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ABSTRACT

     Pool boiling critical heat flux (CHF) have been investigated using plate type test sections
with different widths (3 cm & 4 cm) and lengths (10 cm, 15 cm & 20 cm) under various incli-
nation angles.  As the inclination angle increases from 0o (horizontally facing downward plate)
to 30o, CHF sharply increases.  After that angle, CHF gradually increases with the increase of
the inclination angle.  There must be a transition angle between 0o and 30o, at which the CHF
increase rate remarkably changes.  According to the comparison of present and previous ex-
periments, the transition angle may be affected by heater size and increase with the increase of
heater size.  The size effect of heated surface on CHF is noticeable in the L15 & L20 series and
W4 series; however, it seems to be difficult to find the size effect in L10 series and W3 series.

1. INTRODUCTION

The CHF, at which efficient nucleate boiling and inefficient transition/film boiling from the

viewpoint of heat transfer are divide, has been considered as one of most important heat transfer

characteristic for several decades.  For this reason, considerable experimental works and ana-

lytical investigations have been performed to identify CHF conditions and underlying CHF

mechanism, and to develop mechanistic CHF models.  Specially pool boiling CHF condition on

an infinite horizontal upward surface is well known compared to other boiling situations and

several mechanistic models, i.e. hydrodynamic instability model [1, 2, 3] or macrolayer dryout

model [4], have been suggested.  These models have been continuously modified with the pro-

gress in understanding the physical mechanisms leading to the CHF.

Recently , somewhat unusual condition, to which the application of these general CHF

models is limited, are appeared and highlighted with respect to practical applications, i.e. the

CHF on a downward-facing plate or curved surface, storage tank carrying hazardous fluids

during external fire and microelectronic chips in electrical industry.  In this regard, a few ex-



perimental works with water [5~12] and cryogens [13~20] have been performed following in

the footsteps of the industry’s request.

However, the understanding levels on the CHF behavior with the inclination angle and the

CHF occurrence mechanism, and the phenomenological information related to the bubble be-

havior at an inclined plate fall behind.  In addition, it is ambiguous to describe size effect on the

CHF due to the absence of systematic investigation.  To clarify and investigate the effect of in-

clination angle and the size of heated surface on CHF, a series of CHF experiments with plate

type test sections have been performed in KAIST.  This paper presents the experimental results

performed with six different heated surfaces under various inclination angles.

2. EXPERIMENTS

2.1 Experimental Apparatus

The experimental loop, as shown in Fig. 1, has been constructed to identify the CHF be-

haviors for overall inclination angles at atmospheric pressure.  The main parts of experimental

loop are a test pool & test section, a power supply system and a data acquisition system.  CHF

experiments have been conducted in the test pool (600× 600×900 mm), which was made up of

Type-304 stainless steel except for the front and back parts for the visual observation and re-

cording of the boiling behavior at the heated surface.  In the present experiments, de-

mineralized water is used as a working fluid and heated to nearly saturation condition using pre-

heater prior to every experiment.  Three Type-T (Copper-Constantan) thermocouples have been

used to measure the pool temperature.

Various kinds of test sections have been used to investigate the effect of the width and the

length of heated surface on CHF and their dimensions are shown in Table 1.  Test sections are

made up of Type 304 stainless steel and the upper region of test sections is insulated by high

temperature resistant epoxy, as shown in Fig. 2.  The epoxy is used for sealing the heated sur-

face and to diminish heat loss from the backside of the test section.  Five Type K (Chromel-

Alumel) thermocouples, which are used to measure the temperature of heated surface, are em-

bedded at the boundary between heated surface and high temperature resistant epoxy.  A copper

electrode is welded to each end of stainless steel plate to transfer the electric power from a

40V/5000A DC power supply system connected to it.  The inclination angle of the test section



was provided by fastening the test section to the electrode positions installed at the side parts of

the test pool.

The voltages and ampere from the thermocouples and test section are directly measured by

data acquisition system, which is consisted of a HP Series 300 Workstation, HP 3852A data ac-

quisition/control Unit and IBM PC/486.  The heat flux of the test section is directly calculated

using the voltage and ampere from the test section.  Experimental errors involved in the tem-

perature measurement were estimated to be +1.6oC and +1.5oC for Type-K and Type-T thermo-

couples, respectively.

