mm

Lee and Lin (1993) Water Round tube, 3.6 m
ID = 13.4 mm

Iwamura et al. (1994a,b) Water Triangular-pitch 7-rod
OD = 9.5 mm (heater rod)

Rod pitch = 11.7 mm
5. Transient CHF experiments

5.1. Flow transient experiments

Table 2 lists the ranges of conditions of flow transient experi-
ments reviewed in this study. Experiments on flow transients are
divided into two types: (a) flow decay (including flow oscillation)
and (b) flow stoppage (sudden LOCA) experiments. Flow stoppage
experiments are in general more significant than flow decay (Has-
sid, 1973), since all the involved phenomena are of dynamic nat-
ure. These experiments are valuable to understand the basic
mechanisms of CHF onset in transients and to check the validity
of the analytical models. Moreover, flow stoppage transients are
also connected to BWR LOCA transients, where inlet flow is as-
sumed to be instantaneously lost due to the jet pumps being
uncovered.

Moxon and Edwards (1967) suggested that the local CHF mass
velocity tends to be lower in a transient situation than under stea-
dy-state conditions. However, the majority of studies indicate that,
although the CHF mass velocity at the inlet decreases in fast tran-
sient, the occurrence of CHF could be estimated well from the
instantaneous local conditions at the CHF location with steady-
state correlations (Leung et al., 1981).

Smirnov et al. (1973) conducted flow transients in a single tube
(0.5 and 1.4 m long) with flow decreased by 40–70% of its initial
value within 0–3 s. Instantaneous local parameters of flow of CHF
were determined by calculation. Steady-state CHF was obtained
Flow conditions Transient

9.7 MPa Flow decay
1000–3000 kg m�2 s�1

280–340 kW m�2

6.9, 13.8 MPa Power ramp, flow decay
1360 kg m�2 s�1

1420 kW m�2

1.1 MPa Power ramp, flow decay
500–3500 kg m�2 s�1

320 kW m�2

4.9 MPa Flow stoppage
136–2710 kg m�2 s�1

240–830 kW m�2

4.9 MPa Exponential power ramp
680–1500 kg m�2 s�1

350–830 kW m�2

0.95–1.13 MPa Flow decay and surge with power ramp or
decay380–760 kg m�2 s�1

95–126 kW m�2

15.2 MPa Power ramp, flow decay
1360–4070 kg m�2 s�1

–
1.2–2.75 MPa th = 0.4–10.0 s
1000–1470 kg m�2 s�1

32–85 kW m�2

2–7 MPa Flow reduction rate up to 500% s�1

10–50 Ton h�1 per
bundle
2–6 MW m�2

0.5–3.9 MPa Flow reduction rate = 0.6–35% s�1

1240–3050 kg m�2 s�1

2160–3860 kW m�2

Tin = 210 �C
6.9, 15.5 MPa Flow reduction rate = 0.1–30% s�1

1960–3800 kg m�2 s�1

1.1–1.46 MW m�2

P0 = 13.0–15.5 MPa Flow reduction rate = 1.6–30% s�1

G0 = 2000–
3200 kg m�2 s�1

Tin = 260–310 �C
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in the same test section. With a sharp decrease in mass velocity the
computed time to CHF was sooner than experimentally observed
which implies that the transient CHF was higher than the steady-
state CHF.

Hein and Mayinger (1972) summarized the power and flow
transient test results conducted in a single tube, an annulus, 4-
rod and 9-rod bundles. Results showed improvement (conservative
prediction) over steady-state CHF levels with linear power-excur-
sion time of a few seconds. For flow transients, good agreement
was obtained between transient and steady-state CHF. Only at very
low mass flux the CHF improvement occurred, which was attrib-
uted this to the finite time required for complete evaporation of
the liquid film on the heated surface.

Gaspari et al. (1973) used a directly heated annular test section
cooled by 5 MPa water to measure the time to dryout for inlet flow
stoppages (at constant pressure and power). It was concluded that
the steady-state CHF correlations can be used to predict the tran-
sient time to dryout for the described flow conditions.

