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Abstract

Forced convective subcooled boiling is of interest for many industrial applications, especially as a possible heat

transfer regime in the core of pressurized water reactors (PWR). Due to practical interest, R12 was used as a testing

fluid to simulate water between 10 and 18 MPa. This article presents a study of the forced convective subcooled boiling

of R12 based on previous models and new physical considerations. The axial void fraction profile is determined and

compared to R12 experimental data obtained on the DEBORA loop at CEA/Grenoble.

The research yielded a void fraction model, shown to be valid for R12 as well as water, and based on a new cor-

relation for the distribution parameter and on a continuous actual quality versus equilibrium quality function extended

to the partially developed boiling region. Results showed good agreement with the DEBORA R12 experimental data as

well as the experimental data obtained by Bartolomei et al. [Thermal Engng. 29(3) 132] in water at high pressure.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Forced convective subcooled boiling is of interest for

several applications in the power and process industry.

In particular, subcooled boiling may be encountered in

the core of the pressurized water reactors (PWRs) dur-

ing startup, nominal or incidental conditions. This

boiling flow configuration may lead to a boiling crisis

and to burnout of the fuel cladding. Consequently, it is

desirable to develop a model able to explain and predict

behavior occurring in this type of boiling flow. An

experiment performed with steam-water at high pressure

to qualify these models would be extremely expensive.

As a result, R12 has been used for simulating forced

convective subcooled boiling in PWRs. In fact, this fluid

can reproduce the same flow characteristics as water in

PWR conditions but for a much lower pressure and a
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much lower heat flux. The following similarity criteria

were used (Appendix A):

(a) Identical geometry.

(b) Equivalent vapor/liquid density ratio to determine

the corresponding range of pressure:

qg

qf

� �
water

¼
qg

qf

� �
R12

ð1Þ

where qf is the liquid density and qg is the vapor

density.

(c) Same Weber number to calculate the corresponding

range of mass flux G:

Wee
G2D
rqf

ð2Þ

where D is the tube diameter and r is the surface

tension.

(d) Same Boiling number to calculate the corresponding

range of heat flux U:

Boe
U

Ghfg
ð3Þ

where hfg is the latent heat of vaporization.
ed.
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Nomenclature

a vapor volume at the wall per unit area of the

wall

b expansion ratio (Eq. (18))

Bo Boiling number (Eq. (3))

C0 distribution parameter (Eq. (B.3))

C01, C02 Hancox and Nicoll coefficients (Eqs. (24)

and (25))

cp specific heat

D tube diameter

Fr Froude number (Eq. (28))

g acceleration due to gravity

G mass flux

h‘ liquid specific enthalpy

hf liquid specific enthalpy at saturation

hfg latent heat of vaporization

j local volumetric flux of the mixture (Eq.

(B.2))

J mixture volumetric flux

Jg gas volumetric flux

k thermal conductivity

L tube length

Lcap capillary length (Eq. (37))

n Nabizadeh coefficient (Eq. (27))

P pressure

Pe P�eclet number (Eq. (14))

Pr‘ liquid Prandtl number (Eq. (9))

q00cr critical heat flux

Re‘ liquid Reynolds number (Eq. (8))

T temperature

Tsat saturation temperature

T‘;in inlet liquid temperature

DTsat wall superheat (Eq. (16))

DTOSV liquid subcooling at the onset of significant

void (Eq. (13))

v velocityeVgj weighted drift velocity (Eq. (B.4))

We Weber number (Eq. (2))

x actual quality

xeq equilibrium quality

z coordinate along the channel axis

Greek symbols

a area void fraction

ag local void fraction

b volumetric quality, cone angle

U heat flux

l viscosity

m kinematic viscosity

q density

r surface tension

n constant in the quality function

Subscripts

c critical

eq equilibrium

f saturated liquid

g saturated vapor

in inlet

j relative to the local volumetric flux of the

mixture

‘ liquid

‘0 liquid only

ONB onset of nucleate boiling

OSV onset of significant void

sat saturation

v vapor

w wall
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(e) Same equilibrium inlet quality to find the corre-

sponding range of inlet temperature:

xeq;ine
h‘;in � hf

hfg
ð4Þ

where h‘;in is the liquid inlet specific enthalpy and hf
is the specific enthalpy of saturated liquid.

