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This paper is the second part of a two-part study on pool boiling critical heat flux (CHF) from flat surfaces.
While the first part reviewed different CHF models and associated mechanisms and parametric trends,
the present part is dedicated to the assessment of both models and correlations. The assessment is based
on a new consolidated CHF database consisting of 800 data points amassed from 37 sources, and includes
14 working fluids, pressures from 0.0016 to 5.2 MPa, orientation angles from 0 to 180�, and contact angles
from 0 to 113�. It is shown that a modified hydrodynamic instability model and the interfacial lift-off
model provide the best predictions for CHF from horizontal, upward-facing surfaces. Modified with a cor-
relation for surface orientation effects, the same models also provide the best predictions for inclined sur-
faces. However, all models and correlations lose accuracy at or near the downward-facing orientation,
which points to the need for more data and improved understanding of near-wall interfacial behavior
for these orientations. Finally, recommendations are provided for prediction of contact angle effects.

� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent performance advances in applications such as high-
performance computers, electrical vehicle power electronics,
avionics, and directed energy laser and microwave weapon sys-
tems, have led to unprecedented increases in power density. With
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Nomenclature

A area
cp specific heat at constant pressure
g gravitational acceleration
H wall thickness
hfg latent heat of vaporization
k thermal conductivity; coefficient
P pressure
Pc critical pressure
Pr Prandtl number
q00CHF critical heat flux
Ri individual gas constant
S thermal activity parameter
Tsat saturation temperature

Greek symbols
a contact angle

h surface orientation angle
t kinematic viscosity
q density
r surface tension

Subscripts
asy asymptotic
exp experimental
f liquid
g vapor
h high
l low
max maximum
pred predicted
w surface
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fan-cooled heat sinks and single-phase liquid cooling schemes fal-
tering in their ability to maintain acceptable device temperatures,
interest has shifted to two-phase cooling schemes, which capitalize
on the coolant’s both latent and sensible heat rather than sensible
heat alone. For over three decades, efforts at the Purdue University
Boiling and Two-Phase Flow Laboratory (PU-BTPFL) have focused
on research and development of two-phase cooling schemes
[1,2], including two main categories of thermal solutions: (i) pas-
sive (pump-free) schemes, consisting of capillary-driven devices
(heat pipes, capillary pumped loops, and loop heat pipes) [3] and
pool boiling thermosyphons [4], and (ii) flow-boiling schemes,
including falling film [5], channel flow boiling [6–8], mini/micro-
channel flow boiling [9–11], jet-impingement [12–14], and spray
[15–17], as well as hybrid cooling schemes combining the merits
of mini/micro-channel flow and jet impingement [18]. Key to suc-
cessful implementation of any of these schemes is the ability to
predict boiling performance, especially critical heat flux (CHF).
The present study is focused entirely on CHF prediction for pool
boiling, which is the simplest, most prevalent, and most reliable
of the different cooling schemes.

Accurate prediction of pool boiling CHF is crucial to the safety
and reliability of applications spanning many industries. Since
the 1940s, many efforts have been pursued to both understand
CHF mechanisms and develop theoretical and empirical predictive
tools. As discussed in Part I of this study [19], five main categories
of theoretical models have been proposed: bubble interference
model [20], hydrodynamic instability model [21–23], macrolayer dry-
out model [24], hot/dry spot model [25,26], and interfacial lift-off
model [27]. Meanwhile, there have also been efforts to modify
these models either theoretically or empirically in pursuit of higher
predictive accuracy by accounting for effects not addressed in the
original models. Overall, most modifications are based on the
hydrodynamic instability model [21–23] and an early formulation
based on dimensional analysis [28], which have both achieved
great success in predicting pool boiling CHF. Unfortunately, most
predictive tools have been validated only for a few working fluids
and relatively narrow ranges of operating conditions, which inevi-
tably limits their overall applicability. Addressing these limitations
and pursuit of a more universal predictive methodology are two
primary motivations for the present study.

This paper is the second part of a two-part study addressing
pool boiling CHF. Part I [19] provided a detailed review of CHF
models and correlations, as well as CHF trigger mechanisms. This
second part will assess 18 popular CHF models and correlations
using a consolidated database that the authors have amassed from
37 sources, which consists of 800 data points for 14 different fluids,
and includes variations in pressure, orientation, and contact angle.
Using this consolidated database, some of the models and correla-
tions are assessed beyond their original validity ranges. Based on
the assessment, the most accurate predictive methods are identi-
fied and recommended.
2. Previous CHF predicting methods

As discussed in Part I [19], pressure, surface orientation, and
contact angle can have significant influences on CHF. The pressure
effects are reflected in thermal properties, especially vapor density
and latent heat of vaporization, which are accounted for in most
models and correlations. However, surface orientation and contact
angle are not accounted for in most original predictive tools, mean-
ing these tools must be modified to address these effects. A key
limitation of most predictive tools is that they were developed
exclusively for the horizontal, upward-facing surface orientation
(h = 0�). While different methods have been proposed to account
for other surface orientations, most are purely empirical and based
on data obtained only at atmospheric pressure. In addition, most
pool boiling CHF papers fail to address or even mention contact
angle effects.

The 18 CHF models and correlations assessed in the present
paper are divided into three groups. The first group is specific to
the upward-facing surface orientation and includes, aside from
the original dimensionless analysis formulation of Kutateladze
[28], (1) hydrodynamic instability models of Zuber et al. [21–23],
Lienhard and Dhir [29,30], and Wang et al. [31] (which also
accounts for effects of reduced pressure), (2) bubble interference
model of Rohsenow and Griffith [20], (3) macrolayer dryout model
of Haramura and Katto [24], (4) hot/dry spot model of Yagov [25],
and (5) interfacial lift-off model of Mudawar et al. [27] and Guan
et al. [32]. The second group consists of correlations incorporating
the effects of orientation angle alone at atmospheric pressure, and
includes studies by El-Genk and Bostanci [33], Vishnev [34], Arik
and Bar-Cohen [35], Brusstar and Merte [36,37], and Chang and
You [38]. The third group consists of correlations incorporating
the effects of both orientation angle and contact angle at atmo-
spheric pressure, and includes works by Kirichenko and Chernya-
kov [39], Theofanous and Dinh [26], Kandlikar [40], and Liao



Table 1
Predictive models and correlations for pool boiling CHF.

