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a b s t r a c t

Saturated critical heat flux (CHF) is an important issue during flow boiling in mini and microchannels.
To determine the best prediction method available in the literature, 2996 data points from 19 different
laboratories have been collected since 1958. The database includes nine different fluids (R-134a,
R-245fa, R-236fa, R-123, R-32, R-113, nitrogen, CO2 and water) for a wide range of experimental conditions.
This database has been compared to 6 different correlations and 1 theoretically based model. For predicting
the non-aqueous fluids, the theoretical model by Revellin and Thome [Revellin, R., Thome, J.R., 2008. A the-
oretical model for the prediction of the critical heat flux in heated microchannels. Int. J. Heat Mass Transfer
51, 1216–1225] is the best method. It predicts 86% of the CHF data for non-aqueous fluids within a 30%
error band. The data for water are best predicted by the correlation by Zhang et al. [Zhang, W., Hibiki, T.,
Mishima, K., Mi, Y., 2006. Correlation of critical heat flux for flow boiling of water in minichannels. Int. J.
Heat Mass Transfer 49, 1058–1072]. This method predicts 83% of the CHF data for water within a 30% error
band. Some suggestions have also been proposed in this paper for the future studies.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Boiling heat transfer in so-called ‘‘microchannels” or ‘‘mini-
channels” holds great promise to replace air-cooling and
water-cooling of microprocessor chips. The increasing demand
for dissipating high heat fluxes from plasma-facing components
in a nuclear fusion reactor, solid targets of a high power accelera-
tor, etc. are also great challenges (Zhang et al., 2006). Flow boiling
is a topic that has been increasingly investigated in the last decade
but requires the development of reliable and accurate design tools
based on extensive experimental investigations to reach its tech-
nological potential.

However, high heat flux flow boiling is limited by the critical
heat flux (CHF) or burnout. When the liquid, in contact with the
heated surface, is replaced with a vapor blanket, the surface heat
transfer coefficient drops dramatically which results in a sudden
increase of the surface temperature and possible failure of the
cooled device. CHF may occur in subcooled as well as in saturated
boiling conditions. In subcooled CHF, the bulk temperature at the
channel outlet is subcooled and the thermodynamic equilibrium
vapor quality is lower than zero, x < 0. These are the typical condi-

tions for very high mass velocities, high inlet subcoolings and rel-
ative short channels compared to their hydraulic diameters. In
saturated CHF, the thermodynamic equilibrium vapor quality at
the channel outlet is greater or equal to zero, x P 0. This is typi-
cally encountered at low mass velocities, at low inlet subcoolings
and in channels with a large length to diameter ratio. In this paper
we will focus on the saturated CHF that are representative of com-
puter chip cooling applications.

CHF prediction and analysis are complex. Physics explaining the
phenomena is so far not well understood and most of the authors
propose their own correlation. The question raised after studying
the existing works is: What is the best CHF prediction method
for saturated flow conditions? The aim of this paper is to answer
this question. To begin with, we will present the database collected
for this study. Thereafter, we will present the different prediction
methods available in the literature. Finally, we will suggest some
relevant issues for future CHF studies.

2. Presentation of the database

The ranges of experimental conditions for the entire database
(2996 data points from 19 different laboratories) are presented in
Table 1. Since the experimental parameters for water are much
different from those for the non-aqueous fluids, the database is
separated into two distinct groups: the non-aqueous fluids and
water.
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2.1. Database for non-aqueous fluids

Fig. 1a presents the repartition of the database as a function of
the fluids. The database includes 8 different non-aqueous fluids. Al-
most 70% of this database concern the following synthetic refriger-
ants: R-134a, R-245fa and R-236fa. About 8% of the data are
dedicated to CO2 and 8% to R-113. Nitrogen, R-32 and R-123 com-
plete this database which comprises 569 experimental data com-
ing from 12 different papers and from 10 different laboratories.

