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Abstract

Point of net vapor generation (PNVG) was investigated based on the void fraction dataset obtained by high-frame-

rate neutron radiography. The test channels used in the experiment were rectangular channels heated from one side with

channel gap of 3 and 5 mm, channel width of 30 mm, and heated length of 100 mm. In this study, we discuss on (1) the

determination of the instantaneous and time-averaged PNVG, (2) the effects of system parameters on PNVG, (3) the

applicability of existing PNVG correlations to the channel with a short heated length, and (4) the effect of the PNVG in

critical heat flux (CHF) model. The following results were obtained: (a) the effects of system parameters on the thermal

equilibrium quality at the PNVG were small under the present conditions, (b) existing PNVG correlations tended to

underestimate the thermal equilibrium quality at the PNVG in the channel with a short heated length, and (c) the

prediction accuracy of Katto�s CHF model could be improved significantly by using the accurate PNVG.
� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

In relation to thermal-hydraulic design of high heat

flux components, it is important to predict a critical heat

flux (CHF) in a cooling channel with a relatively short

heated length. Some experimental [1] and analytical [2–

4] researches have been performed on the CHF in round

tubes with a short heated length. On the other hand,

cooling channels in high intensity spallation neutron

source (SNS) and fusion neutron source (FNS) being

planned in the Japan Atomic Energy Research Institute

(JAERI) have a rectangular cross section and a rela-

tively short heated length of about 100 mm. The appli-

cability of existing CHF correlations and models, which

were developed based on the dataset mainly taken in

round tubes, to such a rectangular channel with a short

heated length should be evaluated by database taken for

appropriate channel geometries. The present authors

performed experimental work to collect rigorous dat-

abase of the CHF in rectangular channels with a short

heated length under subcooled-boiling conditions as well

as analytical work to evaluate existing CHF correlations

and models with the obtained database [5,6]. This pre-

liminary analysis suggested that the correlation for void

fraction employed in the CHF model did not give a good

prediction for the short rectangular channels, resulting

in marked deterioration of the accuracy in the CHF

prediction.

For good prediction of the void fraction in a sub-

cooled-boiling region, a proper modeling is indispens-

able for the point of net vapor generation (PNVG), the

true quality ðxÞ, and the void fraction distribution.

Among them, the prediction of the PNVG may affect the

calculated void fraction distribution at the downstream

from the PNVG significantly. Thus, a physical under-

standing of the PNVG is indispensable to predict the

void fraction with high accuracy. Different CHF models

give different PNVG definitions, such as the net vapor
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generation point (NVGP), the initial point of net vapor

generation (IPNVG), onset of significant void (OSV).

The definition of the PNVG would roughly be classified

into two types. Levy [7] and Saha–Zuber [8] defined the

PNVG to be a point where bubble departure from the

channel wall initiated, whereas Bibeau–Salcudean [9]

defined it to be a point where the net void fraction

started to increase. The present authors found from

high-speed-video visualization of subcooled-boiling flow

in a rectangular channel heated from one side [5] that the

bubble migration on the heated surface occurred even at

the upstream of the point of net void fraction increase.

Similar observation was also reported by Dix [10] in an

experiment at a high pressure. Therefore, it should be

important to discriminate between the definitions of the

PNVG by Levy and Saha–Zuber and by Bibeau–

Salcudean. The definition of the PNVG in this study

follows the latter.

In relation to the thermal-hydraulic design of the

cooling channels in the MTR-type research reactor,

much works have been done for void fraction mea-

surement in narrow-rectangular channels. Egen et al.

[11], and Maurer et al. [12] measured void fraction in

rectangular channels with a few millimeters gap by c-ray
transmission method and Staub et al. [13], and Martin

et al. [14] by X-ray transmission method. These data have

often been used for evaluating CHF models in forced

convective boiling flows. However, the length of the

channels used in their experiments was about 350 mm or

longer, and the dataset only provided time-averaged

void fractions at a single measurement point or tra-

versed measurement points.