Author(s) Relation(s) Remarks

Group 1: Horizontal, upward-facing surface orientation
Zuber et al. [21–

23]
q00CHF ¼ 0:131qghfg rgðqf � qgÞ=q2

g

h i1=4 Original hydrodynamic instability model for
infinite surface

Kutateladze
[28]

q00CHF ¼ 0:16qghfg rgðqf � qgÞ=q2
g

h i1=4 Dimensional analysis

Lienhard & Dhir
[29,30]

q00CHF ¼ 0:149qghfg rgðqf � qgÞ=q2
g

h i1=4 Modified hydrodynamic instability model for
finite surface

Wang et al. [31]
q00CHF ¼ 0:18� 0:14ðP=PcÞ5:68

h i
qghfg rgðqf � qgÞ=q2

g

h i1=4 Accounts for reduced pressure empirically based
on liquid hydrogen data

Rohsenow &
Griffith [20]

q00CHF ¼ 0:012qghfg
qf �qg

qg

� �0:6 Bubble interference model

Haramura &
Katto [24] q00CHF ¼ 0:721 Ag

Aw

� �5=8
1� Ag

Aw

� �5=16 qf

qg
þ 1

� �
= 11

16
qf

qg
þ 1

� �3=5
� �5=16

� qghfg rðqf � qgÞg
.
q2
g

h i1=4 Macrolayer dryout model

where Ag

Aw
¼ 0:0584 qg

qf

� �1=5

Yagov [25]
q00CHF;l ¼ 0:5

h81=55
fg

r9=11q13=110
g k7=110

f
g21=55 f ðPrf Þ

m1=2
f

c3=10
p;f

R79=110
i

T21=22
sat

for P=Pc < 0:001
Hot/dry spot model

where f ðPrf Þ ¼
Pr9=8

f

1þ2Pr1=4
f

þ0:6Pr19=24
f

� �4=11

q00CHF;h ¼ 0:06hfgq
3=5
g r2=5½gðqf � qgÞ=lf �1=5 for P=Pc < 0:003

q00CHF ¼ ðq003CHF;h þ q003CHF;lÞ
1=3 for 0:001 < P=Pc < 0:003

Guan et al. [32]
q00CHF ¼ 0:2445 1þ qg

qf

� �1=4 qg

qf

� �1=10
qghfg rðqf � qgÞg=q2

g

h i1=4 Interfacial lift-off model for upward-facing
surface orientation based on Mudawar et al. [27]

Mudawar et al.
[27]

q00CHF ¼ 0:151qghfg rgðqf � qgÞ=q2
g

h i1=4 Original interfacial lift-off model for pool boiling

Group 2: Predictive relations accounting for orientation effects alone at atmospheric pressure
El-Genk &

Bostanci [33] q00CHF ¼ ½ð0:229� 4:27� 10�4hÞ�6 þ ð0:577� 2:98� 10�3hÞ�6�
�1=6

� qghfg rgðqf � qgÞ=q2
g

h i1=4 Correlated using data for HFE-7100

Vishnev [34]
q00CHF ¼ 0:0125ð190� hÞ1=2qghfg rgðqf � qgÞ=q2

g

h i1=4 Earliest and most popular correlation of
orientation effects

Arik & Bar-
Cohen [35]

q00CHF ¼ 0:131ð1� 0:001117hþ 7:79401� 10�6h2 � 1:37678� 10�7h3Þ � qghfg rgðqf � qgÞ=q2
g

h i1=4 Based on hydrodynamic instability model of
Zuber et al. [21–23]

Brusstar &
Merte
[36,37]

q00CHF ¼ p
24 j sin hj1=2qghfg ½rgðqf � qgÞ=q2

g �
1=4 Derived for 90 � h � 180�

Chang & You
[38]

q00CHF=q
00
CHF;max ¼ 1� 0:0012h tanð0:414hÞ � 0:122 sinð0:318hÞ Requires knowing CHF for upward-facing

orientation

Group 3: Predictive relations accounting for orientation angle and contact angle at atmospheric pressure
Kirichenko &

Chernyakov
[39]

q00CHF ¼ 0:171 ð1þ0:324�10�3a2Þ1=4
ð0:018aÞ1=2 qghfg rgðqf � qgÞ=q2

g

h i1=4 First correlation to account for contact angle
effects

Theofanous &
Dinh [26]

q00CHF ¼ k�1=2qghfg rgðqf � qgÞ=q2
g

h i1=4 Hot/dry spot model with liquid meniscus
analysis, 0�a<90�

where k ¼ 1� sina
2 � p=2�a

2cosa

� ��1=2
[42]

Kandlikar [40]
q00CHF ¼ 1þcosa

16
2
pþ p

4 ð1þ cosaÞ cos h� 	1=2 � qghfg rgðqf � qgÞ=q2
g

h i1=4 Theoretical model based on hydrodynamic
instability, 0�h�90�

Liao et al. [41]
q00CHF ¼ 0:131 �0:73þ 1:73

1þ10�0:021�ð185:4�hÞ

h i
1þ 55�a

100 ð0:56� 0:0013hÞ� 	� qghfg rgðqf � qgÞ=q2
g

h i1=4 Empirical correlation, 0�a�55� and 0�h�180�
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et al. [41]. Table 1 provides a summary of the 18 models and cor-
relations segregated into the three groups.

3. New consolidated CHF database

In the present study, a total of 800 data points of saturated pool
boiling CHF for flat surfaces are amassed from 37 sources
[27,32,33,38,41,43–74]. The database consists of 220 data points
for the upward-facing orientation from 13 sources, and 580 data
points for other orientations from 24 sources. The data are
obtained either directly from the original sources or extracted from
digitalized figures using commercial software.

Table 2 provides key information on the individual databases
incorporated in the consolidated database. Notice that some of
the data are purposely excluded from the individual databases.
These include enhanced CHF data such as those of Guan et al.
[44], O’Hanley et al. [53], Chang and You [38], Reed and Mudawar
[63], and Zhong et al. [70]. Also excluded are subcooled boiling
data points such as those of Sakashita et al. [59], and data points
displaying strong departure from the majority of comparable data,
such as the ethanol data of Labuntsov et al. [47], and data points
from Maracy and Winterton [75] and Yang et al. [76].

Part I of this study [19] showed that wall thickness can have a
significant influence on pool boiling CHF. Specifically, studies have
shown that thin walls artificially interfere with the CHF mechanisms
and produce CHF values that are smaller than those of thick walls.
Moreover, CHF for very thin walls increases with increasing wall
thickness but achieves asymptotic value above a threshold
thickness value. It is therefore of paramount importance to exclude
very thin wall data from the consolidated database. Following is a
discussion of how such data are systematically excluded.

Watwe and Bar-Cohen [77] found that CHF is related to wall
thickness according to the following relation,

q00
CHF

q00
CHF;asy

¼ S
Sþ 0:1

; ð1Þ



Table 2
CHF data for flat surfaces included in the consolidated database.

