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Abstract

A thorough examination of the results of existing models based on the liquid sublayer dryout theory suggested the
need to postulate a new mechanism to predict the CHF in subcooled water ~ow boiling[ Considering that we have local
boiling with bulk subcooled conditions\ there will be a distance from the wall at which the ~uid temperature is equal to
the saturation value[ This distance is called {superheated layer|\ and is the only region where a bubble may exist[ Because
of the accumulation and condensation of the vapour generated from the heated wall\ a thin elongated bubble\ called a
{vapour blanket|\ is formed\ rising along the near!wall region as vertical distorted vapour cylinders[ The CHF is
postulated to occur when the vapour blanket replenishes the superheated layer\ coming into contact with the heated
wall "superheated layer vapour replenishment model#[

The vapour blanket thickness\ assumed to be equal to the bubble diameter at the wall detachment\ is independent of
the heat ~ux\ depending on physical properties\ thermal!hydraulic and geometric parameters[ The superheated layer
depends on the heat ~ux\ physical properties\ thermal!hydraulic and geometric parameters[ The heat ~ux for which the
superheated layer is equal to the vapour blanket thickness will be the CHF[

The comparison of new model predictions with fusion reactor relevant data "9[0¾ p ¾ 7[3 MPa\ 9[2¾ D ¾ 14[3 mm\
9[9914 ¾ L ¾ 9[50 m\ 0 ¾ G ¾ 89 Mg m−1 s−0\ 14 ¾ DTsub\in ¾ 144 K# is pretty good\ as more than 74) of the 0857
data are predicted within 214)\ with a standard deviation of 205[5)[ Besides\ because of its structure\ based on the
heat balance method\ the model is applicable to both peripheral uniformly and non!uniformly heated channels[ Þ 0887
Elsevier Science Ltd[ All rights reserved[

Nomenclature

CHF critical heat ~ux ðW m−1Ł
Cp speci_c heat at constant pressure ðJ kg−0 K−0Ł
D diameter ðmŁ
f friction factor\ dimensionless
f"b# function of contact angle � 9[91Ð9[92\ dimen!
sionless
ftt twisted!tape friction factor\ given by eqn "03#\ dimen!
sionless
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G mass ~ux ðkg m−1 s−0Ł
k thermal conductivity ðW m−0 K−0Ł
L length ðmŁ
p pressure ðMPaŁ
Pr Prandtl number] Cp m:k\ dimensionless
Q group de_ned in eqn "6#
qý heat ~ux ðW m−1Ł
R radius ðmŁ
Re Reynolds number] GD:m\ dimensionless
S heat transfer surface ðm1Ł
T temperature ð>CŁ
Ut friction velocity] "tw:rL#9[4 ðm s−0Ł
x steam quality\ dimensionless
y distance from the heated wall ðmŁ
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y� superheated layer ðmŁ
y¦ non!dimensional distance from the heated wall\
de_ned in eqns "8#Ð"01#[

Greek symbols
b contact angle\ dimensionless
G mass ~ow rate ðkg s−0Ł
g twist tape ratio\ the number of tube diameters per 079>
twist in the tape\ dimensionless
o surface roughness ðmŁ
m dynamic viscosity ðkg s−0 m−0Ł
r density ðkg m−2Ł
s surface tension ðN m−0Ł
tw wall shear stress ðMPaŁ[

Subscripts
B pertains to the vapour blanket
cal calculated
ex exit conditions
exp experimental
in inlet
L pertains to the liquid phase
m mean
sub pertains to subcooled conditions
w pertains to the wall[

0[ Introduction

Critical heat ~ux "CHF# in subcooled forced con!
vective boiling has been widely studied in the past\ mainly
in connection with the thermal hydraulic design of light
water reactors "LWRs#[ In this case\ the order of mag!
nitude of heat ~uxes to be removed is around 0 MW
m−1 ð0Ð2Ł[ Recent studies conducted under fusion!reactor
relevant conditions\ i[e[ of low!to!intermediate pressure
"up to 4 Mpa#\ high liquid velocity "up to 39 m s−0#\ high
liquid subcooling "up to 149 K#\ and small!to!inter!
mediate channel diameter "0Ð04 mm#\ as reviewed by
Celata ð3Ł\ clearly showed that the CHF mechanisms
under these extreme conditions may be largely di}erent
from those observed in the past for LWRs[ Besides\ under
such conditions very high CHF values may be experi!
enced\ up to some tens of MW m−1\ such as those en!
countered in the thermal hydraulic design of high heat
~ux components for fusion reactors[