In this study, void fraction in a rectangular channel

heated from one side was measured by high-frame-rate

neutron radiography (HFR-NR). Neutron radiography

(NR) is one of non-intrusive measurement techniques,

which make use of the difference in attenuation char-

acteristics of neutrons in materials. In comparison with

other non-intrusive methods like X-ray radiography,

NR is suitable for measurement of thin water-thickness

on the order of a few millimeters. The details of the NR

imaging technique were described in the previous paper

[15]. The purpose of this study is to obtain the PNVG

from instantaneous (temporal resolution: 0.89 ms) and

time-averaged void fraction data measured using HFR-

NR. In addition, the applicability of existing correla-

tions for PNVG to a rectangular channel with a short

heated length was examined, and the effect of the PNVG

estimation on the prediction accuracy of Katto�s CHF
model was evaluated.

2. Experimental apparatus

An experimental system consisting of a test section,

water-circulation loop, a direct current power supply for

joule heating, and a high-speed video system was in-

stalled in a thermal neutron radiography facility no. 2

(TNRF-2) at the JRR-3M research reactor of the

JAERI. The basic concept and imaging procedure of

Nomenclature

d transverse position (m)

De hydraulic equivalent diameter (m)

FPNVG normalized value of the instantaneous point

of net vapor generation (–)

G mass velocity (kgm�2 s�1)

Lh heated length (m)

q heat flux (Wm�2)

s channel gap (m)

t thickness (m)

Tin inlet water temperature (�C)
DT measurement time (s)

w channel width (m)

wh width of the heated surface (m)

x true vapor quality, dimensionless (–)

xd equilibrium vapor quality at the point of net

vapor generation (–)

xeq equilibrium vapor quality (–)

xex equilibrium vapor quality at the exit of the

heated section (–)

xin equilibrium vapor quality at the inlet of the

heated section (–)

z flow-directional distance from the heated

inlet (m)

zd flow-directional distance from the heated

inlet to the point of net vapor generation

(m)

Greek symbol

a gap-wise averaged local void fraction (–)

Subscripts

CHF critical heat flux

ex exit conditions

f liquid single phase

g gas single phase

HA heated-area averaged

i instantaneous value

h i value averaged over the cross-sectional area
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HFR-NR, and the estimation of the measurement error

were detailed in the previous paper [15].

Fig. 1 shows the schematic diagram of the test sec-

tion. The test sections were rectangular channels heated

from one side with channel gaps, s, of 3.0 and 5.0 mm.
The channel width, w, width of the heated surface, wh
and heated length, Lh were, 30, 20, and 100 mm, re-
spectively. One side of the channel wall was a polyimide

plate with vapor-deposited 20 lm thick stainless steel

foil, whereas another side was an aluminum plate. The

dimensions of the flow channels were determined based

on the conceptual design parameters of a rotating target

of the FNS and a solid target of the SNS being planned

in the JAERI. Thus, the obtained data will be utilized to

develop a CHF model for a rectangular channel with a

short heated length and a small gap in the target sys-

tems. The length of entrance region for stabilizing a flow

and the non-heated width on both sides of the heated

surface were determined from the velocity distribution

of a single-phase flow calculated by ACE-3D computa-

tional code [16], which adopted k � e model for turbu-
lent calculation. This calculation estimated that the

velocity distribution at the inlet of the heated section

was fully-developed for water single-phase flow and the

span-wise velocity distribution was almost flat in the

heated width.

The working fluid was ion-exchanged water, and the

temperature was controlled to keep a preset value at the

inlet. The flow rate was measured by an orifice flow

meter. A constant flow rate was kept by preventing the

decrease in the flow rate caused by the increase in the

pressure loss in the test section due to boiling. The test

section was placed in the TNRF-2 so that the flow di-

rection was vertically upward. A vapor–water separator

installed at the top of the test section was connected with

the atmosphere and, thus, the pressure at the exit of the

test section was maintained at the atmospheric pressure.

The stainless steel foil was uniformly joule-heated by a

direct-current power supply unit (300 A–60 V) through

copper electrodes.

The water temperature at the inlet, Tin ranged from
70 to 90 �C, and was kept constant within �0.1 �C. The
mass velocity, G, ranged from 240 to 2000 kg/(m2 s), and

was kept constant within �5% relative deviation. Insu-

lating materials were removed from the visualization

and measurement area in the test section to avoid the

neutron absorption in the insulating materials. Total

heat loss in the test section was estimated by heat bal-

ance calculation to be 2% of the total heat input.