Author(s) Pressure
[MPa]

Test fluid(s) Surface roughness [lm] Contact angle
[�]

Heater size: width � length
or diameter (thickness) [mm]
or area, A [mm2]

Heater material Inclination
angle(s)
[�]

Number
of data
points

Guan et al. [32] 0.15–0.45 Pentane, hexane, FC-72 0.15 – 25.4 Brass 0 18
Bailey et al. [43] 0.02–0.6 Pentane, methanol, water Polished with #4000 grit emery paper – A = 100 Nickel-coated copper 0 22
Guan et al. [44] 0.15–0.45 Hexane, 0.15–5.5 – 25.4 Brass 0 24
Lyon et al. [45] 0.02–4.85 Liquid nitrogen, oxygen – – A = 381 Platinum 0 56
Theofanous et al. [46] Atmospheric Water Polished – 20 � 40 (50) Copper 0 3
Labuntsov et al. [47] 0.0016–0.1 Water – – 33 Nickel 0 4
Kim et al. [48] Atmospheric Water 0.041–2.36 60–70 10 � 10 (3) Copper 0 9
Kim et al. [49] Atmospheric Water 0.11–2.93 7–16.3 10 � 10 (3) Aluminum 0 9
Kwark et al. [50] Atmospheric Water – 13–90 10 � 10 (3) Al2O3-water/ethanol coated

copper
0 37

Ahn et al. [51] Atmospheric Water 0.05–0.32 0–49.3 20 � 25 (0.7) Zircaloy-4 0 10
Saeidi & Alemrajabi

[52]
Atmospheric Water 0.006–0.014 16–81 20 (10) Aluminum alloy 2011 0 22

O’Hanley et al. [53] Atmospheric Water 0.01–2.69 5–113 10 � 20 (0.25) Indium tin oxide-sapphire 0 5
Park et al. [54] Atmospheric Water Polished 56.7 20 � 25 (0.5) Silicon wafer 0 1
Guo & El-Genk [55] Near

atmospheric
Water Polished with #1200 silicon carbide

sand paper
– 50.8 (12.8) Copper 90–180 14

Beduz et al. [56] Atmospheric Liquid nitrogen – – 50 � 50 (6) Copper, aluminum 0–176 14
Nishio &

Chandratilleke [57]
Atmospheric Liquid helium 0.027–4.35 – 20 (30) Copper 0–179 5

El-Genk & Bostanci
[33]

Near
atmospheric

HFE-7100 Polished with #1500 emery paper – 10 � 10 (1.63) Copper 0–180 8

Katto et al. [58] 0.025–0.1 Water – – 10 Copper 0–90 20
Sakashita et al. [59] Atmospheric Water – – 5 � 48 Copper 90–170 12
Sakashita [60] 0.1–3 Ethanol, R-141b, water Polished with #2000 emery paper – 7 Copper 90 32
Mudawar et al. [27] Atmospheric Water, FC-72 Blasted with 10 lm particles – 12.7 � 12.7 (2.5), 12 � 62 (2.5) Copper 90 15
Monde et al. [61] Atmospheric Water, ethanol – – 10 � 20–10 � 50 Copper 90 12
Howard & Mudawar

[62]
Atmospheric FC-72 Polished with Crocus cloth – 12.7 � 12.7, 3.2 � 35 Copper 90–180 26

Chang & You [38] Atmospheric FC-72 Polished with Brasso – 10 � 10 (1.5) Copper 0–180 6
Reed & Mudawar [63] Atmospheric FC-72, FC-87 Polished with 0.05 lm grit paper – 12.7 (16) Copper 0–180 10
Jergel & Stevenson [64] Atmospheric Liquid helium Polished – 15 (10) Copper 0–180 3
Bewilogua et al. [65] 0.006–3 Liquid helium, nitrogen,

hydrogen
Ground with F9 emery cloth – A = 290, 490 Copper 0–165 153

Deev et al. [66] 0.1–0.225 Liquid helium Polished – 30 � 30 Copper 0–90 38
Gogonin & Kutateladze

[67]
0.1–5.2 Ethanol – – 5 � 150–50 � 150 (0.5) Stainless steel 0–180 136

Liaw & Dhir [68] Atmospheric R-113, water polished with #00 emery paper 0–107 6.3 � 10.3 Copper 90 6
Priarone [69] Atmospheric FC-72, HFE-7100 0.6 – A = 707 Copper 0–175 10
Liao et al. [41] Atmospheric Water 0.105–0.197 0–55 20 TiO2 coated copper 0–180 15
Zhong et al. [70] Atmospheric Water – – 100 � 100 Copper 90–175 5
Kim et al. [71] Atmospheric Water – – 15 � 35 Copper 90–180 12
Kwark et al. [72] 0.02–0.2 Water – – 7.5 � 7.5 (3), 10 � 10 (3), 15 � 15 (3),

20 � 20 (3)
Copper 0–180 13

Rainey & You [73] Atmospheric FC-72 Polished with Brasso – 20 � 20 (3.2), 50 � 50 (3.2) Copper 0–180 12
Wang & Dhir [74] Atmospheric Water <0.02 18–90 63 � 103 Copper 90 3
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Fig. 1. Variations of CHF with thermal activity parameter. Fig. 2. Variation of pool boiling CHF for water with reduced pressure based on
hydrodynamic instability model of Zuber et al. [21–23].
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where q00
CHF, asy is the asymptotic CHF, S the ‘thermal activity’

parameter, defined as

S ¼ H
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqcpkÞw

q
; ð2Þ
Fig. 3. Comparison of data from consolidated database for horizontal, upward-facin
correlations: (a) Zuber [21–23], (b) Kutateladze [28], (c) Lienhard and Dhir [29,30], (d) W
[25], (h) Guan et al. [32], and (i) Mudawar et al. [27].
and H the wall thickness. This relationship yields 90% of asymptotic
CHF at S = 1 and 99% at S = 10. Golobič and Bergles [78] recom-
mended an alternative correlation to account for wall thickness
effects,
g orientation and different pressures with predictions of different models and
ang et al. [31], (e) Rohsenow and Griffith [20], (f) Haramura and Katto [24], (g) Yagov
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q00
CHF

q00
CHF;asy

¼ 1� exp � S
2:44

� �0:8498

� S
2:44

� �0:0581
" #

: ð3Þ
Fig. 5. Variation of pool boiling CHF for water with surface orientation angle.
Fig. 1 shows variations of CHF with thermal activity parameter
using Eqs. (1) and (3). Despite differences between predictions
based on the two expressions for S < 10, both show negligible influ-
ence for S � 10. Therefore, this value of S = 10 was used to guide the
exclusion of thin wall data. This value yields minimum wall thick-
ness values for common wall materials such as copper, aluminum,
and stainless steel of 0.27, 0.41, and 0.57 mm, respectively. To
ensure that the consolidated database is independent of the artifi-
cial wall thickness effect, all data points for wall thicknesses below
0.25 mm, such as those of Sakashita and Ono [79] and Kim et al.
[42], have been excluded.