CHF is generally defined by the abrupt temperature increase of the heated surface in the

case of heat flux controlled system.  Unfortunately, if the trip system is not shutdown as soon as

possible after the occurrence of CHF, considerable damage of the test section can occur and its

break off is sometimes possible .  Therefore, the CHF detection criterion is very important for

the protection of the test section as well as the exact occurrence detection of CHF.  In present

experiment, the CHF condition was practically defined as the condition that the resistance of the

test section suddenly increased, as shown in Fig. 3.  At the occurrence of the CHF, the electrical

resistance also sharply increases in the experiment of Golobic & Bergles [21].  Figure 3 shows

the appropriateness of this criterion: the electrical resistance change of the test section always

occurs prior to the stiff temperature increase of the test section due to the delay time of the

thermocouples.

2.2 Experimental Results

Experimental results for all test sections are shown in Table 2 and Fig. 4, respectively.  In

Fig. 4, the CHF predictions for an infinite horizontally facing upward plate and an inclined plate

are also shown.

CHF at Horizontally Facing Upward Plate (180o)

In the case of horizontally facing upward plate, several researchers have performed CHF

experiments with different geometries.  In addition, Zuber et al. [1] and Lienhard & Dhir [2]

have suggested hydrodynamic instability models for the prediction of pool boiling CHF.  Some

of the CHF data at horizontally facing upward plate and the CHF predicted by Zuber et al. and

Lienhard & Dhir’s correlation are shown in Fig. 5.  Based on the experimental CHF data, Sada-



sivan et al. have suggested the lower and upper bound of pool boiling CHF at horizontally fac-

ing upward plate and those values are also shown in Fig. 5.

As shown in Fig. 5, the CHF data at the horizontally facing upward plate are somewhat

higher than those predicted by the hydrodynamic instability model.  This seems to be the effect

of small size of heated surface used in each experiment.  For the application of the hydrody-

namic instability model, the size of heated surface should be larger than the size limitation (~8

cm for saturated water) [3].  However, most of the experiments have been conduct with small-

size test sections compared to this size limitation.  Therefore, as the large bubble is detached

from the heated surface, the water surrounding the heated surface instantaneously and easily

rushes to heated surface, even at the center position of heated surface, compared to large heated

surface.  This phenomenon may also affect the boiling behavior at the heated surface.  Through

easy water ingression and instantaneous water flow convection to the heated surface, the higher

CHF is possible in small heated surface.

In present experiment, the width is smaller than the size limitation (~8 cm), therefore, the

CHF values at horizontally facing upward plate are higher than those predicted by the hydrody-

namic instability model.

Effect of Inclination Angle on CHF

CHF generally increases with the increase of the inclination angle and this behavior is

similar to other’s previous works, as shown in Fig. 4.  However, CHF values and behavior at the

facing downward plates identified in the present experiment shows somewhat higher and stiff

changes with inclination angle compared to those predicted by El-Genk et al. [7, 8] and Vishnev

et al.’s [15] correlation, respectively.  This would be due to different experimental method, ma-

terial property and geometry of the test section.  Among them, the geometry difference would

be the main cause of higher CHF and different CHF behavior: 50.8 mm disk (the diameter of

surround material is 80 mm) for El-Genk et al.’s experiment and 10.4 × 96 mm for Vishnev et

al.’s experiment.  Considering the characteristic length (width or diameter) and Taylor instabil-

ity wavelength for the working fluid used in experiments, the characteristic lengths are about

1.86 λT,D (2.94 λT,D in the case of the surround material) and  3.15 λT,D for El-Genk et al.’s and

Vishnev et al.’s experiment, respectively.  In the other hand, the characteristic lengths, i.e. width,

of the present experiment are only 1.1 and 1.47 λT,D, which are smaller than other’s experiments



(Details are shown in Table 3).  These small characteristic lengths have affected the bubble be-

havior, i.e. easy escape of bubbles generated at the heated surface through lateral direction, and

induce somewhat higher CHF value at the same inclination angle.  In addition, slight deviation

from the horizontally facing downward induces stiff CHF increase rate due to the small charac-

teristic lengths.  Additional experiments have been performed using a test section with 6-cm

(2.2 λT,D) width, which is relevant to characteristic lengths used in El-Genk et al.’s experiment.

According to the experiments, CHF seems to approach the prediction values by El-Genk et al.

and Vishnev et al.’s correlation.

In the case of W3 series and W4L10, the CHF of 30o is somewhat higher than that of 60o.

This can be explained by higher detachment frequency of coalesced bubble and easy bubble

escape through lateral side.  However, in the case of W4L15 and W4L20, CHF linearly in-

creases for overall inclination angles, as shown in Fig. 4 and 6.