Two experimental procedures were adopted as (1)

heat flux was increased stepwise to a CHF at constant

mass velocity and inlet subcooling, and (2) mass velocity

was decreased stepwise to a CHF at constant heat flux

and inlet subcooling. In each step, after a flow reached

to be stable, NR images were recorded. The increment of

the heat flux was set at a few % or less than the preset

value around the CHF, and images of the boiling flow

were recorded until just before CHF.

The HFR-NR imaging system consisted of a neu-

tron-visible light converter, an image-intensifier, and a

high-speed video system (Fast-cum Ultima, Photron)

with a spatial resolution of 300 � 600 lm/pixel). The
recording speed in the experiment was set at 1125

frames/s (DT ¼ 0:89 ms). Since the image blur due to
rapid bubble movement may have affected only 1 or 2

pixels, such a recording speed would be sufficient to vi-

sualize the behavior of moving steam bubbles. The

measurement error of instantaneous void fraction (DT ¼
0:89 m s) was estimated to be within �18% [15].

3. Experimental results

3.1. Instantaneous void fraction

Temporal variation of spatial distribution of local

instantaneous void fraction was obtained as sequence

images taken every DT ¼ 0:89 m s. Fig. 2 shows an ex-
ample of the temporal variation of spatial distribution of

local instantaneous void fraction in subcooled boiling

flow measured just before CHF. The experimental con-

dition was s ¼ 5 mm, G ¼ 600 kg/m2 s, Tin ¼ 90 �C, and
q ¼ 0:9 MW/m2 ðq=qCHF ¼ 0:99Þ. It should be noted
here that the local void fraction means the gap-wise

averaged void fraction. HFR-NR could successfully

measure a two-dimensional void fraction distribution in

a narrow channel with high temporal-resolution without

disturbing flow, which might hardly be measured by

other methods. Time-series data of the local instanta-

neous void fractions stored in a computer were recon-

structed as two-or three- dimensional pseudo-colored

images. Then, the flow behavior of steam bubbles was

observed by temporal and spatial variations of the void

fraction in the animated images. Although the total flow

Fig. 1. Schematic view of the test section.
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rate at the inlet was kept constant, the flow regime was

periodically changed for the condition of high void

fraction at the exit. The point at which the local void

fraction started to increase (PNVG) remarkably was

also fluctuated. Such a periodical variation significantly

affected the local instantaneous void fraction at the exit

where the CHF occurred. Particularly, the periodical

fluctuation of the PNVG affected the change rate of the

local instantaneous void fraction at the downstream of

the PNVG markedly. Since the mechanism of the PNVG

fluctuation would be thought to be important to un-

derstand the flow characteristics at CHF, further de-

tailed analysis was performed as follows. To determine

the PNVG from the animated image of the local in-

stantaneous void fraction, the image processing was

performed by reversing the local instantaneous void

fraction in terms of the time. In the image processing

program, a steam bubble was traced back to the past

where a steam bubble returned to the PNVG. The

PNVG was determined to be a point where the maxi-

mum local void fraction of the traced bubble reduced

below the value of sum of the cross-sectional averaged

void fraction and its standard deviation. In what fol-

lows, the point obtained by the above procedure was

described as the PNVG.

3.2. Instantaneous PNVG

Fig. 3 shows an example of instantaneous PNVG

distribution measured in the same experimental condi-

tion as that in Fig. 2. The ordinate in Fig. 3 indicates the

normalized values of the instantaneous PNVG fre-

quency. When a bubble starts to grow around the inlet

(z ¼ 0 mm), the value in the lower right in Fig. 3 takes
high value. The instantaneous PNVG distribution in