Overall, the consolidated database consists of 800 pool boiling
CHF data points from 37 sources with the following coverage:

- Working fluids: water, pentane, hexane, methanol, ethanol, R-
141b, R-113, FC-72, FC-87, HFE-7100, liquid nitrogen, oxygen,
helium, and hydrogen.

- Pressure: 0.0016 � P � 5.2 MPa.
- Orientation angle: 0 � h � 180�.
- Contact angle: 0 < a � 113�.
Table 3
Mean absolute errors of nine models and correlations in predicting individual CHF databa

Database source Fluid(s) Mean absolute error [%]

Zuber
[21–23]

Kutateladze
[28]

Lien
Dhir

Guan et al. [32] Pentane, hexane, FC-72 17.7 9.3 9.9
Bailey et al. [43] Pentane, methanol, water 22.3 14.1 16.1
Guan et al. [44] Hexane 14.7 6.1 6.2
Lyon et al. [45] Liquid nitrogen, oxygen 21.8 23.5 18.5
Labuntsov et al. [47] Water 36.9 26.0 28.2
Katto et al. [58] Water 18.6 18.2 16.5
Bewilogua et al. [65] Liquid helium,

nitrogen, hydrogen
31.7 29.9 29.5

Deev et al. [66] Liquid helium 41.8 45.0 43.8
Gogonin & Kutateladze [67] Ethanol 14.1 10.6 8.7
Kwark et al. [72] Water 7.2 28.6 19.7

All data 22.8 20.5 19.0

Fig. 4. Mean absolute errors of nine models and correlations in predicting data for ho
pressure.
4. Assessment of previous models and correlations

4.1. Horizontal, upward-facing orientation

Despite fundamental differences among the 9 models and cor-
relations for the horizontal, upward-facing orientation (group 1
ses for the horizontal, upward-facing orientation.

hard &
[29,30]

Wang
et al. [31]

Rohsenow &
Griffith [20]

Haramura &
Katto [24]

Yagov
[25]

Guan
et al. [32]

Mudawar
et al. [27]

14.0 14.5 18.3 14.6 6.6 9.5
16.9 19.6 22.6 26.7 20.4 15.6
17.1 6.3 15.3 8.4 7.5 5.8
26.4 57.3 22.4 22.6 42.3 19.2
23.1 13.2 37.0 61.2 56.5 27.4
24.6 20.6 18.7 37.1 34.6 16.8
13.6 70.4 32.1 26.3 59.2 29.4

16.8 163.7 42.6 31.1 88.3 44.0
20.7 17.5 14.6 8.7 19.9 8.8
44.6 34.0 7.1 9.4 9.8 21.3

19.3 46.6 23.3 20.5 37.5 19.1

rizontal, upward-facing orientation, segregated relative to two ranges of reduced



Fig. 6. Comparison of atmospheric pressure CHF data for different orientations (excluding h = 0�) with predictions of empirical correlations: (a) El-Genk and Bostanci [33], (b)
Vishnev [34], (c) Arik and Bar-Cohen [35], (d) Brusstar and Merte [36,37], and (e) Chang and You [38].

Table 4
Mean absolute errors of seven correlations in predicting individual atmospheric pressure CHF databases for different surface orientations excluding h=0�.

Database source Fluid(s) Mean absolute error [%]

El-Genk & Bostanci
[33]

Vishnev
[34]

Arik & Bar-Cohen
[35]

Brusstar & Merte
[36,37]

Chang & You
[38]

Eq. (5a) Eq. (5b)

Theofanous et al. [46] Water 16.7 12.2 33.2 – – 24.0 23.0
Park et al. [54] Water 52.8 15.0 12.5 – – 0.5 0.8
Guo & El-Genk [55] Water 86.3 43.4 25.2 42.7 – 22.9 24.0
Beduz et al. [56] Liquid nitrogen 42.6 10.8 14.6 16.8 15.5 15.5 15.7
Nishio & Chandratilleke [57] Liquid helium 34.8 17.2 22.3 7.8 29.3 13.0 12.4
El-Genk & Bostanci [33] Hfe-7100 11.0 22.0 30.9 33.0 5.0 28.7 27.7
Sakashita et al. [59] Water 14.1 43.4 49.3 37.2 – 41.6 40.8
Mudawar et al. [27] Water, FC-72 19.3 21.4 29.0 17.6 – 19.5 18.4
Monde et al. [61] Water, ethanol 29.0 14.7 22.9 10.6 – 12.6 11.4
Howard & Mudawar [62] FC-72 17.4 20.0 32.4 32.6 12.5 25.3 24.3
Chang & You [38] FC-72 58.9 34.2 34.5 18.4 6.3 8.5 7.7
Reed & Mudawar [63] FC-72, FC-87 18.4 16.3 26.5 38.4 14.1 26.2 25.3
Jergel & Stevenson [64] Liquid helium 17.3 24.5 25.5 50.5 13.9 34.2 33.3
Priarone [69] FC-72, HFE-7100 17.8 17.0 29.7 19.7 9.0 23.1 22.0
Liao et al. [41] Water 33.0 14.8 17.8 35.3 16.0 19.2 18.6
Zhong et al. [70] Water 16.1 43.1 48.9 37.8 – 42.3 41.5
Kim et al. [71] Water 26.3 40.0 46.2 36.8 – 40.2 39.4
Kwark et al. [72] Water 41.6 11.7 12.8 30.6 13.6 12.8 12.7
Rainey & You [73] FC-72 92.6 46.5 28.0 32.6 10.6 22.0 23.5

Total 34.2 25.5 29.3 28.9 12.9 23.8 23.3
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in Table 1), they all predict fairly similar CHF trends relative to
reduced pressure. Using the Zuber model [21–23] as example,
Fig. 2 shows that CHF first increases to maximum value with
increasing pressure, before decreasing to near zero value at the
critical pressure. This section will assess the predictive accuracy
of the 9 models and correlations intended for the horizontal,
upward-facing orientation.

