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ABSTRACT

     Application of the macrolayer dryout model has been performed to predict CHF at inclined plates.
For the identification of the detachment frequency of coalesced bubble, experiments have been per-
formed with high-speed motion analyzer and bubble behaviors at inclined plates have been investi-
gated.  Based on the observed bubble behaviors, the detachment frequency of the coalesced bubble is
measured and linear relations between detachment frequency and heat flux have been developed.  In
the case of 60o and 90o inclined plate, the detachment frequency decreases with the increase of heat
flux.  However, opposite trend has been identified in 30o inclined plate: the detachment frequency in-
creases with the increase of heat flux.  Using the correlation of macrolayer thickness suggested by
Haramura & Katto and the extrapolation of the identified linear relations, CHFs at different conditions
have been predicted.  According to the prediction results, CHF values are well predic table.

1. INTRODUCTION

Zuber et al. [1] and Kutateladze [2] were the first to provide a theoretical formulation for pool

boiling CHF based on the hydrodynamic instability model.  Through several decades, the hydrody-

namic instability model has been mainly revised by Lienhard et al. [3, 4] and suggested one of the

most promising models for the prediction of pool boiling CHF at well-wetted large horizontally facing

upward plates.  However, this model has some drawbacks: difficulty in the consideration of the effect

of the heated surface’s condition, for example, the wettability, contamination, heat capacity, etc.  In

addition, several experiments show that whereas some dry areas disappear some time after their crea-

tion, others grow and thereby induce burnout of heated surface [5, 6].  These phenomena are difficult

to be described with the hydrodynamic instability model.  In the application of the hydrodynamic in-

stability model to the situations different from the horizontally facing upward plate, the instability

model also has some difficulties for the prediction of the pool boiling CHF.  To overcome the limita-

tions of the hydrodynamic instability model and realistically describe phenomenological information

related to the bubble behavior at high heat flux and liquid layer existed at the heated surface even at

CHF, some kinds of mechanistic models have been suggested.  Particularly, the macrolayer dryout

model suggested by Haramura & Katto [7] has been widely recognized as alternative of the mechanis-



tic CHF model and has been applied to different boiling conditions.  The macrolayer dryout model is

typically represented as following correlation:

fhq fgffCHF ⋅⋅ρ⋅δ= (1)

Here δf and f are macrolayer thickness and detachment frequency of coalesced bubble, respectively.

In this study, the application of the macrolayer dryout model into inclined plates has been per-

formed to predict the pool boiling CHF.  In the point of the macrolayer dryout model, the macrolayer

thickness and the detachment frequency of the coalesced bubble are very important to predict the pool

boiling CHF.  For the identification of the detachment frequency of the coalesced bubble, experimen-

tal works with high-speed motion analyzer have been performed to investigate the bubble behavior at

inclined plate.  Based on the recorded bubble behavior, the detachment frequency of the coalesced

bubble has been identified.  Contrary to the detachment frequency of coalesced bubble, it is difficult to

identify the macrolayer thickness with present experimental facility.  Therefore detailed analyses have

been performed concentrating on experimental works related to macrolayer thickness.

  

2. BUBBLE BEHAVIOR

Investigation on the bubble behavior at heated surface is important to identify the heat transfer

and CHF mechanism, and to develop a mechanistic modeling.  In this regard, several experiments

have been performed to get insights and information: however, most of them are limited to small heat-

ed surface and horizontally facing upward plate and/or vertical position.  In addition, the bubble be-

havior at an inclined plate is not fully investigated till now.  For this reason, experimental works with

high-speed motion analyzer have been performed to clarify the bubble behavior at an inclined plate.

In the experiment, heat flux is increased up to 70% ~ 80% of measured CHF for the protection of test

section.

2.1 Boiling Phenomena at Inclined Plates

• Horizontal downward facing surface (0o): At low heat fluxes, small bubbles are generated and stay

at a limited number of nucleation sites.  The small bubble grows with time and, if larger than the

width of heated surface, intermittently escape through lateral side of heated surface.  Most of heat-

ed surface seems to be wetted with surround fluid.  With the increase in the heat flux, bubbles

more rapidly grow longitudinal and coalesce with surrounding bubbles to become larger oblate

ones, as shown in Fig. 1.  When the diameter of a bubble grows to larger than the surface width, it

escapes from the heated surface mainly through lateral sides.  At this heat flux level, the heated

surface is almost wetted with bubble, except for the escape of large coalesced bubble for very

short time.  At high heat fluxes, bubbles are vigorously generated over the heated surface and large

bubbles escape through all sides.  In addition, compared to intermediate heat flux, the bubble layer

thickness at the heated surface seems to be increased with heat flux.  The CHF occurs at an arbi-

trary point.