Shih (1974) extended Ahmad’s (1973) compensated distortion
scaling model to predict transient CHF in an annular test section
utilizing Freon-11 as the working fluid. More distortion parameters
were introduced to meet requirements in the various transients,
and these parameters were determined experimentally. Then dif-
ferent transient conditions were scaled up to equivalent conditions
in the water system and simulated by a computer code. In the flow
transients, the inlet flow was reduced by 1/3 in about 1.5 s and CHF
occurred long after (�1.5 s) the mass velocity has established in a
stable but lower flow configuration. In all cases, no CHF was ob-
served while the flow was decaying. However, the onset of CHF
was well predicted the code to within ±20%.

Celata et al. (1986a,b) conducted experiments of R-12 flow boil-
ing in a tube of 7.5-mm ID and 2300 mm long at 1.25–3.00 MPa
(covering PWR and BWR conditions with respect to equal density
ratio) and mass flux of G = 1.01–1.47 Mg m�2 s�1. They measured
the time interval from the start of the flow transient to the onset
of the CHF. The steady-state CHF correlations were found to be
inadequate in accurately predicting the onset of the CHF in the case
of a fast flow transient (half-flow decay time th < 5.0–6.0 s) and
with reasonable accuracy of prediction for slower transients. Celata
et al. (1986a,b) showed that the steady-state CHF correlations con-
servatively predicted transient CHF values (qCHF,TR > qCHF,SS).

Sugawara and Shiba (1987) performed flow transient tests in a
36-rod bundle, operating at �7 MPa and initial flows of 1.5–
2.0 Mg m�2 s�1 and flow reduction rate of 0–500% s�1. No effect
on the CHF was observed for the range of flow reduction rate.

Iwamura and Kuroyanagi (1982) experimented on the CHF in
transients caused by a linear reduction in the mass flow rate under
Table 3
Power transient experiments.

Reference Fluid Test section geometry

Zielke and Wilson
(1974)

Water 9-Rod bundle, 1.83 m long

Aoki et al. (1976) Water One annulus inner rod heated 0.1, 0.5 m heated

Sugawara and Shiba
(1987)

36-Rod bundleL = 3.7 m

Iwamura et al.
(1994a,b)

Water Triangular-pitch 7-rod
OD = 9.5 mm (heater rod)
Rod pitch = 11.7 mm

Inoue et al. (2000) Water Heater block with length 4.8–65.0 mm and surfa
curvature of 24.8, 62.1, 1mm
constant pressure and heat flux. Tests were carried out for water
boiling at 0.1–3.9 MPa in either a tube (10 mm ID and 800 mm
long) or annuli (a heated inner tube of 10 mm OD and 800 mm long
with a glass shroud of 12.8–14.0 mm ID). The observations sug-
gested that the CHF was caused by the ‘‘dryout of a liquid sub-
layer” 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. In subsequent work, Iwamura et al. (1994a,b) obtained
transient CHF values in a 7-rod assembly having a cosine AFD, at
PWR conditions of interest (P = 13.0–15.0 MPa, G = 2.0–
3.2 Mg m�2 s�1) with flow decreases up to �30% s�1. For the com-
parison between transient and steady-state CHF values, Iwamura
et al. (1994a,b) used steady-state correlations having 10% uncer-
tainty with steady-state data obtained by the same test section.
Transient CHF values were accurately predicted by the steady-state
CHF correlations (within the uncertainty range).

Lee and Lin (1993) performed experiments on a single tube to
cover the flow conditions of both BWR and PWR for flow reduction
rates up to 30% s�1. They also investigated experimentally the ef-
fect of transient speed on the local mass velocity. The effect was
found to be very small. Lee and Lin applied different steady-state
correlations to predict transient CHF with and without the correc-
tion factor of Chang et al. (1989). Lee and Lin (1993) concluded that
the local condition approach can be applied in the predictions of
flow transient CHF for the range under investigation.
5.2. Power transient experiments

The ranges of power transient experimental conditions re-
viewed in this study are listed in Table 3. Zielke and Wilson
(1974) reported power transients performed on a 1.83 m long, 9-
rod bundle. Typical reactor power ramp was simulated. Transient
CHF values were predicted using the steady-state correlation with
about 5% in the conservative side.