An experimental facility named DEBORA was built

at CEA/Grenoble [1]. The test section (Fig. 1) is a 3.5 m

long heated tube with an inner diameter of 19.2 mm. The

control parameters are:

• the exit pressure,

• the mass velocity,

• the heat flux, and

• the inlet equilibrium quality,
which are imposed within the ranges corresponding to

the PWR flow characteristics (Table 1). The following

local, i.e. pointwise, quantities were measured by a two-

sensor optical probe:

• void fraction,

• interfacial area concentration,

• bubble center flux,

• bubble diameter,

• bubble Sauter mean diameter, and

• gas velocity.

The wall temperature was measured by means of four

thermocouples placed along the tube external wall.

The vapor generation along a heated tube is repre-

sented in Fig. 2, where the most significant boundaries

and regions are defined, and the longitudinal profiles of



Fig. 2. Forced convective subcooled boiling.

Fig. 1. DEBORA experiment (adapted from [1]).

Table 1

PWR flow characteristics and corresponding R12 flow charac-

teristics of the DEBORA experiment

Parameters Water R12

Exit pressure (MPa) 10–18 1.4–3

Mass velocity (kg/m2 s) 1000–5000 1000–5000

Heat flux (MW/m2) 0.6–6 0.05–0.65
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void fraction, pressure drop and wall temperature are

schematically represented. The onset of nucleate boiling

(ONB) takes place where the first vapor bubbles appear

from the nucleation sites. The onset of significant void

(OSV) takes place where a significant increase in the

void fraction occurs. Finally, forced convective boiling is
said to be saturated when the liquid enthalpy reaches the

liquid saturation enthalpy. The region between the ONB

and the OSV is called the partially developed boiling

region (PDB), while the region between the OSV and the

saturation state is called the fully developed boiling re-

gion (FDB). The void fraction increases slightly from

the ONB to the OSV and increases much faster in the

FDB region. The pressure drop in this case is higher

than the pressure drop in an equivalent single phase flow

due to the presence of bubbles. As for the wall temper-

ature, it increases linearly in single phase flow and re-

mains almost constant in the subcooled boiling region.

In the present work, the area void fraction in forced

convective subcooled boiling is calculated for imposed

values of:

• the mass flux,

• the heat flux,

• the exit pressure, and

• the inlet equilibrium quality.

The void fraction is determined by a model based on

the Zuber and Findlay [2] drift flux equation, a new

relation between the actual and equilibrium quality and

a new correlation for the distribution parameter. The

results are then compared to the DEBORA experimental

data as well as to the experimental data obtained by

Bartolomei et al. [3] in water at high pressure.
2. Significant regime boundaries in subcooled boiling

The onset of nucleate boiling is defined as the point

where the first bubbles appear from wall nucleation sites.

An energy balance provides its location:

zONB ¼ Gcp‘D
4

ðTsat � T‘;inÞ þ ðDTsatÞONB

U

�
� 1

hfg

�
ð5Þ

where

DTsateTw � Tsat ð6Þ

The convective heat transfer coefficient, h‘0, in turbulent

liquid flow is given by the Dittus–Boelter correlation:

h‘0D
k‘

¼ 0:023Re0:8‘ Pr0:4‘ ð7Þ
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where k‘ is the liquid conductivity, Re‘ and Pr‘ are the

Reynolds number and the Prandtl number, respectively,

and are defined by:

Re‘e
GD
l‘

ð8Þ

Pr‘e
l‘cp‘
k‘

ð9Þ

In Eq. (7) the properties are evaluated at the film tem-

perature ½T‘ðzONBÞ þ TwðzONBÞ�=2, whereas the liquid

specific heat is evaluated at the averaged temperature

½T‘ðzONBÞ þ T‘;in�=2. The wall superheat, ðDTsatÞONB, is

estimated by the Frost and Dzakowic [4] correlation:

ðDTsatÞONB ¼ 8rUTsat
kfhfgqv

� �0:5

Pr‘ ð10Þ

The properties in Eq. (10) are calculated at the satura-

tion temperature. This correlation, which is known to be

reliable for several fluids, is valid for water at pressures

from 0.1 to 20 MPa and a heat flux of 0.15 MW/m2, and

for R12 at pressures from 0.1 to 3 MPa and a heat flux

of 0.15 MW/m2. There are no restrictions given about

the range of mass flux.

The subcooling, DTOSV, at the point where a signifi-

cant increase in the void fraction appears was deter-

mined by Saha and Zuber [5] that has been recognized to

be very reliable:

• Pe < 70000

DTOSV ¼ 0:0022
UD
k‘

ð11Þ

• Pe > 70000

DTOSV ¼ 153:8
U

Gcp‘
ð12Þ

where

DTOSVeTsat � T‘ðzOSVÞ ð13Þ

Pee
GDcp‘
k‘

ð14Þ

A thermal balance then estimates the location of

onset of significant void:

zOSV ¼ zONB þ fh‘½T‘ðzOSVÞ� � h‘½T‘ðzONBÞ�g
GD
4U

ð15Þ
3. Void fraction modeling

The void fraction is a parameter of interest because it

is required to calculate the pressure drop and because it

influences the neutronic response of the reactor core.

Levy [6], Kroeger and Zuber [7], Saha and Zuber [5] and
Lahey and Moody [8] proposed different methods to

calculate the void fraction in subcooled boiling based on

the Zuber and Findlay drift flux model (Appendix B).

These models differ by the choice of (i) the relation be-

tween the actual and equilibrium quality, (ii) the distri-

bution parameter, and (iii) the weighted drift velocity.

Also, these models only calculate the void fraction in the

fully developed boiling region and assume a zero void

fraction in the partially developed boiling region. Levy

[6] and Griffith et al. [9] proposed correlations for the

void fraction at the OSV, but, to our knowledge, there

are no models continuously calculating the void fraction

from the ONB to the end of the subcooled boiling re-

gion. Manon [10] tested the above quoted models,

compared them to the DEBORA experimental data and

recommended the use of the Kroeger and Zuber model

to calculate the void fraction for forced convective

subcooled boiling of R12. However, the results show

that this model is actually not very accurate and

underestimates the void fraction. In the present work the

possibility of improving the Lahey and Moody [8] model

was investigated.
3.1. Lahey and Moody model

The objective of the Lahey and Moody [8] model is to

estimate the area void fraction in the fully developed

boiling region. The calculation is based on the Zuber

and Findlay [2] model:

a ¼ xq‘G

C0½xq‘ þ ð1� xÞqv�Gþ eVgjq‘qv

ð16Þ

where C0 is the distribution parameter given by Dix [11]:

C0 ¼ b 1

"
þ 1

b

�
� 1

�b
#

ð17Þ

with

be qv

q‘

� �0:1

ð18Þ

where the volumetric quality, b, is given by:

b ¼ x
xþ ð1� xÞqv=q‘

ð19Þ

The weighted drift velocity, eVgj, is given by:

eVgj ¼ 1:41
rgðq‘ � qvÞ

q2
‘

� �1=4
ð20Þ

The quality x is calculated as a function of the equilib-

rium quality xeq according to the Levy [6] suggestion:

xðzÞ ¼ xeqðzÞ � xeqðzOSVÞ exp
xeqðzÞ

xeqðzOSVÞ

�
� 1

�
ð21Þ
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where zOSV is calculated with the Saha and Zuber model

(Eqs. (11)–(15)) and where the equilibrium quality is

defined as:

xeqe
h‘ � hf
hfg

ð22Þ

As Lahey and Moody did not propose any correlation

for the quality in the partially developed boiling (PDB)

region between the ONB and the OSV, the void fraction

in this region was assumed equal to 0 for all tests. Fig. 3

shows a comparison between the Lahey and Moody

model and the DEBORA experimental data for R12.