Fig. 3 was obtained from 2250 instantaneous void

fraction data, corresponding to 2 s in real time. Since it

was difficult to measure simultaneously two-dimensional

void fraction distribution by other methods, it was

necessary to use NR to determine the instantaneous

PNVG from measured instantaneous two-dimensional

void fraction distribution. It can be understood from

Fig. 3 that periodical variation of the flow (the period

was about 25 m s for the conditions in Figs. 2 and 3)

caused the fluctuation of the instantaneous PNVG over

the range from z ¼ 0 to 60 mm. In Fig. 3, the dotted line
indicated by ‘‘xeq ¼ �0:016’’ represents thermal equi-
librium quality at the time-averaged PNVG as described

later. The instantaneous PNVG moved around the time-

averaged PNVG within the distance of �30 mm, cor-
responding to the change in thermal equilibrium quality

of �0.002. The fluctuation was relatively small for low
void fraction, i.e., the flow with small bubbles. It was

thought that the fluctuation of bubble characteristics

such as size and velocity, was strongly affected by the

balance between the evaporation and condensation un-

der subcooled flow conditions. To predict the CHF

based on the phenomena, numerical analysis code that

can calculate the interfacial heat transfer, interfacial area

concentration and two-phase turbulent flow etc. with

Fig. 2. Instantaneous void fraction distribution images.

Fig. 3. Instantaneous PNVG distribution.
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high accuracy should be developed. In Fig. 4, the in-

stantaneous heated-area averaged void fraction, haHAii
is plotted as the thermal equilibrium quality, xeq along
the flow direction. Here, the heated-area averaged void

fraction refers to the averaged void fraction in the

projected area as ðheated widthÞ 	 ðchannel gapÞ. The
heated-area averaged void fraction is defined here to be

used for future evaluation of existing CHF models, since

averaged steam-layer thickness over the heated surface

at CHF can roughly be estimated by haHAii 	 s.
Preliminary observation indicated that in the channel

with the short heated-length, vapor bubbles at increased

heat fluxes were generated even at the inlet [5]. Under

the condition shown in Fig. 2, the instantaneous void

fraction began to fluctuate from near the inlet as indi-

cated by region A in Fig. 4. In this experimental con-

dition of short-heated length and high heat flux, it is

thought that the wall voidage region started near the

inlet. It should be noted here that Fig. 4 shows the

fluctuation of local void fraction, haHAii for 1 s and re-
gion B also indicates the range within the standard de-

viation of the fluctuation of the instantaneous PNVG.

The moment at which the instantaneous PNVG reached

the upstream end of region B may correspond to the

condition when the liquid flow rate momentarily de-

creased due to the periodic variation of the pressure

drop in the channel. Bubbles, which started to grow near

the inlet, tended to coalesce and expand along the flow

direction. In other words, bubbles with high instanta-

neous void fraction at the exit were possibly those which

started to grow near the inlet. To model CHF process in

a channel with a short heated length, special attentions

should be paid to the following observation: the in-

stantaneous PNVG would possibly fluctuate over half of

the channel length, and (b) the instantaneous void

fraction at the exit, and so the vapor layer thickness,

would change remarkably. It was observed in the pre-

vious experiments [5] that CHF occurred when a bub-

ble with a maximum length passed through the exit

and caused a thin liquid film dryout during its passage

time.

Under the flow condition indicated in Fig. 2, the exit

quality, xex was )0.01 which is very close to zero. Since it
is thought that subcooled water was flowing along the

non-heated sections beside the heated section, the local

flow regime in the heated section near the exit would

presumably be a saturated boiling. In this study, the

similar image processing was also conducted for the

experimental data taken in the flow conditions of

G < 2000 kg/(m2 s) and Tin > 80 �C. Since the flow
condition indicated in Fig. 2 was a subcooled boiling

flow very close to saturated boiling, considerable bubble

coalescence and expansion were observed. On the other

hand, for a higher mass flow rate and lower inlet water

temperature, the shrinkage of bubbles due to vapor

condensation, which is a typical bubble behavior in

subcooled boiling flow, was observed.

It was found from this study that the instantaneous

PNVG fluctuates around the time-averaged PNVG and

its deviation strongly depends on the flow conditions. At

the moment, however, it is thought to be difficult to

predict the instantaneous void fraction and CHF by

using the instantaneous properties, because almost all

the computer codes now available employ correlations

which have been developed in terms of statistically av-

eraged properties. This should be a subject for further

study. On the other hand, existing prediction methods

for void fraction and CHF have been developed in terms

of statistically averaged properties. Time averaged

PNVG and void fraction will then be presented in the

following sections for verifying those correlations based

on the present experimental results.