Aoki et al. (1976) made extensive studies of transient heat input
in an annulus. The observed behavior of transient CHF was deter-
mined according to three regions of flow conditions. At high flow
(mass flux around 2.1 Mg m�2 s�1) and large sub-cooling, CHF lev-
els appear to be independent of power ramp rate. In the second re-
gion, where CHF occurs at 50–70% void fraction, the transient CHF
follows the steady-state value closely. Because of the moderate
void fraction, the bulk conditions affect the heat transfer at the sur-
face. For the third region, where CHF caused by dryout occurs
slowly, the transient CHF levels appear to increase with increasing
power ramp rate.

Pasamehmetoglu et al. (1990) performed analytical study on
the effect of power transients on CHF in flow boiling. Quasi-stea-
Flow conditions Transient

15.2 MPa Power ramp
1360–4070 kg m�2 s�1

–
2.1–7.0 MPa Power ramp to max 6000 kW m�2

Up to 2100 kg m�2 s�1

2.0–7.0 MPa Power increase rate up to 500% s�1

10.0–50.0 Ton h�1 per bundle
0.5–5.5 MW
13.0–15.5 MPa Power increase rate of 2.0–

120% s�11430–2400 kg m�2 s�1

Tin = 291–310 �C
ce Jet velocity = 1.1, 2.5, 5.0, 8.0,

12.0 m s�1
Power input rate of 1.1, 2.5,
10.0 MW m�2 m s�1

Subcooling = 30, 60, 80 K
Up to 50 MW m�2
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dy-state approach was applied in the analysis with the use of Kat-
aoka et al. (1983) transient data for the comparison. Excellent
agreement was obtained between the predicted and experimental
CHF values.

Sugawara and Shiba (1987) performed power transient tests in
a 36-rod bundle, operating at �7 MPa and initial flows of 1.5–
2.0 Mg m�2 s�1 and heat flux increase rate of 0–500% s�1. Transient
CHF was equal to steady-state CHF for heat flux increase rate up to
0.5 MW m�2 s�1. Transient CHF was higher at higher heat flux in-
crease rates.

Iwamura et al. (1994a,b) obtained transient CHF values in a 7-
rod assembly having a cosine AFD, at PWR conditions of interest
(P = 13.0–15.0 MPa, G = 1.43–2.40 Mg m�2 s�1) with simultaneous
power increases of up to +120% s�1. For the comparison between
transient and steady-state CHF values, Iwamura et al. (1994a,b)
used steady-state correlations having 10% uncertainty with stea-
dy-state data obtained by the same test section. Transient CHF val-
ues were predicted accurately by the steady-state CHF correlations
(within the reported uncertainty range).

Inoue et al. (2000) studied the effect of power transient on cool-
ing fusion reactor by impinging planar jet flow using ramped
power input. Steady-state CHF data were obtained in the same
testing facilities for comparison. Inoue et al. (2000) found that
the transient CHF is equal to or higher than steady-state CHF and
the difference in values increases with increasing the heat input
rate.

As a summary of the effect of power transient on CHF, the time
at which CHF occurs can be predicted quite accurately through lo-
cal and instantaneous values, calculated through computer codes.
The agreement between prediction and experimental data is
equivalent to that found in flow transient tests and, in terms of
critical heat flux, it is within the accuracy usually accepted for stea-
dy-state CHF prediction.

5.3. Pressure transient experiments

The reported information on pressure decay transients is much
less than for flow and power transients. Experiments have been
carried out at constant or variable power transients (power-to-
coolant varies during the transient, because of saturation temper-
ature decrease) and with different flow transients (Table 4). Flow
measurements in these transients are very difficult because two-
phase flow occurs when saturation conditions are reached.