The comparison shows that for R12 the Lahey and

Moody model overestimates the value of void fraction in

the fully developed boiling region. Consequently, mod-

ifications to this model were desired to improve the

agreement with the experimental data. Calculations
Fig. 3. Comparison between Lahey and Moo
showed that a change in the weighted drift velocity eVgj

had very little influence on the calculated void fraction.

As a result, modifications were focused on the distri-

bution parameter C0. In addition, a correlation is

proposed for the quality in the PDB region to obtain a

non-zero void fraction in this region.

3.2. The distribution parameter C0

Several models have been developed to estimate the

value of the distribution parameter C0 in subcooled

boiling. Some of these models are described below and

the values are plotted over the range of parameters

corresponding to the DEBORA experiment.

Dix [11] proposed to use Eqs. (17)–(19) for C0 as a

function of quality (Fig. 4). The value of C0 depends on

the pressure only and its variation is small between 1.4

and 2.6 MPa for a given void fraction.
dy model [8] and DEBORA data (R12).



Fig. 4. Distribution parameter in R12 calculated with Dix [11]

model.

Fig. 5. Distribution parameter in R12 calculated with Hancox

and Nicoll [12,13] model.

Fig. 6. Distribution parameter in R12 calculated with Nabi-

zadeh [15] model.
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Hancox and Nicoll [12,13] proposed a value of C0

depending on the void fraction (Fig. 5):

C0 ¼
1� expð�C01aÞ
1� expð�C02Þ

� �
ð1þ C02Þ � C02a ð23Þ

with

C01e19 ð24Þ

C02e1:164� 1:6534� 10�7P þ 7:5086� 10�15P 2 ð25Þ

where P is in Pa. The C0 calculated by the Hancox and

Nicoll correlation [12,13] depends only on the pressure

and the variations are small between 1.4 and 3 MPa.

However, the values are too high, as Hoffman and Wong

[14] already noticed.

Saha and Zuber [5] assumed that C0 was a constant

equal to 1.13. However, C0 is not a constant for sub-
cooled boiling since the void fraction and the velocity

profiles are not fully developed.

Nabizadeh [15] proposed a correlation for C0 involv-

ing the pressure, the mass flux and the quality (Fig. 6):

C0 ¼ 1

�
þ 1� x

x
qv

q‘

��1

1

"
þ 1

n
Fr�0:1 qv

q‘

� �n
1� x
x

� �11n=9
#

ð26Þ

where

ne
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:6

q‘ � qv

q‘

r
ð27Þ

Fre G2

gDq2
‘

ð28Þ

The Lahey and Moody [8] model was tested against

the DEBORA data with the three distribution parame-

ters models described above. The location of the OSV

was calculated with Saha and Zuber model (Eqs. (11)–

(15)) and the void fraction at the OSV was assumed

equal to 0 for these tests. The results are shown in Fig. 7

along with the DEBORA experimental data. The best

results were obtained with Hancox and Nicoll model but

a deviation still occurs at 1.46 MPa.

To account for the mass flux and heat flux effects, we

assumed that the distribution parameter was a function

of the Reynolds number and of the Boiling number. A fit

on the DEBORA void fraction data led to the following

correlation:

C0 ¼ 0:087
P
Pc

� �0:8 Re0:1‘

Bo0:28
1
h

� exp
�
� a
0:05

�i
ð29Þ

where Bo and Re‘ are the Boiling number and the liquid

Reynolds number defined by Eqs. (3) and (8), respec-

tively. The variations of the distribution parameter are



Fig. 7. Comparison between the Lahey and Moody [8] model

and the DEBORA data for three different correlations of the

distribution parameter.