When comparing the consolidated database to predictions of
the previous models or correlations, the thermophysical properties
for different working fluids are obtained using NIST’s REFPROP 8.0
software [80], excepting those for FC-72, which are obtained from
3 M Company. The parameter used to assess the accuracy of indi-
vidual models or correlations is mean absolute error (MAE), which
is defined as

MAE ¼ 1
N

X jq00
CHF;pred � q00

CHF;expj
q00
CHF;exp

� 100%; ð4Þ

where q00
CHF, pred and q00

CHF, exp are the predicted and measured CHF,
respectively.
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Shown in Figs. 3(a)–(i) are comparisons of horizontal, upward-
facing surface data at different reduced pressures with predictions
of the 9 models and correlations. Overall, the hydrodynamic insta-
bility model of Zuber [21–23], Fig. 3(a), macrolayer dryout model
of Haramura and Katto [24], Fig. 3(f), and hot/dry spot model of
Yagov [25], Fig. 3(g), underestimate the consolidated CHF database,
while the Kutateladze relation [28], Fig. 3(b), and bubble interfer-
ence model of Rohsenow and Griffith [20], Fig. 3(e), overestimate.
In contrast, predictions of the modified hydrodynamic instability
models of Lienhard and Dhir [29,30], Fig. 3(c), and Wang et al.
[31], Fig. 3(d), and the interfacial lift-off models of Guan et al.
[32], Fig. 3(h), and Mudawar et al. [27], Fig. 3(i), show closer agree-
ment. Table 3 provides detailed MAEs of the 9 models and correla-
tions against data from individual sources. Notice that, despite its
seemingly close distribution, the Guan et al. model shows a com-
paratively large MAE of 37.5%. Overall, the most accurate predic-
tions are achieved with the models of Lienhard and Dhir and
Mudawar et al., with virtually identical MAEs of 19.0% and 19.1%,
respectively. Notice that the Wang et al. model also shows a low
MAE of 19.3% but a wider spread, as shown in Fig. 3(d).

Therefore, the models of Lienhard and Dhir and Mudawar et al.
are recommended for CHF prediction for the horizontal, upward-
facing orientation. Notice that the interfacial lift-off model of
Mudawar et al. [27] was originally devised for the vertical orienta-
tion, but does possess the ability to predict CHF for other orienta-
tions using a separated flow sub-model. However, the simple form
of this model for the vertical orientation, Table 1, was found in a
follow-up study by Howard and Mudawar [62] to predict CHF of
the horizontal, upward-facing orientation as well, given the very
weak orientation effect on CHF for 0 < h < 90�.

Fig. 4 compares MAEs of the nine models and correlations for P/
Pc < 1 and P/Pc < 0.9. Segregating pressure data in this manner is
intended to highlight the relatively large uncertainty in CHF pre-
diction close to the critical pressure. Notice how, by focusing on
data in the range of P/Pc < 0.9 rather than the entire pressure range,
MAEs for all nine models and correlations are reduced further,
from 22.8 to 18.2%, 20.5 to 13.0%, 19.0 to 12.5%, 19.3 to 18.1%,
46.6 to 27.5%, 23.3 to 18.6%, 20.5 to 14.5%, 37.5 to 22.3%, and
19.1 to 12.4%, for Zuber et al., Kutateladze, Lienhard and Dhir,
Wang et al., Rohsenow and Griffith, Haramura and Katto, Yagov,
Guan et al., and Mudawar et al., respectively. Improvements for
the models of Rohsenow and Griffith and Guan et al. are especially
noteworthy. Overall, considering data only in the range of P/
Pc < 0.9, best predictions are achieved with the models of Mudawar
et al. and Lienhard and Dhir, evidenced by their smallest MAEs of
12.4% and 12.5%, respectively.
Fig. 7. Comparison of atmospheric pressure CHF data for different orientations
(excluding h = 0�) with predictions of (a) Lienhard and Dhir model [29,30] modified
with Chang and You correlation [38], Eq. (5a), and (b) Mudawar et al. model [27]
modified with Chang and You correlation, Eq. (5b).
4.2. Inclined orientations at atmospheric pressure

Using the correlation of Arik and Bar-Cohen [35] as example,
Fig. 5 shows the variation of CHF with orientation angle. It shows
CHF decreases slightly between h = 0 and 90�, and more apprecia-
bly between 90 and 180�. This general trend agrees with the major-
ity of experiments involving orientations effects [33,56,69,81–83].

Shown in Figs. 6(a)–(e) are comparisons of measured atmo-
spheric pressure CHF data for inclined surfaces (excluding h = 0�)
with predictions of the five empirical correlations from group 2
in Table 1. While the correlation of Chang and You [38], Fig. 6(e),
shows the lowest MAE of 12.9%, it suffers the disadvantage that
it requires prior knowledge of CHF value for the horizontal
upward-facing orientation (h = 0�) corresponding to maximum
CHF; only 114 data points could be used to assess its accuracy.
Table 4 shows detailed MAEs of the five correlations against atmo-
spheric pressure data from individual sources. It shows fair accu-
racy for the Vishnev correlation [34], with a MAE of 25.5%, and
higher MAEs for the correlations of El-Genk and Bostanci [33], Arik
and Bar-Cohen [35], and Brusstar and Merte [36,37].

As discussed earlier, the models of Lienhard and Dhir [29,30]
and Mudawar et al. [27] provide the highest accuracy in predicting
CHF for the horizontal, upward-facing orientation. Replacing
q00

CHF, max in the correlation of Chang and You [38] with the models
of Lienhard and Dhir and Mudawar et al. yields the following two
new relations for orientation effects, respectively,

q00
CHF ¼ 0:149qghfg rgðqf � qgÞ=q2

g

h i1=4
1� 0:0012h tanð0:414hÞ � 0:122 sinð0:318hÞ½ �

ð5aÞ

and q00
CHF ¼ 0:151qghfg rgðqf � qgÞ=q2

g

h i1=4
1� 0:0012h tanð0:414hÞ � 0:122 sinð0:318hÞ½ �:

ð5bÞ

MAEs of Eqs. (5a) and (5b) against atmospheric pressure data from
individual sources are provided in Table 4. Figs. 7(a) and (b) com-
pare atmospheric pressure CHF data from the consolidated database
for different orientations (excluding h = 0�) with predictions based



Fig. 8. Mean absolute errors of six approaches to predicting atmospheric CHF data for inclined surfaces, segregated relative to two ranges of orientation angle excluding
h = 0�.

Fig. 9. Comparison of experimental data for all pressures and all orientation angles (including h = 0�) with predictions of different models and correlations: (a) Zuber [21–23],
(b) Kutateladze [28], (c) Lienhard and Dhir [29,30], (d) Wang et al. [31], (e) Rohsenow and Griffith [20], (f) Haramura and Katto [24], (g) Yagov [25], (h) Guan et al. [32], and (i)
Mudawar et al. [27].
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on Eqs. (5a) and (5b), respectively. They show MAEs of 23.8% and
23.3%, respectively, which are lower than that of Vishnev [34].