3.3. Time-averaged void fraction

The time-averaged void fraction and its standard

deviation were calculated from the measured instanta-

neous void fraction. For a flow with small temporal-

variation of the void fraction like an annular flow, it is

possible to measure time-averaged void fraction with

high accuracy by means of even an imaging system with

low temporal-resolution. However, for a flow with large

temporal-variation of the void fraction like a slug flow

(see Fig. 2), the time-averaged void fraction should be

obtained by averaging the measured instantaneous void

fraction over time; otherwise the measurement error

might be increased. Since HFR-NR was used in this

study, the time-averaged void fraction could be mea-

sured accurately within the error of �2% [15]. Taking

the periodicity of flow variation into account, the time-

averaged void fraction was calculated from averaging

the instantaneous void fraction over 2 s (2250 images).

Fig. 5 shows the time-averaged void fraction for the

flow condition indicated in Fig. 2. Each black point

in the figure represents a measured point. From the

Fig. 4. Fluctuation of instantaneous void fraction.
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comparison of the time-averaged void fraction distri-

bution and the time series of the instantaneous local

void fraction distributions at the same flow condition,

important flow characteristics were clarified as follows.

(1) As shown in Fig. 5, the change in the transversal void

fraction profile at the exit with changing the heat flux

was caused by the phenomena that vapor bubbles gen-

erated at the side edges of the heated section expanded

towards the channel center and coalesced. (2) As shown

in Figs. 2 and 5, the instantaneous local void fraction at

the exit where the CHF occurred varied around the

time-averaged void fraction as much as �30%. (3) The
time-averaged void fraction gradually increased along

the flow direction. However, the observation of bubbles

growing along the flow direction by sequential instan-

taneous local void fraction data revealed that a bubble

cluster with a vapor layer twice the time-averaged

thickness flowed upward with changing the bubble

density.

3.4. Time-averaged PNVG

Different researchers have employed different deter-

mination methods of time-averaged PNVG. In this

study, the time-averaged PNVG was determined by a

linear extrapolation of the heated area averaged void

fraction profile, which was approximately in linear

proportion to the thermal equilibrium quality just at the

downstream of the point where net bubble growth

started (see Fig. 6). In Fig. 3, the dotted line indicated by

‘‘xd ¼ �0:016’’ corresponds to the thermal equilibrium
quality, xd at the time-averaged PNVG. It was confirmed
that the time-averaged PNVG determined by the linear

extrapolation was close to the averaged value of in-

stantaneous PNVG. Fig. 7 shows the heated area aver-

aged void fraction as a function of the thermal

equilibrium quality near the CHF condition for a low

mass velocity. Similar dependence of haHAi > on xeq as

shown in Fig. 6 was observed in various flow conditions.

However, for the low mass velocity and low quality close

to 0, steep changes in the slope were observed between

regions A and B as shown in Fig. 7. Egen et al. [11]

reported the similar dependence of haHAi > on xeq in
their experiment using a channel heated from both sides

(wh ¼ 25:4 mm, s ¼ 2:6 mm, Lh ¼ 685:8 mm). Thus, it
was found for a low flow rate in a rectangular channel

that the void fraction was increased markedly in region

B after gradual increase of the void fraction in region A.

In order to investigate the cause of such a rapid slope-

change, a time-series of instantaneous void fraction

distributions was observed with special attention of the

point where the slope was steeply changed. The obser-

vation recognized that marked expansion of vapor

bubbles and bubble coalescence in the spanwise direc-

tion were initiated near the point. Even for the same

high void fraction conditions, the variation of the in-

stantaneous void fraction depended on the mass veloc-

Fig. 5. Time-averaged void fraction distribution. Fig. 6. Determination of thermal equilibrium quality at the

PNVG xd by the least square estimation.

Fig. 7. Determination of thermal equilibrium quality at the

PNVG xd by the least square estimation.
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ity. As the mass velocity increased, the condensation

effect of subcooled water flowing in non-heated sections

was likely to become significant. Since vapor conden-

sation was observed in region A, the boiling regime was

thought to be pseudo-saturated boiling flow. On the

other hand, since no vapor condensation was observed

in region B, the boiling regime was considered to be

local saturated boiling flow. The major difference be-

tween the boiling regimes for high mass flow rate (see

data for G ¼ 2000 kg/m2 s in Fig. 7) and low mass flow

rate (see data for G ¼ 240 and 600 kg/m2 s) is as follows.