Fig. 8. Distribution parameter calculated with Eq. (29).

Fig. 9. Quality profile calculated with Eqs. (30) and (32).
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represented in Fig. 8. The above C0 correlation is valid

for the following DEBORA parameter ranges:
3:4� 105 < Re‘ < 8:6� 105

2:3� 10�4 < Bo < 7:2� 10�4
3.3. Quality in the partial developed boiling region

The Levy model recommended by Lahey and Moody

to calculate the quality assumes that the quality is 0 in

the PDB region. However, such an assumption is not

substantiated by the experimental data.

Facing the inconvenience of the Lahey and Moody

model, Manon [10] modified the Levy model to obtain a

non-zero value at the OSV:

x ¼ xeq þ ½xOSV � xeqðzOSVÞ� exp
xeq

xeqðzOSVÞ

�
� 1

�
ð30Þ

where xOSV is the quality at the OSV calculated by:

xOSV ¼ 1

2

qv

q‘

aOSV ð31Þ

and aOSV is the void fraction calculated by the Griffith

et al. [9] model detailed and modified in Section 3.5.

Manon [10] also proposed to use a linear model for the

void fraction between the ONB and the OSV.

In order to be more realistic, we propose to represent

the quality in the PDB region by a hyperbolic tangent

function having a zero derivative at the ONB:

x ¼ 0:01n xeq

�
� xeqðzONBÞ tanh

xeq
xeqðzONBÞ

��
� 1

�
þ 1

		
ð32Þ

where zONB is the location of the ONB calculated by an

energy balance (Eq. (5)) and n is a constant to be

adjusted in order to allow continuity of the quality be-

tween the PDB region and the FDB region. The proce-

dure to adjust n is the following:

1. The equilibrium quality for which the derivative

of Eqs. (30) and (32) are the same is found by itera-

tion. All tests conducted show that this equilibrium

quality is very close to the equilibrium quality at

the OSV.



Table 2

Ranges of experimental data used by Griffith et al. [9]

Parameter Water Corresponding

ranges in R12

Pressure (MPa) 3.4, 6.9 and 10.3 0.6, 1.2 and 1.8

Mass flux (kg/m2 s) 80–400 80–400

Heat flux (MW/m2) 1.6–8.5 0.16–0.93

Table 3

Void fraction at the onset of significant void: comparison be-

tween Bartolomei et al. experimental data and Griffith et al.

model for void fraction at the OSV

Parameters Experimental data Griffith et al.

model

P ¼ 147 bar 0.02± 0.02 0.02

G ¼ 2014 kg/m2 s

U ¼ 1720 kW/m2

P ¼ 68:9 bar 0.02± 0.02 0.03

G ¼ 988 kg/m2 s

U ¼ 1130 kW/m2

P ¼ 108:1 bar 0.02± 0.02 0.03

G ¼ 966 kg/m2 s

U ¼ 1130 kW/m2
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2. Then the constant n is adjusted so that Eqs. (30) and

(32) give the same value of x where their derivatives

are equal.

Fig. 9 shows a typical graph of the actual quality, x,
versus the equilibrium quality xeq.

3.4. Void fraction at the OSV

To evaluate xOSV it is necessary to determine the void

fraction aOSV at the OSV. We suggest to use the Griffith

et al. [9] model developed from experimental data ob-

tained for water in the ranges given in Table 2. This

model estimates the vapor volume at the wall per unit

area of the wall:

a ¼ Uk‘Pr‘
1:07h2‘0½Tsat � T‘ðzOSVÞ�

ð33Þ

where the liquid temperature T‘ðzOSVÞ is estimated by an

energy balance between the inlet and zOSV, assuming that

the flow is single phase:

T‘ðzÞ ¼ T‘;in þ
4Uz
Gcp‘D

ð34Þ
Table 4

Void fraction at the onset of significant void: comparison between DEBORA experimental data and the modified Griffith et al. model

Parameters Experimental data Griffith et al. model Modified Griffith et al. model

P ¼ 1:46 MPa 0.01± 0.02 0.04 0.01

G ¼ 5020 kg/m2 s

U ¼ 135 kW/m2

P ¼ 1:46 MPa 0.01± 0.02 0.04 0.01

G ¼ 5020 kg/m2 s

U ¼ 161 kW/m2

P ¼ 1:45 MPa 0.02± 0.02 0.06 0.018

G ¼ 2010 kg/m2 s

U ¼ 76:2 kW/m2

P ¼ 1:46 MPa 0.02± 0.02 0.06 0.018

G ¼ 2020 kg/m2 s

U ¼ 76:2 kW/m2

P ¼ 2:62 MPa 0.01± 0.02 0.05 0.01

G ¼ 1990 kg/m2 s

U ¼ 73:8 kW/m2

P ¼ 2:6 MPa 0.01± 0.02 0.04 0.008

G ¼ 3000 kg/m2 s

U ¼ 179 kW/m2

P ¼ 2:6 MPa 0.01± 0.02 0.04 0.008

G ¼ 3000 kg/m2 s

U ¼ 138 kW/m2

P ¼ 2:6 MPa 0.01± 0.02 0.04 0.008

G ¼ 3000 kg/m2 s

U ¼ 188 kW/m2
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where the liquid specific heat, cp‘, is estimated at the

temperature ½T‘;in þ T‘ðzOSVÞ�. The single phase heat

transfer coefficient, h‘0, is determined by the Dittus–

Boelter correlation (Eq. (7)). All the liquid properties in

Eq. (33) are taken at the OSV temperature. The empir-

ical constant 1.07 was adjusted by the authors on their

experimental data. Griffith et al. considered that the

partially developed boiling region is governed by the

correlation given in Eq. (33) as long as a is lower than

0.1 mm. The void fraction at the OSV, aOSV, is finally

given by:

aOSV ¼ 4a
D

ð35Þ

The Griffith et al. model is compared in Table 3 to the

experimental data obtained for water by Bartolomei

et al. [3]. Considering the accuracy of the measurements,

the Griffith et al. model gives a good estimate of the void

fraction at the OSV. The same model was used with R12

and the results compared to the DEBORA data bank.

Table 4 shows that the Griffith et al. model overesti-

mates the value of void fraction at the OSV in R12,

which is not surprising since the model was developed

for water.

In order to adapt the Griffith et al. model to R12 and

to any other fluid, the effect of the surface tension of the

fluid was included by introducing the Laplace length in

the expression of a:

a ¼ 7:5
Uk‘Pr‘

h2‘0ðTsat � T‘Þ
Lcap

D
ð36Þ

where Lcap is the capillary length defined by:

Lcape
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðq‘ � qvÞ

r
ð37Þ

The modified model gives the same results as the original

Griffith et al. model for water and is compared to

DEBORA experimental data in Table 4. The compari-

son shows that the modified Griffith et al. model (Eqs.

(35)–(37)) gives a good estimation of aOSV.
Fig. 10. Comparison between the results of the proposed model

and the DEBORA experimental data (R12).
3.5. Final model

From the results and discussion above, a new model

predicting the evolution of void fraction in subcooled

boiling has been developed and is summarized below:

• onset of nucleate boiling (Frost and Dzakowic): Eqs.

(5)–(10),

• onset of significant void (Saha and Zuber): Eqs. (11)–

(15),

• Zuber and Findlay model: Eq. (16),

• weighted drift velocity: Eq. (20),

• distribution parameter: Eqs. (3), (8) and (29),

• actual quality: Eqs. (30)–(32),
• void fraction at the onset of significant void: Eqs.