Size Effect of Heated Surface on the CHF

The width effects of heated surface for overall inclination angles are shown in Fig. 6.  As

shown in this figure, it is difficult to evaluate the width effect in L10 series, even at horizontally

facing downward position.  In the other hand, the width effect on the CHF can be clearly identi-

fied in L15 series and L20 series.  Related to the length effect on the CHF, its identification is

possible only for the W4 series, as shown in Fig. 7.  Similar to the L10 series, it is somewhat

obscure to define the length effect in W3 series.  Difficulty in detecting the width and length

effect in L10 series and W3 series can be explained by bubble escape path: bubble easily escape

from the heated surface due to short length in L10 series and short width in W3 series.  How-

ever, as the width of heated surface further increases to 6 cm, CHF values for W6L10 (vertical

position: 90o) and W6L15 (60o) decrease to about 900 kW/m2, which is about 70 % of CHF pre-

dicted by Zuber et al.’s correlation.  Considering this experimental result, the width effect is

clearly identified although the length of the heated surface is comparatively small, as L10 series.

Comparison with Previous Experiment

For the comparison of the present experiment, previous experiments with helium and water

are minutely investigated.  First of all, the characteristic sizes are converted into non-

dimensional number considering Taylor instability wavelength of the working fluid used in ex-



periments.  Considering Taylor instability wavelength, the sizes of heated surface and non-

heating surface are re-calculated, as shown in Table 4: most of experiments have non-heating

surface which surrounds the heated area.

In the case of the experiments with helium, non-dimensional sizes of the heated surface are

comparatively larger compared to the present experiment.  Therefore, stiff increasing behavior

of the CHF with inclination angle is not appeared and CHF values are considerably smaller than

present experimental results, till vertical position.  However, at the horizontally facing upward

position, the CHF is very similar in spite of difference of heated surface size.  In addition, the

CHF decreases with the increase of the size of the heated surface for overall inclination angles

except for the Nishio et al.’s [18] experimental result, as shown in Fig. 8 (a).  This behavior

may result from longer residence time with the increase of the heated surface’s size.

In the case of experiment with water, similar behaviors have been identified: increasing

CHF with the increase of inclination angle and decreasing CHF with the increase of heater size.

In addition, stiff increasing behavior of the CHF with inclination angle is clearly identified in

the experiment with small test section: present experiment, Ohama et al. [6], Sakashita et al.’s

experiment [10] and author’s previous experiment [11, 12].  The stiff increasing behavior of

CHF is also identified in El-genk et al.’s experiment.  However, the increasing rate of the CHF

seems to be somewhat decreased, as shown in Fig. 8 (b).  In addition, the CHF values of the

present experiment are similar to those of experiment with small size, i.e. Sakashita et al. and

Ohama et al.’s experiment.

Transition Angle Behavior

As referred, the increase rate of CHF considerably changes at certain inclination angle,

which is termed as transition angle (θtr).  To identify the behavior of the transition angle, ex-

perimental results with different size test section have been examined in detail, as shown in Fig.

9.  As shown in Fig. 9, CHF sharply increases with slight deviation from the horizontally facing

downward position in the case of the experiments using small plate less than 1.47 λT,d.  The

transition angle seems to be located below 10o in the experiments using small plate, according to

author’s previous work [11, 12], Ohama et al. [6] and Sakashita et al.’s [10] experimental re-

sults.  In the author’s previous work and present experiment, CHF increase rate with inclination

angle considerably decreases after the transition angle: in the other hand, CHF still sharply in-



crease after the transition angle in Ohama et al.’s result.  The transition angle can be identified

in the experiments with somewhat large plate: El-Genk et al. [7, 8], Lyon [14] and Iwamoto et

al.’s [18] experiments.  However, CHF increase rate below the transition angle gradually de-

creases with the increase of the heater size.  Considering the speculation lines shown in Fig. 9,

the transition angle seems to be located at near 10o in the experiments performed by Lyon and

El-Genk et al. and can be found at near 15o for Iwamoto et al.’s experiment.  Based on the abo-

ve investigation, transition angle may be affected by the size of the heated surface.

3. CONCLUSIONS

 

 An experimental study has been performed to investigate the effects of the heated surface

inclination angle and size on the pool-boiling CHF of near-saturated water under atmospheric

pressure.  Important findings are summarized as follows:

1. At horizontally facing upward plates, measured CHF values are higher than those predicted

by the conventional pool boiling CHF correlation: Zuber et al. and Lienhard et al.’s corre-

lation.  The higher CHF values may result from the effects of the easy water ingression to

the heated surface and convective flow due to the small size of the heated surface.