For high mass flow rate, vapor condensation at the exit

occurred even under high heat flux and high void frac-

tion conditions (region A), whereas for low mass flow

rate, saturated boiling occurred locally at the exit (re-

gion B).

Since the averaged void fraction reached to about

0.15 in the region A and the bubble growth started at

low quality condition in region A, the time-averaged

PNVG was determined by using the data taken in region

A (see dotted line in Fig. 7).

3.4.1. Effects of heat flux and channel gap on PNVG

Fig. 8 shows the dependence of xd on the heat flux at
Tin ¼ 90 �C with the channel gap, s, and mass velocity, G
as parameters. The dotted line in the figure indicates the

thermal equilibrium quality at the inlet, xin and the error
bars represent the standard deviation of the variation of

the quality at instantaneous PNVG. The thermal equi-

librium qualities at the exit were dependent on s and G.
Effects of heat flux and channel gap on xd were found to
be small in the tested experimental conditions.

3.4.2. Effect of mass velocity on PNVG

The effect of mass velocity on xd was discussed based
on the data obtained by decreasing stepwise the mass

velocity at constant heat flux and inlet water tempera-

ture. Fig. 9 shows an example of the results with the heat

flux as a parameter. From Figs. 8 and 9, it can be seen

that the effect of mass velocity on xd was not marked.
Such insignificant effects of heat flux and mass velocity

on xd could also be explained by the fact that xd-data
taken under three different conditions almost coincided

in values (see lower left in Fig. 7).

3.4.3. Effect of inlet velocity on PNVG

Figs. 10 and 11 show the effect of the inlet water

temperature on xd Fig. 10 shows the variation of the
heated-averaged void fraction along the flow direction

with the inlet water temperature as a parameter. The

difference in void fractions measured for Tin ¼ 80 and 85
�C was small, and the void fraction started to increase at
the thermal equilibrium quality indicated by dotted box

in Fig. 10 in the tested temperature range (80 �C6

Tin6 90 �C). It was difficult to measure the void fraction
at Tin < 80 �C because of low void fraction (<0.1), and
at Tin > 90 �C because of unstable flow. As the inlet

water temperature was decreased, the thermal equilib-

rium quality at the inlet was lowered as indicated by the

Fig. 8. Effects of heat flux and channel gap on the PNVG.

Fig. 9. Effects of mass velocity on the PNVG.

Fig. 10. Effects of inlet water temperature on the PNVG.
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dotted lines in Fig. 11. Although the water temperature

at the inlet would affect the void fraction distribution

significantly, the effect of the water temperature on xd
was small.

It could be concluded from measured xd in the

channels with a short heated length that the influence of

system parameters on xd was small. The averaged value

of xd in the tested conditions was )0.0165. In what fol-
lows, the PNVG of boiling flow in a channel with a short

heated length is discussed from the comparison of the

measured PNVG and existing correlations.

4. Discussions

4.1. Comparison of existing PNVG correlations and

experimental results

PNVG correlations proposed by Levy [7], Saha–

Zuber [8], and Bowring [17] were compared with the

experimental results. As described in Introduction, the

PNVG in their correlations was defined as a point where

bubbles started to depart from the wall, whereas the

PNVG in this study was defined as a point where void

fraction started to increase significantly. It was observed

[5] that the bubbles already started to migrate at the

upstream of the PNVG defined in this study. Thus, due

to the different definition of the PNVG, it is expected

that the existing correlations under-predict the PNVG

defined in the present study. Fig. 12 shows the com-

Fig. 11. Effects of inlet water temperature on the PNVG.