(34)–(37).

Fig. 10 shows some comparisons between the results

obtained with this new model and the DEBORA

experimental data. The prediction of the void fraction in

the PDB region as well as in the FDB region in forced

convective boiling of R12 has been remarkably im-

proved with respect to the Lahey and Moody model

(Fig. 3). Most of our results are within the range of

accuracy of the DEBORA experiment, which is ±0.02

for the void fraction. In addition, Fig. 11 shows a

comparison with Bartolomei et al. [3] experimental data.

The model developed also gives a good estimation of the

void fraction in forced convective subcooled boiling of

water, which further substantiates its physical sound-

ness. Finally, Fig. 12 summarizes all the results obtained

for water and R12. It shows that the suggested C0 cor-

relation (29) that was fitted on the DEBORA data can

be extended to the Bartolomei et al. data. Consequently,



Fig. 11. Comparison between the results of the proposed model

and the Bartolomei et al. [3] experimental data (water).

Fig. 12. The proposed model compared to DEBORA (R12)

and Bartolomei et al. [3] (water) experimental data.
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its validity actually covers the following values of the

Reynolds and Boiling numbers:

1:4� 105 < Re‘ < 8:6� 105

2:3� 10�4 < Bo < 9:4� 10�4

4. Conclusions

Existing models were adapted and improved in order

to calculate the void fraction in forced convective sub-

cooled boiling of R12. A correlation was developed for

the distribution parameter used in the Lahey and Moody

[8] model. A new equation giving the actual quality

versus the equilibrium quality was proposed. The Griffith

et al. [9] model giving the void fraction at the onset of

significant void was modified and is now valid for water

and R12. Fig. 12 shows that the proposed void fraction

model based on these modified submodels predicts very

well the void fraction in subcooled boiling of water and

R12 within the parameters ranges given in Table 1.
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Appendix A. Similarity criteria used on Debora

Assume that we have the following functional rela-

tionship for the critical heat flux q00cr:

q00cr ¼ F ðqg; qf ;G;D; r; hfg; xeq;in; LÞ

Following Kay and Nedderman [16, pp. 134 et seq.] we

can introduce the enthalpy, or thermal energy, as a

dimension. A straightforward calculation based on

dimensional analysis leads to the five following five

dimensionless groups:

• The Boiling number: Boe U
Ghfg

.

• The Weber number: Wee G2D
rqf

.

• The density ratio: qg=qf .

• The aspect ratio: L=D.
• The inlet equilibrium quality: xeq;in.

These are the similarity criteria used in Debora.
Appendix B. The Zuber and Findlay model

Zuber and Findlay [17] defined a local drift velocity,

vgj, by the following relation:
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vgjevg � j ¼ ð1� agÞðvg � vfÞ ðB:1Þ

where ag, vg and vf are the local void fraction, the local

gas velocity and the local liquid velocity, respectively,

and where j is the local volumetric flux of the mixture

defined as:

jeagvg þ ð1� agÞvf ðB:2Þ

This relation can also be written as:

agvgj ¼ agvg � agj

The Zuber and Findlay equation is obtained by taking

the average of the previous relation over the pipe cross

section and reads:

a ¼ Jg
C0J þ eVgj

It gives the area void fraction, a, as a function of the gas

and mixture volumetric fluxes Jg and J if the two fol-

lowing quantities are known:

• The distribution parameter, C0, defined as:

C0e
hagji
hagihji

ðB:3Þ

which depends strongly on the radial profile of the

local void fraction, hence its importance in subcooled

boiling.

• The weighted drift velocity, eVgj,

eVgj ¼
hagvgji
hagi

ðB:4Þ

which also depends strongly on the radial profile of

the local void fraction.

The distribution parameter and the weighted drift

velocity are always determined from experimental

database. A direct determination from the definitions

would require instrumentation techniques to measure

the gas and liquid velocities accurately. Unfortunately

these techniques are not yet available.
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