Fig. 8 compares MAEs of the same five empirical correlations
from group 2 in predicting atmospheric pressure CHF data for
inclined surfaces, but with orientations segregated into the entire
range of 0 < h � 180� and a narrower range of 0 < h � 165�, exclud-
ing h = 0�. Notice that the Chang and You correlation is replaced by
Eqs. (5a) and (5b). One reason for the angle range segregation is
that, to the authors’ best knowledge, none of the available CHF
models or correlations can accurately predict CHF for the horizon-
tal, downward-facing orientation (h = 180�). This is reflected in the
narrower range reducing MAE from 34.2 to 31.1%, 25.5 to 20.7%,
29.3 to 26.7%, 28.9 to 20.5%, 23.8 to 20.3%, and 23.3% to 19.6% for
El-Genk and Bostanci [33], Vishnev [34], Arik and Bar-Cohen [35],
Brusstar and Merte [36,37], and new combined relations based
the Lienhard and Dhir model [29,30] modified with the Chang
and You correlation [38], Eq. (5a), and the Mudawar et al. model
[27] modified with the Chang and You correlation, Eq. (5b),
respectively.
4.3. Inclined orientations at different pressures

As discussed earlier, several models and correlations show good
accuracy in predicting the influence of pressure on pool boiling
CHF for the horizontal, upward-facing orientation. And several cor-
relations have shown some success in predicting surface orienta-
tion effects at one atmosphere. The next step in the present
assessment study is therefore to investigate effectiveness of pre-
dictive tools in capturing simultaneously the pressure and orienta-
tion effects.
Table 5
Comparison of individual CHF databases of all orientations and all pressures with predicti

Database source Fluid(s) Mean absolute error [%]

Zuber et al.
[21–23]

Kutateladze
[28]

L
D

Guan et al. [32] Pentane, hexane, FC-72 17.7 9.3 9
Bailey et al. [43] Pentane, methanol, water 22.3 14.1 1
Guan et al. [44] Hexane 14.7 6.1 6
Lyon et al. [45] Liquid nitrogen, oxygen 21.8 23.5 1
Labuntsov et al. [47] Water 36.9 26.0 2
Theofanous et al. [46] Water 33.2 18.4 2
Park et al. [54] Water 12.5 6.8 0
Katto et al. [58] Water 19.7 19.2 1
Bewilogua et al. [65] Liquid helium, nitrogen,

hydrogen
37.0 47.4 4

Deev et al. [66] Liquid helium 43.5 58.9 5
Gogonin & Kutateladze [67] Ethanol 39.1 52.6 4
Kwark et al. [72] Water 7.2 28.6 1
Sakashita [60] Ethanol, R-141b, water 37.2 24.8 2
Guo & El-Genk [55] Water 229.0 301.8 2
Beduz et al. [56] Liquid nitrogen 71.9 107.1 9
Nishio & Chandratilleke [57] Liquid helium 74.6 95.3 8
El-Genk & Bostanci [33] HFE-7100 66.0 75.9 7
Sakashita et al. [59] Water 23.3 19.6 1
Mudawar et al. [27] Water, FC-72 17.6 7.6 7
Monde et al. [61] Water, ethanol 10.5 10.0 5
Howard & Mudawar [62] FC-72 32.8 29.4 3
Chang &You [38] FC-72 143.2 184.8 1
Reed & Mudawar [63] FC-72, FC-87 70.0 82.3 7
Jergel & Stevenson [64] Liquid helium 123.9 144.6 1
Priarone [69] FC-72, HFE-7100 42.3 47.8 4
Liao et al. [41] Water 62.8 83.2 7
Zhong et al. [70] Water 23.7 24.5 2
Kim et al. [71] Water 8.5 15.6 1
Kwark et al. [72] Water 62.3 89.2 7
Rainey & You [73] FC-72 179.9 240.7 2

Total 42.5 51.5 4
Figs. 9(a)–(i) compare predictions of the nine models and corre-
lations from group 1 in Table 1 with CHF data from the consoli-
dated database for all pressures and all orientation angles,
including h = 0�. Table 5 provides complementary assessment of
the same models and correlations against individual databases,
again for all pressures and all orientation angles, including h = 0�.
Overall, Figs. 9(a)–(i) show large MAEs for all nine models and cor-
relations, especially for lower CHF values, which, as shown in
Table 5, correspond to liquid helium. This can be explained by
the fact that these models and correlations are originally intended
only for the horizontal, upward-facing orientation.

Figs. 10(a)–(f) compare predictions of the four empirical corre-
lations from group 2 in Table 1, along with those of Eqs. (5a) and
(5b), with the consolidated database for all pressures and all orien-
tation angles, including h = 0�. Table 6 provides additional MAE
details for the same predictive tools, again for all pressures and
all orientation angles, including h = 0�. Being intended for different
surface orientations, Figs. 10(a)–(f) show better predictive accura-
cies than those of group 1. Nonetheless, their MAEs are still large,
with the smallest MAE of 26.9% achieved by Vishnev [34]. On the
other hand, the new modified correlations provide the most supe-
rior predictions, supported by MAEs of 26.0% and 25.9% for Eqs.
(5a) and (5b), respectively.

Fig. 11(a) shows the distributions of MAEs from Figs. 10(a)–(f)
for specific orientation angles of 90�, 135�, 165�, and 180�. This
figure shows that a significant part of predictive error is associated
with data measured at h = 180�. Fig. 11(b) lends further support of
poor predictions associated with orientation angles nearing 180�. It
shows that orientation angles confined to h � 165� (including
h = 0�) reduce MAEs considerably compared to Figs. 10(a)–(f). As
ons of previous models or correlations.

ienhard &
hir [29,30]

Wang
et al. [31]

Rohsenow &
Griffith [20]

Haramura &
Katto [24]

Yagov
[25]

Guan
et al. [32]

Mudawar
et al. [27]

.9 14.0 14.5 18.3 14.6 6.6 9.5
6.1 16.9 19.5 22.6 26.7 20.4 15.6
.2 17.1 6.3 15.3 8.4 7.5 5.8
8.5 26.4 57.3 22.4 22.6 42.3 19.2
8.2 23.1 13.2 37.0 61.2 56.5 27.4
4.0 8.2 18.3 33.5 38.3 40.4 23.0
.5 20.2 6.9 12.9 19.2 21.9 0.8
7.8 24.8 20.8 19.9 38.3 35.6 18.1
2.6 42.1 127.7 37.1 49.0 84.2 43.3

3.0 30.0 200.4 44.0 49.6 117.9 54.1
5.5 63.9 69.8 39.0 44.4 76.4 46.7
9.7 44.6 34.0 7.1 9.4 9.8 21.3
9.5 17.3 22.5 37.6 33.5 27.7 28.6
74.2 352.0 302.3 227.7 203.8 193.6 279.2
2.8 133.0 154.9 71.1 66.6 89.1 95.4
7.4 108.7 204.8 74.2 105.2 132.3 88.8
1.7 86.8 107.3 65.8 61.8 71.7 72.3
9.6 24.6 19.6 23.5 26.7 28.0 19.4
.8 15.3 37.7 18.1 28.5 8.3 7.1
.4 22.9 17.6 10.9 23.9 14.9 6.0
0.6 32.4 67.4 32.9 37.3 30.3 30.4
66.8 220.4 307.9 142.3 123.0 170.8 169.5
6.6 96.1 122.5 69.8 67.4 77.7 77.6
36.3 165.3 278.4 123.3 159.9 196.3 137.7
5.4 841.9 87.2 42.2 41.7 45.6 45.7
3.4 104.7 83.4 62.7 60.8 60.4 75.2
4.2 31.8 24.5 23.6 23.4 23.3 24.2
0.2 30.0 15.7 8.7 13.7 16.0 10.8
6.2 112.9 89.4 62.2 59.1 57.8 78.6
17.3 283.3 387.9 178.2 149.2 223.2 221.5

6.5 67.7 92.9 42.5 46.6 66.9 47.3



Table 6
Comparison of individual CHF databases for all orientations and all pressures with predictions of previous empirical correlations for orientation effects, as well as those of the new
modified models.