Cermak et al. (1970) performed blow-down tests with exit
break in a 21-rod PWR bundles from an initial pressure of
10.3 MPa. Steady-state CHF data conducted in the same bundle
were used to predict the transient CHF, together with instanta-
neous local conditions. tCHF was reported to be affected by the
depressurization rate and the prediction under estimated tCHF by
as much as 5.7 s for an actual observed tCHF of 7 s. In six other tests
Table 4
Pressure transient experiments.

Reference Fluid Test section geometry

Cermak et al. (1970) Water 21-Rod bundle
1.53 m heated

Lawson (1971) Water 1-Rod in annulus, and 7-rod bundle, both 0.

Hicken et al. (1972) Water Single tube, 3 m heated 13.8 mm ID

Shih (1974) R-11 1-Rod in annulus, 0.92 m heated, 15.9 mm r
CHF were predicted to occur within the first 5 s but was not ob-
served experimentally. Cermak et al. (1970) conclusion was that
CHF during blow-down could be conservatively predicted on the
basis of steady-state data.

Lawson (1971) reported blow-down results in both single rod
and 7-rod bundles with an exit break. From an initial pressure of
10.3 MPa, the pressure transient lasted from 12 to 60 s. No CHF
was observed in the tests reported until the test section was at
(or near) atmospheric pressure and the coolant was almost de-
pleted. The effect of flow reversal, resulting from an inlet break
was studied too with the single 3.66 m rod enclosed by an outer
unheated shroud with a chopped cosine power profile and a peak-
ing factor of 1.69. About thirty blow-down tests were performed
and the earliest tCHF was about 4 s. Also it was found that for break
areas greater than 1.9 cm2, tCHF decreases with increasing break
area. At smaller break areas, tCHF begins to decrease with decreas-
ing break area. Further in the small-break regime, CHF occurred at
considerably higher pressures than in the large-break regime. It
was suggested that CHF was a dryout phenomenon in large-break
tests and possibly a departure from nucleate boiling phenomenon
in small-break tests.

Hicken et al. (1972) studied the effect of break area, and the
heat flux in a single tube during blow-down from an initial pres-
sure of 9.0 MPa. Pressure decay was found to be faster with larger
break orifices as expected. A rise in system pressure was observed
for small breaks as a result of the volumetric vapor-generation rate
exceeding the discharge mass flow rate. Their findings in transient
CHF can be summarized as follows:

� tCHF decreased with increasing heat flux,
� tCHF decreased downstream for large heat flux, but this depen-

dency was small at low flux,
� with large upstream breaks (with flow reversal), tCHF was short

for large heat flux but the upper region of the test section did
not experience early CHF,

� tCHF for double-ended breaks was intermediate between the
times for single ended breaks.

Shih (1974) extended Ahmad’s (1973) compensated distortion
scaling model to predict transient CHF in an annular test section
utilizing Freon-11 as working fluid. More distortion parameters
were introduced to meet requirements in the various transients,
and these parameters were determined experimentally. Then dif-
ferent transient conditions were scaled up to equivalent conditions
in the water system and simulated by a computer code. Shih
(1974) reported eleven depressurization transients. The system
pressure decayed from 1.12 MPa to 0.89 MPa in 1–4 s, equivalent
to the pressure range from 6.9 MPa to 5.52 MPa in water system.
Onset of CHF ranged from 1.0 to 4.3 s, after the pressure had
reached its minimum value in most cases. The predictions from
Flow conditions Transient

10.34 MPa Exit break
1350–4070 kg m�2 s�1

1900–3160 kW m�2

61 m heated 10.34 MPa Exit break
1350 kg m�2 s�1

1100 kW m�2

9.0 MPa Inlet break, exit break
– Double-ended break
1650 kW m�2

od OD 1.12 MPa De-pressurization by throttling
390–660 kg m�2 s�1

100–140 kW m�2



Table 5
Combined transient experiments.