So far\ various mechanisms of CHF have been pro!
posed for subcooled ~ow boiling\ but recently\ based on
a common basic mechanism such as the dryout of a liquid
sublayer between the heated wall and a blanketing vapour
_lm\ three mechanistic models were presented by Lee and
Mudawar ð4Ł\ Katto ð5Ð7Ł\ and Celata et al[ ð8Ł[ Such a
mechanism proved to be the most reasonable approach
for the prediction of the CHF in subcooled ~ow boiling\
ð09Ł[ In spite of the apparent similarity\ a detailed analysis
of the above mentioned mechanistic models revealed how

they are quite di}erent from each other in their basic
nature ð00Ł[ Such a thorough examination of the results
of previously proposed liquid sublayer dryout models
suggested the need to postulate a new CHF mechanism
of much simpler nature\ to predict the CHF in water
subcooled ~ow boiling[ If we consider the temperature
distribution in the main stream we may _nd a distance
from the wall at which the ~uid temperature will be equal
to the saturation value[ We call this distance as {super!
heated layer|\ which is the only region where a bubble
may exist\ as the liquid bulk is subcooled[ The CHF is
postulated to occur when the vapour produced in the
near!wall region replenishes the superheated layer\ thus
coming into contact with the heated wall "superheated
layer vapour replenishment model#[

1[ The proposed CHF model

The reference ~ow con_guration is schematically illus!
trated in Fig[ 0[ Because of the accumulation and con!
densation of the vapour generated at the heated wall\ a
thin elongated bubble called a {vapour blanket| is formed\
also as a consequence of the coalescence of small bubbles
rising along the near!wall region as vertical distorted
vapour cylinders[ As already assumed by Lee and
Mudawar ð4Ł\ the circumferential growth of the vapour
blanket is supposed to be strongly limited by adjacent
blankets and by the steep velocity gradient[ It is therefore

Fig[ 0[ Schematization of subcooled ~ow boiling near CHF
conditions[
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reasonable to assume the thickness of the vapour blanket\
DB\ as approximately equal to the diameter of a bubble
at the departure from the wall[ The assumption is such
that departing bubbles may coalesce into a distorted
blanket that stretches along the ~uid ~ow direction "due
to vapour generation in the near!wall region# and keeps
almost a constant thickness[ A continuous blanket may
be formed along the inner wall of the tube\ as a conse!
quence of blankets merging[ The vapour blanket can
develop and exist only in the near!wall region where the
local liquid temperature is above the saturation value[

Considering the temperature distribution from the
heated wall to the center of the channel\ it will exist a
distance from the wall\ at which the temperature is equal
to the saturation value at the local pressure[ We de_ne
this distance as the {superheated layer|\ and indicate it
with y�\ as illustrated in Fig[ 1[ For a distance from the
wall greater than y�\ the blanket "and each single bubble#
will collapse in the subcooled liquid bulk[ As initially
suggested in ð00Ł\ the CHF is postulated to occur when
the vapour blanket replenishes the superheated layer\
coming into contact with the heated wall\ i[e[ the heat
~ux for which y� will be equal to DB is assumed to be the
CHF[

Fig[ 1[ Schematization of the superheated layer\ i[e[ the two!
phase layer[

1[0[ Calculation of the vapour blanket thickness

The evaluation of the vapour blanket thickness was
made using the model proposed by Staub ð01Ł to approxi!
mate the diameter of bubbles at departure[ The Staub
model is based on a balance of forces acting on growing
bubbles attached to the heated surface[ The bubble is
considered to detach from the surface when dislodging
forces overcome adhesive forces[ Among the several
forces acting on the bubble "surface tension force\
dynamic force due to the momentum change of the liquid
resulting from the growing bubble\ drag force\ buoyancy
force\ dynamic forces due to the liquid inertia and to
the evaporating vapour thrust#\ Staub considered surface
tension force "adhesive# and drag force "dislodging# to
be the dominant[ Then the balance of such forces yields
the following expression for DB]

DB �
21
f

sf"b#rL

G1
"0#

where b is the contact angle\ and f"b# is a function that
depends only on contact angle[ An approximate value
for f"b# of 9[91Ð9[92 for water was recommended\ and
f"b# � 9[92 is used in the present model[ The friction
factor f\ is calculated using the ColebrookÐWhite equa!
tion combined with Levy rough surface model ð02Ł\ rec!
ommended for highly subcooled nucleate boiling[ In fact\
the pressure drop gradient will increase in the proximity
of the CHF\ as bubbles cause an increased surface rough!
ness\ but the coolant will still behave as a single!phase
~uid[ The expression for the friction factor is given by]

0

zf
� 0[03−1[9 log 0

o

D
¦

8[24

Rezf1 "1#

where o is the surface roughness\ that has been shown to
be close to 9[64 DB\ D is the inner tube diameter\ and Re
is the Reynolds number[ Considering that f"b# � 9[92
and that o � 9[64DB\ making use of eqn "0# the above
equation may be rearranged as]