Database source Fluid(s) Mean absolute error [%]

El-Genk & Bostanci
[33]

Vishnev
[34]

Arik & Bar-Cohen
[35]

Brusstar & Merte
[36,37]

Eq. (5a) Eq. (5b)

Guan et al. [32] Pentane, hexane, FC-72 43.7 11.2 17.7 – 9.9 9.5
Bailey et al. [43] Pentane, methanol, water 41.2 15.2 22.3 – 16.1 15.6
Guan et al. [44] Hexane 48.9 12.1 14.7 – 6.2 5.8
Lyon et al. [45] Liquid nitrogen, oxygen 75.0 31.8 21.8 – 18.5 19.2
Labuntsov et al. [47] Water 19.6 24.2 36.9 – 28.2 27.4
Theofanous et al. [46] Water 16.7 12.2 33.2 – 24.0 23.0
Park et al. [54] Water 52.8 15.0 12.5 – 0.5 0.8
Katto et al. [58] Water 46.3 22.4 20.5 26.4 18.0 18.3
Bewilogua et al. [65] Liquid helium, nitrogen,

hydrogen
54.7 25.5 27.2 17.4 23.7 23.6

Deev et al. [66] Liquid helium 92.1 43.5 36.1 45.7 43.2 44.2
Gogonin & Kutateladze [67] Ethanol 48.7 27.8 30.7 92.9 35.4 35.3
Kwark et al. [72] Water 83.9 38.4 7.2 – 19.7 21.3
Sakashita [60] Ethanol, R-141b, water 14.3 39.8 45.6 37.2 38.5 37.8
Guo & El-Genk [55] Water 86.3 43.4 25.2 42.7 22.9 24.0
Beduz et al. [56] Liquid nitrogen 42.6 10.8 14.6 16.8 15.5 15.7
Nishio & Chandratilleke [57] Liquid helium 34.8 17.2 22.3 7.8 13.0 12.4
El-Genk & Bostanci [33] HFE-7100 11.0 22.0 30.9 33.0 28.6 27.7
Sakashita et al. [59] Water 14.0 43.4 49.3 37.1 41.6 40.8
Mudawar et al. [27] Water, FC-72 19.3 21.4 29.0 17.6 19.5 18.4
Monde et al. [61] Water, ethanol 29.0 14.6 22.9 10.5 12.6 11.4
Howard & Mudawar [62] FC-72 17.4 20.0 32.4 32.6 25.3 24.3
Chang & You [38] FC-72 58.9 34.2 34.5 18.4 8.5 7.7
Reed & Mudawar [63] FC-72, FC-87 18.3 16.3 26.5 38.4 26.2 25.3
Jergel & Stevenson [64] Liquid helium 17.3 24.5 25.5 50.5 34.2 33.3
Priarone [69] FC-72, HFE-7100 17.8 17.0 29.7 19.7 23.1 22.0
Liao et al. [41] Water 33.0 14.8 17.8 35.2 19.2 18.6
Zhong et al. [70] Water 16.1 43.1 48.9 37.8 42.3 41.5
Kim et al. [71] Water 26.3 40.0 46.2 36.8 40.2 39.4
Kwark et al. [72] Water 41.6 11.7 12.8 30.6 12.8 12.7
Rainey & You [73] FC-72 92.6 46.5 28.0 32.6 22.0 23.5

Total 48.6 26.9 28.2 39.0 26.0 25.9

Fig. 10. Comparison of experimental data for all pressures and all orientation angles (including h = 0�) with predictions of empirical correlations: (a) El-Genk and Bostanci
[33], (b) Vishnev [34], (c) Arik and Bar-Cohen [35], (d) Brusstar and Merte [36,37], (e) Lienhard and Dhir model [29,30] modified with Chang and You correlation [38], Eq. (5a),
and (f) Mudawar et al. model [27] modified with Chang and You correlation, Eq. (5b).
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Fig. 12. Effects of contact angle on pool boiling CHF for water from a horizontal
upward-facing surface at one atmosphere.
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shown in Fig. 11(b), MAEs of the three correlations are reduced
from 26.9 to 24.1%, 28.2 to 25.1%, and 39.0 to 23.8%, based on
Vishnev [34], Arik and Bar-Cohen [35], and Brusstar and Merte
[36,37], while MAE of the correlation based on El-Genk & Bostanci
[33] hardly changes. In terms of the modified models, Fig. 11(b)
shows that confining orientation angle to h � 165� reduces the
MAEs for Eqs. (5a) and (5b), from 26.0 to 20.7% and 25.9 to
20.7%, respectively. Here too, Eqs. (5a) and (5b) provide the most
accurate predictions.

4.4. Contact angle effects

The effects of contact angle on pool boiling CHF have been
investigated both experimentally and theoretically. Fig. 12 shows
an example of these effects, predicted according to Kandlikar’s
model [40], which shows CHF decreasing monotonically with
increasing contact angle. To the authors’ best knowledge, only four
models and correlations addressing contact angle effects can be
found in the literature. They consist of an early correlation by
Kirichenko and Chernyakov [39], a model by Theofanous and Dinh
[26], a model by Kandlikar [40], and an empirical correlation by
Liao et al. [41], which are identified as group 3 in Table 1. It should
be noted that both Kandlikar’s model and the correlation of Liao
et al. also account for surface orientation effects. Also, the k value
in Theofanous and Dinh’s model is calculated using a model by
Kim et al. [42].

Fig. 13 compares predictions of the four models and correla-
tions from group 3 with CHF data from the consolidated database
for 0 � a � 90�. It shows that the predictions of the Kirichenko and
Fig. 11. (a) Distribution of MAE for all pressures and specific orientation angles, and (b)
Chernyakov’s correlation and Theofanous and Dinh’s model deviate
greatly from the data. Kandlikar’s model and the correlation of Liao
et al. provide better accuracies, with MAEs of 22.6% and 23.4%,
respectively. Table 7 provides detailed MAEs of the four predictive
methods against individual databases.