Reference Geometry Fluid Flow conditions Transient

Celata et al. (1989) Round tube R-12 1.2, 2.75 MPa Flow and power (ramp and step)
D = 7.7 mm 1030–1500 kg m�2 s�1

L = 2.3 or 1.18 m DTin = 23–0 �C
th = 0.4–7.0 s
Margin to dryout = 0.5, 1.7 kW

Celata et al. (1991) Round tube R-12 1.25, 2.02 MPa Flow and pressure
1470 kg m�2 s�1

DTin = 23–0 �C
th = 0.5 s
dp/dt = 0.02–0.3 MPa s�1

2.02 MPa Pressure and power (step and ramp)
1470 kg m�2 s�1

DTin = 23–0 �C
th = 0.4 s
dp/dt = 0.02–0.3 MPa s�1

Margin to dryout = 0.5, 1.7 kW
1.25, 2.02, 2.77 MPa Flow, pressure and power (step and ramp)

D = 7.7 mm 1470 kg m�2 s�1

L = 2.3 or 1.18 m DTin = 23–0 �C
th = 0.4 s
dp/dt = 0.06–0.32 MPa s�1

Margin to dryout = 0.5, 1.7 kW
Iwamura et al. (1994a,b) Triangular-pitch 7-rod Water 15.5 MPa Flow and power

OD = 9.5 mm (heater rod) 2000–3200 kg m�2 s�1

Rod pitch = 11.7 mm Tin = 291 �C
Flow reduction rate = 2.2–25% s�1

Power increase rate = 2.5–75% s�1
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the computer code were not as good as the flow transients since
one dimensionless parameter was unable to be matched in his
scaling process.
P = 7MPa
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5.4. Simultaneous transient experiments

The ranges of experimental conditions investigated for com-
bined transient experiments are listed in Table 5 along with the
types of transients of each experiment. Celata et al. (1988, 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,
1992) studied the CHF in the case of transients caused by simulta-
neous 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 two studies, the analyses were
conducted on the basis of the local conditions hypothesis as well as
the quasi-steady-state assumption. In all cases, the time to dryout
was greater for the transients than for the steady-state; hence the
transient CHF was higher than the corresponding steady-state case
(conservative).

Iwamura et al. (1994a,b) obtained transient CHF values in a 7-
rod assembly having a cosine AFD, at PWR conditions of interest
(P = 15.0 MPa, G = 2.0–3.0 Mg m�2 s�1) with simultaneous power
increases of up to +75% s�1 and flow decreases up to –25% s�1.
For the comparison between transient and steady-state CHF val-
ues, Iwamura et al. (1994a,b) used steady-state correlations having
10% uncertainty with steady-state data obtained by the same test
section. Transient CHF values were accurately predicted by the
steady-state CHF correlations (within the uncertainty range).
0.60
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Heat flux increase rate (MW.m-2.s-1)

Fig. 2. Presentation of Sugawara and Shiba (1987). (a) Flow transient data and (b)
power transient data.
6. Analysis of reported results in the literature

Two groups of data were extracted (digitized) and presented
here. Other data were either difficult to extract or difficult to ana-
lyze. For the non-included data, the conclusions from the source
are used to determine the range of application of the steady-state
correlations to predict transient CHF.
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Fig. 3. Transient data of Iwamura et al. (1994a,b). (a) Flow transient and (b) power
transient data.
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The experiment of Sugawara and Shiba (1987) was performed
on a full-scale bundle to cover flow and power CHF transients.
The results were compared with steady-state prediction method
derived from experimental data obtained in the same loop. The re-
sults of flow and power transients are shown in Fig. 2 along with
the uncertainty of the used steady-state correlation (±4%). The flow
transient CHF is very well predicted by the steady-state correlation
while the power transient CHF starts to deviate at higher transient
speeds. Even with this deviation, one can see improvements in
transient CHF values over the steady-state values.