• 30o inclined downward surface (Fig. 2): At low heat flux, most of the generated bubble at the heat-

ed surface moves to and escape through the upper edge of heated surface with coalesced bubble

shape.  Sliding up through the heated surface, bubble escape is occasionally happened due to not

the bubble size larger than the width of heated surface, but the buoyancy acted on the bubble’s in-

trusion part.  As heat flux increases further, the coalescence of bubbles moving upward becomes

significant and large bubbles escape mainly through the top edge.  A cyclic phenomenon is ob-

served (Fig. 6): (i) formation of a large coalesced bubble in the lower part of the heated surface,

(ii) rise of the large bubble along the surface, and (iii) the escape of the large bubble through the

top edge and initiation of another large coalesced bubble  and (iv) new formation of a large coa-

lesced bubble in the lower part of the heated surface.  At high heat fluxes, large bubbles escape

through all sides but significant bubble sliding seemed to be occurred.  In addition, the bubble

layer thickness increases with heat flux, similar to 0o.  The CHF generally occurs on the lower part

of the heated surface.

• 60o inclined downward surface: Bubbles generated at nucleation site moves to upper edge of the

plate and escape with coalesced bubble.  Contrary to 30o, the bubbles can only escape through the

upper edge.  As heat flux further increases, the bubble coalescence is more easily identified and

cyclic behavior can be detected.  At high heat flux, the bubbles intrude the lateral side of the plate,

however, most of bubble escape is established at the upper edge, due to the sweeping flow induced

by the coalesced bubble generated at the lower part of heated surface.  In addition, the size of

coalesced bubble is considerably larger than that of 30o.  The snapshots for 60o inclined downward

surface are shown in Fig. 3.

• Vertical surface (90o; Fig. 4): At very low heat fluxes, the bubbles generated at the nucleation site

move upward along the heated surface without any significant coalescence.  As heat flux increases,

the bubble coalescence can be initiated at near the bottom position of the plate and large bubbles

escape mainly through the top edge.  A cyclic phenomenon is also observed: new large coalesced

bubble is generated at the bottom position as the coalesced bubble escape through the upper edge.

At high heat flux, the size of coalesced bubble is somewhat larger than the width of heated plate,

however, most of bubble only escape the upper edge, similar to phenomena of 60o.  In addition,

small bubble is always generated at the lowermost side of the heated surface and is continuously

provided to upper coalesced bubble.

• Horizontal upward surface (180o): The bubbles are generated at limited sites and move upward

without any coalescence (isolated bubble region) at low heat flux.  These nucleation sites seems to

be increased with heat flux.  At high heat flux, heated surface is nearly covered with coalesced

bubble.  In addition, the coalesced bubble detaches from the surface with certain distance, which is

somewhat small but similar to the Taylor instability wavelength.  The photographs are shown in

Fig. 5.

2.2 Detachment Frequency of Coalesced Bubble



As referred in 2.1, a cyclic phenomenon is observed in the inclined plates from medium heat flux

region (~ 400 kW/m2) (Fig. 6).  As shown in Fig. 6, the bubble behavior of (a) seems to be very simi-

lar to that of (f).  The coalesced time between two successive coalesced bubbles (Fig. 6 (a) and (f)) is

defined as the hovering time of coalesced bubble in present study.  With this criterion and recorded

films on the bubble behavior, the hovering times of coalesced bubble have been measured for 30o, 60o

and 90o inclination angles of each test section.  The detachment frequency of coalesced bubble can be

calculated to the reciprocal of the hovering time of the bubble.  With experimentally measured hover-

ing times, linear functions of the detachment frequency with heat flux have been identified for three

different inclination angles of each test section.  The linear relations are summarized in Table 1 and

the linear relations of W3L10 case are shown in Fig. 7.