It is worth noting that the four predictive tools are limited to
hydrophilic liquids (0 � a � 90�). This points to a need for models
or correlations that would account for a broader range of contact
angles, including hydrophobic liquids (90� � a � 180�).
overall MAE for all pressures and different orientation angle ranges including h = 0�.



Fig. 13. Comparison of CHF data for all orientations with predictions of models or correlations accounting for contact angle: (a) Kirichenko and Chernyakov [39], (b)
Theofanous and Dinh [26], (c) Kandlikar [40], and (d) Liao et al. [41].

Table 7
Comparison of individual CHF databases with predictions of models and correlations accounting for contact angle effects.

Database source Fluid(s) Mean absolute error [%]

Kirichenko & Chernyakov [39] Theofanous & Dinh [26] Kandlikar [40] Liao et al. [41]

Kim et al. [48] Water 50.5 223.7 22.5 21.9
Kim et al. [49] Water 67.4 197.0 19.6 27.8
Kwark et al. [50] Water 21.6 177.2 24.6 30.1
Ahn et al. [51] Water 171.0 305.8 18.0 11.5
Saeidi & Alemrajabi [52] Water 29.1 192.6 21.1 20.8
O’Hanley et al. [53] Water 182.0 210.1 48.4 22.9
Park et al. [54] Water 35.1 221.3 12.0 13.4
Liaw & Dhir [68] R-113, water – – 19.1 55.0
Liao et al. [41] Water 59.3 292.7 16.4 0.9
Wang & Dhir [74] Water – – 20.8 36.7

Total 53.0 212.0 22.6 23.4
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4.5. Recommended methods for predicting pool boiling CHF

After the assessment of 18 popular models and correlations
used to predict pool boiling CHF against the present consolidated
database, a set of seven methods with lowest MAEs are recom-
mended for three different cases, as shown in Table 8.

For the horizontal, upward-facing orientation and entire pres-
sure range, best predictions are achieved by the hydrodynamic
instability model of Lienhard and Dhir [29,30] and interfacial lift-
off model of Mudawar et al. [27].

For inclined orientations and atmospheric pressure, the new
relations based on the Lienhard and Dhir model modified with
the Chang and You correlation [38], Eq. (5a), and the Mudawar
et al. model modified with the Chang and You correlation, Eq. (5b),
along with the empirical correlation of Vishnev [34] provide the
best predictions.

Finally, superior predictions for different orientation angles and
contact angles in the range of 0� � a � 90� are achieved by Kand-
likar’s model [40] and empirical correlation of Liao et al. [41]. It
should also be mentioned that a large number of studies in the past
two decades have been dedicated to enhancing CHF using a variety
of surface modification techniques, a comprehensive review of
which is now ongoing by the present authors. These techniques
include nanoparticle deposition induced by nanofluid boiling
[50], nanowire-coated surfaces [84], and surface anodization [85],
in which improved surface wettability is a major contributor to



Table 8
Summary of methods for prediction of pool boiling CHF.

Author(s) Relation MAE
[%]

Horizontal, upward-facing orientation
Lienhard & Dhir [29,30]

q00CHF ¼ 0:149qghfg rgðqf � qgÞ=q2
g

h i1=4 19.0

Mudawar et al. [27]
q00CHF ¼ 0:151qghfg rgðqf � qgÞ=q2

g

h i1=4 19.1

Atmospheric pressure, all orientation angles
Mudawar et al. model [27] modified with Chang & You

correlation [38]
q00
CHF ¼ 0:151 1� 0:0012h tanð0:414hÞ � 0:122 sinð0:318hÞ½ � � qghfg rgðqf � qgÞ=q2

g

h i1=4 23.3

Lienhard & Dhir model [29,30] modified with Chang & You
correlation [38]

q00
CHF ¼ 0:149 1� 0:0012h tanð0:414hÞ � 0:122 sinð0:318hÞ½ � � qghfg rgðqf � qgÞ=q2

g

h i1=4 23.8

Vishnev correlation [34]
q00CHF ¼ 0:0125ð190� hÞ1=2qghfg rgðqf � qgÞ=q2

g

h i1=4 25.5

All pressures and all orientation angles, with contact angles in the range of 0 � a � 90�
Kandlikar [40]

q00CHF ¼ 1þcosa
16

2
pþ p

4 ð1þ cosaÞ cos h� 	1=2 � qghfg rgðqf � qgÞ=q2
g

h i1=4 22.6

Liao et al. [41]
q00CHF ¼ 0:131 �0:73þ 1:73

1þ10�0:021�ð185:4�hÞ

h i
1þ 55�a

100 ð0:56� 0:0013hÞ� 	� qghfg rgðqf � qgÞ=q2
g

h i1=4 23.4
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the CHF enhancement. Thus, Kandlikar’s model and the correlation
of Liao et al. might contribute to the prediction of enhanced CHF
resulting from these wettability effects.

4.6. Need for additional data and predictive methods

Despite the success of several available models at predicting the
effects of pressure, surface orientation, and contact angle on pool
boiling CHF, there is a need for consistent reduced gravity data to
assess the ability of the same or improved tools in predicting the
dependence of CHF on gravity. Overall, better success has been
achieved in predicting reduced gravity CHF for flow boiling
[86,87] than for pool boiling [88–90].
5. Concluding remarks

This paper is the second part of a two-part study on pool boiling
CHF from flat surfaces. While the first part reviewed different CHF
models and associated mechanisms and parametric trends, the
present part was dedicated to assessment of CHF models and cor-
relations. The assessment is based on a new consolidated CHF data-
base that is amassed from 37 sources, and consists of 800 data
points covering 14 working fluids, pressures from 0.0016 to
5.2 MPa, orientation angles from 0 to 180�, and contact angles from
0 to 113�. Key findings from this part can be summarized as
follows:

(1) For the horizontal, upward-facing orientation, best predic-
tions for the entire range of operating pressures are achieved
with the modified hydrodynamic instability model of Lien-
hard and Dhir [29,30] and interfacial lift-off model of Muda-
war et al. [27].

(2) For inclined surfaces, best predictions are achieved by mod-
ifying the models of Lienhard and Dhir, and Mudawar et al.
with the CHF orientation correlation of Chang and You
[38]. Higher predictive accuracy is achieved when data at
or close to the horizontal, downward-facing orientation are
excluded, which points to the need for more data and
improved understanding of near-wall interfacial behavior
for these orientations.

(3) CHF data reflecting contact angle effects are relatively sparse
and limited to hydrophilic liquids. Overall, best predictions
for contact angle effects are achieved with Kandlikar’s model
[40] and a correlation by Liao et al. [41].
(4) This paper is concluded with recommendations for most
accurate models and correlations, segregated into three cat-
egories: (a) horizontal, upward-facing surfaces and all pres-
sures, (b) tilted surfaces and atmospheric pressure alone,
and (c) contact angle effects.
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