Fig. 3 shows the transient CHF data of Iwamura et al. (1994a,b).
Both steady-state and transient CHF experiments were performed
in the same experimental facility. The uncertainty of steady-state
correlation used in the analysis is also shown in Fig. 3 (the two
lines below unity). Although there is a bias in the prediction of
the steady-state data, the same bias appears in predicting the tran-
sient CHF data. Taking this into considerations, there is an excellent
agreement between transient CHF and the prediction of the stea-
dy-state correlation.

Much of the knowledge and understanding of the complex
behavior of boiling phenomena have come from direct visualiza-
tion and observation of such systems. As a classical visualization
study, Gaertner (1965) performed a photographic observation of
nucleate boiling on a horizontal surface and directly visualized
the boiling phenomena in the near-wall region. Gaertner (1965)
hypothesized the second transition region, where the stems of
the vapor mushrooms collapse causing local vapor patches to form
on the heating surface. He concluded that widespread vapor
patches caused boiling crisis. More recently, many investigators
have used high-speed visualization as a tool to study boiling crisis
characteristics, and to qualify and quantify the relative contribut-
ing factors to the high-heat flux in nucleate pool boiling (Han
and Griffith, 1965; Sun and Lienhard, 1970; Paul and Abdel-Khalik,
1983; Arshad and Thome, 1983; Chien and Webb, 1998; Nishio
et al., 1998; Ramaswamy et al., 2002; Pascual et al., 2002; Chung
and No, 2003; Nishio and Tanaka, 2004). However, the characteris-
tics of boiling that make optical techniques attractive also entail
difficulties in their application. Kenning (2004) reported that
depending on boiling conditions, boiling phenomenon is normally
accompanied by high-heat fluxes at boundaries, causing large gra-
dients of refractive index in the liquid that deflect light rays, which
are also absorbed by the liquid and refracted and reflected at many
liquid–vapor interfaces. This tends to limit the distance over which
optical observation can be made in the boiling system. Kenning
(2004) also reviewed many experimental studies that used optical
measurement techniques to observe boiling phenomenon and CHF
mechanisms. He reported some insights and limitations with re-
spect to optical techniques used in boiling heat transfer and CHF
experiments for pool and forced convective boiling applications.

7. Conclusion and recommendations for future work

Despite extensive theoretical, modeling and experimental ef-
forts, there are still substantial differences regarding boiling char-
acteristics and CHF triggering mechanisms, and knowledge of the
precise nature of CHF is still not well understood. This is mainly
due to the very complex nature of boiling phenomenon as reported
by Katto (1994). The disagreements in describing the boiling crisis
come primarily from the lack of in-depth knowledge of the physi-
cal phenomena causing CHF on the near-wall region of the heating
surface. Consequently, the majority of CHF models developed to
this point were based on postulated mechanisms, which were
not verified through direct observation due to difficulties in per-
forming detailed flow visualization of the near-wall region at a
heat flux approaching CHF. Hence, in order to accurately describe
CHF triggering mechanisms, direct observation of the on-wall
and near-wall regions during boiling crisis is deemed very
important.

The observed effect of flow transient on CHF can be summarized
as follows: tCHF can be predicted quite accurately through parame-
ters calculated by means of computer codes and steady-state cor-
relations. Two kinds of steady-state correlations have been used
in the literature based on the local values of heat flux, quality
and flow rate and based on the local values of quality, flow rate
and boiling length. The results are almost equivalent and the
agreement between prediction and experimental data is equiva-
lent to the accuracy usually accepted for CHF steady-state
correlations.

Some difficulties arise when CHF occurs at high quality and/or
low flow rate, since only special correlations are suitable in this
range. However, it should be concluded that no enough work has
been done to investigate the combined transient effects on CHF.
From the very limited available studies it is most likely applicable
to use the steady-state correlations to predict transient CHF. The
prediction in this case is considered to be conservative.
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