2. CHF generally increases with the increase of inclination angle (from horizontally facing

downward position to horizontally facing upward position).  Two distinct regions have been

identified based on the CHF increase rate, i) sharply increasing region till 30o, ii) gradual

increasing region after 30o.  This induced by the difference of major boiling phenomena

with the inclination angle.  Peculiar point has been identified in present experiment: i.e. the

CHF for 30o inclined plate is larger than that for 60o inclined plate, except for W4L15 &

W4L20.  This behavior may result from the easy bubble escape from the heated surface due

to the small heater size.

3. In the point of the CHF increase rate, there should be a transition angle, at which the CHF

increase rate considerably changes.  The transition angle seems to be around 10o in the

author’s previous experiment and seems to be located between 0o and 30o in present experi-

ment.  Considering present experiments and previous works, the transition angle must be af-

fected by and may increase with the increase of the characteristic size of heated surface.



4. In the case of W4 series and L15 & L20 series, CHF decreases with the increase of the

length and the width of heated surface, respectively.  In the other hand, it is difficult to

identify the effect of the length and width in W3 series and L10 series.  This behavior may

result from the easy bubble escape due to the small heater size: the bubbles generated at the

heated surface easily escape from the heated surface due to short length in L10 series and

short width in W3 series.

Nomenclature

qchf critical heat flux, kW/m2

qchf, Zuber critical heat flux predicted by Zuber correlation kW/m2

λT,d Taylor wavelength scale, =2π(3σ/g∆ρ)0.5, m

θ inclination angle (0
o
 for  a horizontal downward-facing plate, 90

o
 for a vertical

plate, and  180
o
 for a horizontal upward-facing plate)

θtr transition angle, degree
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Table 1. Test Matrix for Experiment (unit: mm)

Length
Width 100 150 200

30 W3L10 W3L15 W3L20 W3 Series
40 W4L10 W4L15 W4L20 W4 Series

L10 Series L15 Series L20 Series

Table 2. Experimental Results (CHF: kW/m2)

Inclination
Angle ( o) W3L10 W3L15 W3L20 W4L10 W4L15 W4L20

0 783 667 792 759 531 626
30 1156 1186 1215 1241 1088 1097
60 1129 1189 1145 1166 1109 1098
90 1196 1275 1196 1210 1159 1120

120 1371 1335 1303 1320 1133 1210
150 1340 1311 1315 1268 1281 1259
180 1501 1251 1427 1341 1371 1364



Table 3. Detail Information

Working
Fluid

Geometry & Material of Test
Section [mm]

Size of Test Section
based on λT,D

Method

Guo & El-
Genk [6]

Water Disk Type
D = 50.8 [80×80; surround
material]
Copper

1.86 λT,D

[2.94 λT,D]
Quenching

Vishnev
et al. [15]

He Plate Type
10.4×96×0.063
Stainless steel

3.15 λT,D 28.9 λT,D
Steady Heat-
ing

Present Water Plate Type
W = 30, 40
L = 100, 150, 200
Stainless Steel

W = 1.1,
1.47 λT,D

L = 3.67,
5.50,
7.33 λT,D

Steady Heat-
ing

Table 4. Heater Size and Geometry

Geometry of
Test Section (mm)

Non-dimensional Size
Considering λT,DAuthor

Heated
Surface

Surrounding
Material

Heated
Surface

Surrounding
Material

Ohama et al. [6] Disk: 29.5 Disk : 200 1.08 7.33
El-Genk et al. [7,8] Disk : 50.8 Plate: 80 × 80 1.86
Sakashita et al. [10] Disk : 15 Present;

no information
0.55 -

Yang et al. [11,12] Plate : 20 & 25 ×
200

No 0.733 & 0.92 ×
7.33

-

Present Experiment Plate : 30& 40 ×
100, 150 & 200

No 1.10 & 1.47 ×
3.67, 5.50 & 7.33

Lyon [14] Disk : 9.91 Disk : 28.702 2.91 8.44
Vishnev et al. [16] Plate : 10.4 × 96 No information 3.03 × 28.24 -
Nishio et al. [18] Disk : 20 Present;

no information
5.88 -

Iwamoto et al. [19] Plate : 18 × 76 Plate : 38 × 90 5.29×22.35 11.17 × 26.47

Fig. 1 Schematic Diagram of the Pool Boiling

Experimental Loops

Copper
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Stainless steel

100
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20 320 20

K-type Thermocouple : 5 EA

5

Fig. 2 Schematics of the Test Sections (W3L10

case, unit: mm)



2 3 0 0 2 3 2 0 2 3 4 0 2 3 6 0 2 3 8 0 2 4 0 0

- 2

- 1

0

1

2

2378 sec

R
e

si
st

a
n

ce
 C

h
a

n
g

e
 (

-)