Effect of Inclination Angle on Detachment Frequency

At the horizontally facing upward plate, the detachment frequency of the bubble becomes to

decrease with the increase of heat flux.  In the present experiments, this behavior is also identified in

the case of 60o and 90o inclined plate, except for the 60o inclined plate of W4L20.  However,

somewhat different trend on the detachment frequency has been identified in the 30o inclined plate of

all test sections and 60o inclined plate of W4L20: the detachment frequency increases with the increase

of heat flux.  For the confirmation of experimental results at 30o inclined plate, more experiments have

been performed to higher heat flux region and experimental results are provided in Fig. 7 (W3L10

case) and Fig. 8 (W3L20 & W4L20 cases), respectively.  As shown in Fig. 7 and Fig. 8, although there

is some scattering in the detachment frequency with heat flux, similar behaviors have been identified:

the frequency increases with the increase of heat flux.

Size Effect on Detachment Frequency

Figure 9 shows the width effects on the detachment frequency of coalesced bubble.  In the case of

60o inclined plate of L10 series, the width effect seems to be somewhat negligible .  This is resulted

from the comparatively short heated surface: the bubbles easily escape from the heated surface without

any influences of width.  Similar to 60o inclined plate of L10 series, it is difficult to identify the width

effect in 30o inclined plate of L15 series.  In the other hand, the width effect on the detachment fre-

quency becomes noticeable  with the increase of inclination angle.  As shown in Fig. 9 (b), the width

effects are clearly shown in 60o and 90o inclined plates: the detachment frequency generally decreases

with the increase of the width of heated surface.  In the case of L20 series, the width of heated surface

affects the detachment frequency of coalesced bubble regardless of inclination angle, as shown in Fig.

9 (c).

Comparison of Previous Experiments

Related to the detachment frequency of coalesced bubble at the horizontally facing upward plate,

Davidson & Schueler [8] and Walters & Davidson [9] have suggested a theory that upward motion of

a growing bubble is determined by a balance between the buoyancy and inertia of the liquid accom-



panying the growing bubble.  Haramura & Katto [7] later used this theory for the prediction of CHF in

different boiling situations including pool boiling.  The correlation of the hovering time used in Hara-

mura & Katto’s model, which is the inverse of the detachment frequency, is as follows:
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Using the hovering time predicted by equation (2), the detachment frequencies with heat flux are

calculated and the results are shown in Fig. 10.  For the comparison of present experiment, linear rela-

tions of detachment frequency identified in the present investigation also provided in the figure.  Ac-

cording to the Davidson and Schueler’s theory, the detachment frequency of coalesced bubble de-

creases with the increase of heat flux.  This behavior is observed in 60o and 90o inclined plate.  Spe-

cially, at high heat flux at 60o inclined plate of W3L10 and W3L15, the behavior of detachment fre-

quency as well as the frequency itself are very similar to those predicted by eq. (2).  In the other hand,

different trend in the behavior of detachment frequency has been identified in 30o inclined plate.

For the measurement of CHF and detachment frequency with inclination angle, Sakashita et al.

[10] performed experiment with 15-mm diameter copper disk.  According to their experiment, the de-

tachment frequencies at CHF of 30o and 90o inclined plate are about 9.14 and 14.68, respectively.

Figure 11 shows Sakashita et al.’s and present experimental results.  As shown in Fig. 11, there exists

considerable difference on the detachment frequencies between two experiments.  The difference in

the detachment frequency may be induced by the difference in heater size and geometry in each ex-

periment.

3. MACROLAYER THICKNESS

Several experiments have been performed to investigate the behavior of the macrolayer thickness

with heat flux at horizontally facing upward plate.  Their details and the predictions by developed cor-

relations for the macrolayer thickness are shown in Table 2 and Fig. 12, respectively.  As shown in Fig.

12, macrolayer thickness is generally correlated with the inverse proportion of heat flux: however, the-

re are considerable differences between the predictions of those correlations.  This is induced by the

characteristics of heated surface including surface roughness, wettability, dimensions, and different

measuring technique for the macrolayer thickness, i.e., electric resistance probe device, conductivity

probe device, photographic study, and so on.  In the other hand, Sakashita et al. [10] performed ex-

periments to investigate the CHF and detachment frequency of coalesced bubble at downward facing

plate, i.e., from 0o to 90o, in water and ethanol pool with 15 mm diameter copper disk.  Based on the

macrolayer dryout model and the measurements of CHF and the detachment frequency, they calcula t-

ed macrolayer thickness with the inclination angle of heated surface (Fig. 13).  According to their ex-

perimental results, macrolayer thickness seems to be somewhat affected by the inclination angle of

heated surface.  However, Sakashita et al. have insisted that the macrolayer thickness at inclined plate

can be predictable with correlation suggested by them, which is developed with the experimental data

of the macrolayer thickness measured at horizontally facing upward plate and vertical position.