The repartition of the database as a function of the reduced
pressure is shown in Fig. 1b: 0:036 6 pr 6 0:688. Most of the data
display a reduced pressure less than 0.3. As expected, all CO2 data
belong to a range of pr comprised between 0.45 and 0.7. Usually,
CO2 is evaporated at much higher reduced pressures than other
refrigerants. High vapor density, a surface tension lower by one or-
der of magnitude and a low vapor viscosity drastically influence
the hydrodynamic and heat transfer characteristics of CO2 in com-
parison with synthetic refrigerants. The question emerging from
this observation is: ‘‘Is CO2 a maverick fluid for the critical heat
flux?” It is of importance to note here that the data for carbon diox-
ide were given in the original articles as dryout vapor qualities. As
a result, the CHF data used in this paper have been calculated using
a heat balance between the fluid and the wall and assuming that
dryout occurred at the outlet of the channel without any inlet sub-
cooling. The heat balance is given as follows:

xdo ¼
4qchf L
GhlvD

ð1Þ

Fig. 1c presents the distribution of the database as a function of the
diameter: 0:29 6 D 6 3:15 mm. In addition, Fig. 1d shows the num-
ber of data points versus the bond number ðBo ¼ ðql � qvÞgD2=rÞ :

0:09 6 Bo 6 13:99. The vertical line corresponds to the transition
between micro/minichannel proposed by Kew and Cornwell

(1997). The latter uses the confinement number, Co, which is re-
lated to the bond number, Bo, by the following relation:
Bo ¼ Co�2. As the Kew and Cornwell criterion identifies the micro-
scale region when Co > 0:5, this yields Bo < 4:0. This transition re-
flects the balance between gravitational and surface tension forces
(actually it is a measure of stratification). One can see that the data-
base includes both micro and minichannels results.

The repartition of the inlet subcooling is presented in Fig. 1e.
The database display a variation of the inlet subcooling from 0 to
74.41 K, which is a large range. The highest subcooling has been
measured for R-113. For very high subcoolings, we can suspect
some CHF datapoints to be in the subcooled region, which is not
the purpose of the present paper (saturation CHF). However, as
we have no means to determine whether the datapoints are in
the subcooled region or not, we will trust the results presented
in the papers. For the interested readers, they should refer to the
paper of Celata et al. (1992) who present data for small diameter
channels in subcooled region. Fig. 1f shows the repartition of the
data points as a function of the mass velocity. The range of G is
comprised between 27.9 and 3736.1 kg/m2s. The variation of all
the experimental parameters is therefore important. In this data-
base, different geometries may be encountered: single tube, multi-
ple tubes and multi-rectangular microchannels. The equivalent
diameter in the case of rectangular channels is given by the follow-
ing relation:

Deq ¼
4 � H �W
2 � H þW

ð2Þ

with H the height of the rectangular channel and W its width. This
equivalent diameter corresponds to the ‘‘heated” diameter of a mul-
ti-microchannel heat sink heated at the bottom. The mass velocities
input into the various methods are the actual values based on the

Nomenclature

Bo bond number (–)
Co confinement number (–)
cp specific heat capacity at constant pressure (J/kg K)
CHF critical heat flux ðkW=m2Þ
D diameter (m)
Dhsub inlet enthalpy of subcooling (J/kg)
g acceleration of gravity ðm=s2Þ
G mass flux ðkg=m2 sÞ
H height of the channel (m)
hlv latent heat of vaporization (J/kg)
k thermal conductivity (W/m K)
K empirical inlet subcooling parameter of Katto and Ohno

(–)
K 0 empirical inlet subcooling parameter of Qi et al. (–)
L length (m)
_m mass flow (kg/s)

MAE mean absolute error = 1
N

PN
1

predicted value�experimental value
experimental value

��� ����
100%

MRE mean relative error = 1
N

PN
1

predicted value�experimental value
experimental value

� �
�

100%

n exponent of Y in Shah’s correlation (–)
p pressure (Pa)
pr reduced pressure (–)
q heat flux ðW=cm2Þ
qco saturated CHF of Katto and Ohno ðkW=m2Þ
R internal radius of the tube (m)
T temperature (�C)

DTsub inlet subcooling temperature (K)
u velocity (m/s)
W width of the channel (m)
WeD Weber number based on the diameter (–)
Welo Weber number for liquid only (–)
x vapor quality (–)
Yshah Shah’s correlating parameter (–)

Greek letters
d liquid film thickness (lm)
Ddi height of the interfacial waves (lm)
k percentage of data within ±30% error band (%)
l dynamic viscosity (Pa s)
q density ðkg=m3Þ
r surface tension (N/m)
s shear stress ðN=m2Þ

Subscripts
chf critical heat flux
do dryout
eq equivalent
in inlet
l liquid
lv liquid to vapor
sat saturation
sub subcooling
v vapor
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