 Res is tance  change

V
o

lt
a

g
e

 (
V

)

2 3 0 0 2 3 2 0 2 3 4 0 2 3 6 0 2 3 8 0 2 4 0 0

2 . 0

2 . 5

 Voltage of test section

T ime  (Sec )

(a) Voltage and Resistance Change Behavior of

the Heated Surface

2300 2320 2340 2360 2380 2400
140

160

180

200

220

240

2381 sec

 T 1

 T 2

 T 3

 T 4

 T 5

T
em

pe
ra

tu
re

 (
K

)

Time (sec)

(b) Temperature Behavior of the Heated Surface

Fig. 3 Physical Properties Behavior at CHF

0 3 0 6 0 9 0 120 150 180

0

400

800

1200

1600

 Zuber  Eq.  L ienhard Eq.

 Vishnev Eq.  El_genk Eq. 

 ULPU-2000 Configurat ion I I  Eq.

 W3L10  W3L15  W3L20

 W4L10  W4L15  W4L20

 W6L10  W6L15

C
rit

ic
al

 H
ea

t F
lu

x 
(k

W
/m

2
)

Inclination Angle (o)

Fig. 4 Overall Behavior of the CHF

0 2 4 6 8 1 0

0.0

0.5

1.0

1.5

2.0

 Zuber eq.  L i enha rd  eq .

 Cos te l l o  e t  a l  Lyon e t  a l

 N ish io  e t  a l  V ishnev  e t  a l

 Gaertner  Katto & Yokoya

 Present  exper iment

 Sadas ivan lower  bound

 Sadas ivan upper  bound

q c
h

f/q
c

h
f,

 Z
u

b
e

r

Nondimensional Number (W or D/λ
D
,-)

Fig. 5 CHF at Horizontally Facing Upward Plates

0 30 60 90 1 2 0 1 5 0 1 8 0
4 0 0

8 0 0

1200

1600

 W3L20

 W4L20

q c
h

f (
kW

/m
2
)

Inclination angle ( o)

0 30 60 90 1 2 0 1 5 0 1 8 0
4 0 0

8 0 0

1200

1600

 W3L10

 W4L10

 W6L10

q c
h

f (
kW

/m
2
)

Inclination angle ( o)

0 30 60 90 1 2 0 1 5 0 1 8 0
4 0 0

8 0 0

1200

1600

 W3L15

 W4L15

 W6L15

q c
h

f (
kW

/m
2
)

Inclination angle ( o)

Fig. 6  Width Effect of Heated Surface on CHF



0 30 60 90 120 150 180
400

800

1200

1600

 W4L10

 W4L15

 W4L20

q
c

h
f (

kW
/m

2
)

Incl inat ion angle (
o
)

0 30 60 90 120 150 180
400

800

1200

1600

 W3L10

 W3L15

 W3L20q
c

h
f (

kW
/m

2
)

Incl inat ion angle (
o
)

Fig. 7 Length Effect of Heated Surface on CHF

0 3 0 6 0 9 0 120 150 180

0.0

0.4

0.8

1.2

1.6

2.0
 Lyon  Ex .  (D : 2.91 λd )  (D :8.44λ d )

 V ishnev  Ex .  ( P  :  3 . 0 3  x  2 8 . 2 4  λ
d
)  (no informat ion)

 Iwamoto  Ex .  ( P  :  5 . 2 9  x  2 2 . 3 5 λ
d
) ( P  :  1 1 . 1 7  x  2 6 . 4 7  λ

d
)

 N ish io  Ex.  (D :  5.88 λ d)  (P resen t  :  no  i n fo rma t i on )

 P resen t  Ex .  (P  :  1 . 10&1 .47  λd x3.67,5 .50&7.33 λd ) (x)

q
ch

f/q
ch

f,
 Z

u
b

e
r

Inclination angle (
o
)

(a) Experimental Results in Helium Pool

0 3 0 6 0 9 0 120 150 180

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 Sakashita et a l .  (Disk : 0.55 λ
d
) 

 Yang et a l . (Plate : 0.733 & 0.92 x 7.33λ
d
)

 Ohama et a l .  (Disk : 1.08λ
d
)

 El-Genk et a l .    (Disk : 1.86λ
d
)

 Present  (Plate : 1.10&1.47 λ
d
x

3.67,5.50&7.33 λ
d
)

q
ch

f/q
ch

f,
 Z

u
b

e
r

Inclination angle (o )

(b) Experimental Results in Water Pool

Fig. 8 Comparison of Present Experimental Results with Previous Works
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Fig. 9 Transition Angle Behavior with Heated Surface Size
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