Fig. 12. Comparison of the PNVG with exiting PNVG equations.
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parison of measured xd and the predictions by the ex-
isting correlations. In Fig. 12, (a) and (b) are the results

for s ¼ 3 mm and (c) and (d) are the results for s ¼ 5
mm, whereas (a) and (c) are the results for G ¼ 240 kg/
m2 s and (b) and (d) are the results for G ¼ 2000 kg/m2 s.
The inlet water temperature and the inlet quality, xin
were 90 �C, and )0.0187, respectively. The dotted lines
through the data points indicate the arithmetic averaged

value of measured values to be )0.0165. For the low
mass velocity, Saha–Zuber�s correlation among the

correlations gave predictions closest to measured xd
whereas for the high mass velocity, it underestimated the

measured values. On the other hand, xd predicted by
Bowring�s correlation increased with increasing mass
velocity, and the prediction for G ¼ 2000 kg/m2 s was

closest to the measured values in comparison with pre-

dictions by other correlations. Table 1 shows the flow

conditions where each correlation could be applied and

those in the present experiment. As indicated in Table 1,

Levy�s and Saha–Zuber�s correlations were developed
based on the data taken under relatively low mass ve-

locity conditions. On the other hand, Bowring�s corre-
lation was tested for the mass velocity up to 2000 kg/

m2 s, which is the same as the present experiment, al-

though the pressure range is much higher than the pre-

sent experimental condition. The underestimations by

Saha–Zuber�s correlation at a high mass velocity and by
Bowring�s correlation at a low mass velocity would be
attributed to the different definition of PNVG and the

application of the correlations over the applicable

limit of the flow range. The test sections used in the

present experiment were rectangular channels heated

from one-side (De ¼ 5:5 mm and 8.6 mm, Lh ¼ 100 mm),
whereas the data base used for developing the exist-

ing correlations were collected in round tubes, annuli,

and rectangular ducts (De ¼ 4:0 mm � 24 mm, Lh ¼
346 mm � 1524 mm). The major difference between the
present experimental condition and the applicable range

of the existing correlations would be heated length. In

this study, the heated length, Lh was relatively short to
be 100 mm in comparison with the applicable rage of the

existing correlations. Most of the PNVG in the database

existed in the thermally developed region, whereas in the

present experiment, the marked increase in the void

fraction started in the thermally developing region. For

such a channel with a short heated length where the

PNVG existed in the thermally developing region, the

existing PNVG correlations predicted that bubble de-

parture from a wall and steep increase in the void frac-

tion would occur at the inlet. However, experimental

results indicated that the bubble departure from a wall

and the steep increase in the void fraction did not occur

at the inlet, and that the PNVG depended on the ex-

perimental conditions. For evaluating the effect of the

PNVG in the CHF models, PNVG correlation for pre-

sent conditions was requested. In the tested conditions,

xd ¼ �0:0165 could give a good prediction of the

PNVG.

In a future work, a mechanistic model and a nu-

merical simulation method to predict PNVG should be

developed for a channel with a short heated length

where steep increase in the void fraction is initiated in

the thermally developing region, and non-circular

channels like a rectangular channel in which the effect of

the thermal non-equilibrium on the void fraction dis-

tribution is significant.

4.2. Evaluation of PNVG and prediction of CHF in

rectangular channel heated from one side

Effect of the prediction accuracy of PNVG on the

predictions of CHF and void fraction is examined in this

section. For the CHF condition indicated in Fig. 2, the

CHF model proposed by Katto [18] predicted 4.2 times

higher CHF than the measured one, namely C=E ¼ 4:2,
where C=E refers to the ratio of predicted CHF value to
experimental value. In the Katto�s model, the equilib-
rium quality at the PNVG xd the true quality x, and the
void fraction were determined by Saha–Zuber�s corre-
lation, the profile-fit method and the homogeneous

equilibrium mixture model, respectively. The profile-fit

method used in Katto�s model is expressed by the fol-
lowing equation:

x ¼
xeq � xd 
 exp xeq=xd � 1

� �

1� xd 
 exp xeq=xd � 1
� � for xd < xeq

x ¼ 0 for xeq < xd

ð1Þ

where the quality at the PNVG xd is calculated by Saha–
Zuber�s correlation.
For the CHF condition indicated in Fig. 2 (qCHF ¼

0:9 MW/m2), Katto�s model gave the void fraction to be

Table 1

Experimental conditions for the existing xd models

Author G (kg/(m2 s)) q (MW/m2) P (MPa)