4. ASSESSMENT OF MACROLAYER DRYOUT MODEL

In the viewpoint of macrolayer dryout model, CHF is occurred when the macrolayer dries out

prior to the detachment of coalesced bubble.  In present work, following criterion is used:
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(3)

The underlying mechanism is that the CHF occurs when the liquid consumption before bubble

departure is larger than the macrolayer thickness at certain heat flux.  Related to the macrolayer thick-

ness, the analytical or empirical correlation considering the inclination angle of heated surface is not

suggested till now.  Therefore it is difficult to find the suitable correlation.  The only clue for the se-

lection of macrolayer thickness may be Sakashita et al.’s experimental results: i.e. the correlation of

macrolayer thickness based on the experimental data at the horizontal facing upward and vertical

position is well predictable the macrolayer thickness at the inclined plate.  Because of above reason

and no experimental coefficient, Haramura & Katto model is arbitrarily selected for the prediction of

the macrolayer thickness with heat flux.

Using the Haramura & Katto model as the macrolayer thickness and the extrapolation of the

linear fitting relations of the detachment frequency based on the present experimental results, CHF

values at different conditions have been predicted as shown in Table 3 and Fig. 14.  According to the

prediction results, in 30o inclined plate and 60o & 90o inclined plate, CHF values are generally over-

predicted and under-predicted, respectively.  However, considering the prediction errors, the applica-

tion of the macrolayer dryout model to the pool boiling CHF seems to be reasonable approach.

 5. CONCLUSIONS

 

 Application of the macrolayer dryout model into inclined plates has been performed to predict the

pool boiling CHF.  In addition, an experimental works have been performed to investigate the bubble

behavior at inclined plate and measure the detachment frequency of coalesced bubble.  Through ana-

lytical and experimental works, important findings are summarized as follows:

 

1. Above about 400 kW/m2, cyclic behaviors have been clearly observed in 30o, 60o and 90o inclined

plate: (i) formation of a large coalesced bubble in the lower part of heated surface, (ii) rise of the

large bubble along the surface, (iii) the escape of the large bubble through the top edge and initia-

tion of the coalesced bubble’s generation at lower position of heated surface, and (iv) new forma-

tion of a large coalesced bubble in the lower part of heated surface.

2. Considering the coalesced time between two successive bubbles as the hovering time of coalesced

bubble, the detachment frequency of coalesced bubble at an inclined plate has been identified and

linear fitting relationships have been developed based on the experimental results.  In the case of

60o and 90o inclined plate, the frequency decreases with the increase of heat flux.  However,



somewhat different tendency has been identified in 30o inclined plate: detachment frequency in-

crease with the increase of heat flux.

3. With the macrolayer thickness suggested by Haramura & Katto and the extrapolation of linear fit-

ting correlations for bubble detachment frequency, macrolayer dryout model is applied to predict

CHF at inclined plate.  According to the prediction results, CHF can be well predicted for different

conditions.  In this point of view, the macrolayer dryout model is thought to be promising ap-

proach for the pool boiling CHF.

Nomenclature

f detachment frequency of coalesced bubble

g gravitational acceleration, m/s2

hfg latent heat of vaporization, J/kg

q heat flux, kW/m2

qCHF critical heat flux, kW/m2

v1 volumetric growth rate of bubbles, m3/sec

vf dynamic viscosity of liquid, m2/sec

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)

ρf liquid density, kg/m3

ρg vapor density, kg/m3

δf macrolayer thickness, m

τd hovering time of coalesced bubble
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Table 1.  Bubble Detachment Frequency

T/S 30o 60o 90o

W3L10 F = 12.35 + 0.00171 × q F = 13.42 – 0.00101 × q F = 13.51 – 0.000622 × q
W3L15 F = 11.35 + 0.00295 × q F = 13.57 – 0.001 × q F = 15.96 – 0.004 × q
W3L20 F = 11.94 + 0.00372 × q F = 13.55 – 0.000509 × q F = 13.81 – 0.00115 × q
W4L10 - F = 12.57 – 0.0002378 × q -
W4L15 F = 10.01 + 0.00456 × q F = 12.91 – 0.00175 × q F = 12.44 – 0.0008814 × q
W4L20 F = 9.37 + 0.00405 × q F = 10.85 + 0.00111 × q F = 13.48 – 0.00248 × q

Table 2. Detailed Information related to the Experiment for the Macrolayer Thickness

Author Dia. of Test
Section

Measurement
Device Correlation of the Macrolayer Thickness

Gaertner [11] 50.48 mm Photographic
study

δf = 0.4854 × 105 q -1.4225

Iida & Kobayasi
[12]

20 mm Conductivity
probe

δf = 3.2296 × 105 q -1.5148

Bhat et al. [13] 42 mm Conductivity
probe

δf = 1.585 × 105 q -1.527

Shoji [14] 10 mm Electric imped-
ance method

δf = 1.77 × 104 q -1.38

Rajvanshi et al.
[15]

50 mm Electrical resis-
tance probe

δf = 0.0107ρ gσ(ρg/ρ f)
0 . 4(h fg /q)

Kumada et al.
[16]

2~30 mm disks
0.2~3 mm wires

Conductance
probe

6/5
0

24/15
gf

56
f

118
ff G/}])(g/{[786.0 ρ−ρρσν=δ



Table 3.  Prediction Results based on Macrolayer Dryout Model

30o 60o 90o

M. P. (Err) M. P. (Err) M. P. (Err)
W3L10 1156 1170 (+1.2%) 1129 1110 (-1.7%) 1196 1130 (-5.5%)
W3L15 1186 1190 (+0.3%) 1189 1120 (-5.8%) 1275 1090 (-14.5%)
W3L20 1215 1230 (+1.2%) 1145 1130 (-1.3%) 1196 1120 (-6.4%)
W4L10 1241 1166 1110 (-4.8%) 1210
W4L15 1088 1200 (+10.3%) 1109 1070 (-3.5%) 1159 1090 (-6.0%)
W4L20 1097 1097 (+5.7%) 1098 1110 (+1.1%) 1120 1070 (-4.5%)

*Err. = (P-M)/P

Fig. 1 Bubble Behavior at 0o  Inclined Plate of W4L20 (50, 200 and 500 kW/m2)

Fig. 2 Bubble Behavior at 30o Inclined Plate of W3L10 (98, 492 and 800 kW/m2)

Fig. 3 Bubble Behavior at 60o Inclined Plate of W3L10 (104, 402 and 852 kW/m2)

Fig. 4 Bubble Behavior at 90o Inclined Plate of W3L10 (99, 402 and 800 kW/m2)

Fig. 5 Bubble Behavior at 180o Inclined Plate of W3L10 (91, 600 and 799 kW/m2)



 
(a) time = 0.000 sec (b) time = 0.016 sec (c) time = 0.032 sec

  
(d) time = 0.048 sec (e) time = 0.064 sec (f) time = 0.084 sec

Fig. 6 Cyclic Behavior (W3L10 and 30o; 492 kW/m2)
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Fig. 7 The Detachment Frequency of Coalesced Bubble at W3L10
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Fig. 8 The Detachment Frequency at High Heat Flux Region
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Fig. 9 The Effect of Heater Width on the Detachment Frequency

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

8

1 2

1 6

2 0
 Dav idson  eq .

 F W 3 L 1 0 d e g 3 0

 F W 3 L 1 0 d e g 6 0

 F W 3 L 1 0 d e g 9 0

F
re

q
u

e
n

c
y

 (
-)

Heat  Flux (kW/m
2

)

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

8

12

16

20

 Dav idson  eq .

 F W 3 L 1 5 d e g 3 0

 F W 3 L 1 5 d e g 6 0

 F W 3 L 1 5 d e g 9 0

F
re

q
u

e
n

c
y

 (
-)

Heat Flux (kW/m
2

)

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

8

12

16

20
 Dav idson  eq .

 F W 4 L 2 0 d e g 3 0

 F W 4 L 2 0 d e g 6 0

 F W 4 L 2 0 d e g 9 0

F
re

q
u

e
n

cy
 (

-)

Heat Flux (kW/m
2

)

(a) W3L10 Case  (b) W3L15 Case (c) W4L20 Case

Fig. 10 Comparison of the Prediction and Davidson et al.’s Theory
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Fig. 11 Comparison of Present and Sakashita et al.’s Experiment
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Fig. 12 Behavior of Macrolayer Thickness with Heat
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Fig. 13 Comparison of Kumada & Sakashita’s Ex-
periment and Other’s Works
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Fig. 14 CHF Prediction Results
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