Levy [7] 132–1220 0.24–1.91 0.42–14.0

Saha and Zuber [8] 400–1050 0.28–1.89 0.1–13.8

Bowring [17] 0.4–2.0 m/s 0.05–1.90 1.1–14.0

Present Experiment [15] 240–2000 0.35–1.75 0.1
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0.9 or higher even at the inlet (see (�) calculation result

(A) in Fig. 13). As this result physically wrongs, Saha–

Zuber�s correlation is inadequate to predict the PNVG
under the present conditions. If one uses xd ¼ �0:0165
to predict the PNVG in Katto�s model, the prediction
was much improved to give a proper void fraction dis-

tribution and the void fraction at the exit to be about 0.2

(see (�) calculation result (B) in Fig. 13). The over-es-
timation of the void fraction by Katto�s model would be
attributed to the homogeneous equilibrium mixture

model which does not take account of the effects of

subcooled void and relative velocity between phases.

The method of calculation for void fraction at the down-

stream of the PNVG should also be discussed in a future

study. If one uses measured value of xd ¼ �0:0165 in
Katto�s model, the accuracy of CHF prediction is im-
proved significantly, which method we call here modified

Katto� model. Fig. 14 compares the CHF predictions by
original Katto�s model (�) and by modified Katto�s
model (N) for the existing database [5] for a rectangular

channel heated from one side. The reason why original

model overestimates the CHF around the results by

arrow in Fig. 14 is also attributed to the inappropriate

prediction of the PNVG. In Fig. 14, some data points of

(�) and (N) were overlapped. This was attributed to Eq.
(1) used in Katto�s model. For those cases of the over-
lapped (�) and (N), both the flow rate and the heat flux
were so high that the quality at CHF location was very

low. Then, the condition for Eq. (1) becomes xeq < xd
and Eq. (1) yields the true quality at CHF location and

consequently the void fraction to be zero. As a result,

both original and modified Katto�s models gave same
results with C=E ¼ 0:5 � 1:2. On the other hand, around
the CHF conditions indicated by arrow in Fig. 14, the

condition at CHF was that xd < xeq and original Katto�s
model with Saha–Zuber�s correlation for xd overesti-
mated the CHF with C=E ffi 0:5 � 3, while modified
Katto�s model improved the CHF prediction accuracy
from C=E ffi 0:5 � 3 to C=E ffi 0:5 � 1:2. This result in-
dicates that the equilibrium quality at the PNVG due to

a start of remarkable increase in the void fraction, in-

stead of bubble detachment, should be used in calcu-

lating CHF by Katto�s model. This is not inconsistent
with the observation that tiny bubbles migrated under

the actual CHF conditions [5]. Under such a condition,

the true quality, and so the void fraction, should be

x 6¼ 0 and a 6¼ 0. In Katto�s model, however, the true
quality x was calculated to be 0 when xeq < xd. At this
moment, there is no suitable model available that can

calculate the void fraction in such a very low void

fraction region. Prediction of very low void fraction

under very high heat flux conditions should be one of

important future subjects in relation to forced convec-

tion subcooled boiling CHF.

5. Conclusions

The void fraction in a rectangular channel with a

short heated length was measured by HFR-NR. The

PNVG was determined from the obtained void fraction

data. The following results were obtained:

(1) From the comparison between the instantaneous

PNVG and the time-averaged PNVG, the thermal

equilibrium quality at the instantaneous PNVG var-

ied in the range within �0.002 from the thermal

equilibrium quality at the time-averaged PNVG.

(2) Effects of the heat flux, channel gap, mass velocity,

and inlet water temperature on the thermal equilib-

rium quality at the time-averaged PNVG were small.

(3) From the comparison of the existing PNVG correla-

tions and the measured values, the correlations

tended to underestimate the thermal equilibrium

quality at the PNVG.

(4) By replacing the equilibrium quality at the PNVG

calculated by Saha–Zuber correlation in Katto�s
CHF model by the measured equilibrium quality

at the PNVG, the prediction accuracy of modified

Fig. 13. Void fraction distributions in the Katto CHF model.

Fig. 14. Effect of PNVG on CHF (Katto CHF model).
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Katto�s model was much improved from C=E ffi
0:5 � 3 to C=E ffi 0:5 � 1:2, where C/E indicates

the ratio of prediction to experimental values.
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