0

zf
� 0[03−1[9 log 0

9[61srL

fDG1
¦

8[24

Rezf1 "2#

Note the dependence of the friction factor on the surface
tension[ Solution of this equation for the friction factor
requires iteration[ Physical properties are calculated for
saturation conditions at the exit pressure[ Consequently\
from eqn "0# DB\ and therefore the vapour blanket thick!
ness\ is independent of the heat ~ux\ depending mainly
on physical properties\ thermal!hydraulic and geometric
parameters[

1[1[ Calculation of the superheated layer

The evaluation of the superheated layer in the near!
wall region\ i[e[ the distance from the wall at which the
temperature is equal to the saturation value\ can be
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obtained from the temperature distribution\ as suggested
by Martinelli ð03Ł[ The temperature T at a given distance
from the wall\ y\ can be obtained for turbulent ~ow in a
tube by]

T"y¦# � TW−QPry¦ 9 ¾ y¦ ³ 4 "3#

T"y¦# � TW−4Q6Pr¦ ln $0¦Pr0
y¦

4
−01%7

4 ¾ y¦ ³ 29 "4#

T"y¦# � TW−4Q$Pr¦ ln"0¦4Pr#¦9[4 ln 0
y¦

291%
y¦ − 29 "5#

with

Ut � 0
tw

rL1
9[4

y¦ � y
Ut

mL

rL tw �
fG1

7rL

where Tw is the wall temperature\ Pr is the liquid Prandtl
number\ y¦ is de_ned above\ and Q is a group de_ned as
a function of the local heat ~ux\ qý\ the liquid speci_c
heat\ CpL and the friction velocity\ Ut]

Q �
qý

rLCpLUt

"6#

In the above eqn "6# CpL is calculated at saturation con!
ditions at the exit pressure[ As the wall temperature Tw

is not known "it can alternatively be calculated using
empirical correlations#\ we may proceed as follows[ We
may calculate the exit average temperature of the ~uid\
Tm with two independent equations[ The _rst one is the
heat balance in the ~uid\ which for a given heat ~ux qý
yields]

Tm � Tin¦
qýS

GCpL

"7#

where Tin is the liquid inlet temperature\ S is the heat
transfer surface "S � pDL#\ and G is the mass ~ow rate[
In eqn "7#\ CpL is calculated at the average temperature
along the channel[ The second independent equation to
calculate Tm is given by the integration along the radius
of eqns "3#Ð"5#]

Tm �
4

y¦"R#
Tm0¦

14

y¦"R#
Tm1¦

y¦"R#−29

y¦"R#
Tm2 "8#

with

Tm0 �
0
4 g

4

9

T"y¦# dy¦ 9 ¾ y¦ ³ 4 "09#

Tm1 �
0
14 g

29

4

T"y¦# dy¦ 4 ¾ y¦ ³ 29 "00#

Tm2 �
0

y¦"R#−29 g
y¦"R#

29

T"y¦# dy¦ y¦ − 29 "01#

R being the radius of the channel[ In eqns "7# and "8#\
Tw is the only unknown and\ therefore\ it can be easily
determined[ Once Tw is known\ it will be possible to
calculate the distance from the wall y\ at which the liquid
temperature is equal to the saturation value at the local
pressure\ i[e[ the superheated layer y�[ This procedure
allows to obtain the wall temperature\ and consequently
the superheated layer y�\ directly from the heat balance[
No use of empirical correlations is made for the evalu!
ation of the heat transfer coe.cient\ and also new empiri!
cal constants are avoided[ It accounts for inlet subcooling
and\ through eqn "7#\ makes the model immediate to be
used for peripheral non!uniform heating[ This can be
done by properly considering as qýS the total power
delivered to the ~uid\ independent of its peripheral dis!
tribution[ The superheated layer y� depends on the heat
~ux\ physical properties\ thermal!hydraulic and geo!
metrical parameters[

1[2[ Critical heat ~ux

The CHF\ for given geometric and inlet thermal!
hydraulic conditions\ and local pressure p "at the CHF
section#\ is the heat ~ux for which the following equation
is veri_ed]

y� � DB "02#

Solution of eqn "02# can be obtained by an iterative
calculation through the foregoing eqns "0#Ð"01#[ Physical
properties are calculated at saturation conditions\ unless
otherwise speci_ed[ Figure 2 shows the trends of DB and
y� as a function of the heat ~ux during the calculation[
As already stated above\ DB is independent of the heat
~ux\ while y� is an increasing function of it[

2[ Veri_cation of the CHF model

To verify the accuracy of the proposed model\ a CHF
data set of 0857 data points gathered by authors for

Fig[ 2[ Trend of the vapour blanket thickness DB and super!
heated layer y� vs the heat ~ux during the calculation[
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Fig[ 3[ Calculated vs experimental CHF using the whole data
set ð04Ł[

operating ranges typical of fusion reactor thermal!
hydraulics has been used ð04Ł[ It is characterized by the
following operating ranges] 9[0 ¾ p ¾ 7[3 MPa^
9[2 ¾ D ¾ 14[3 mm^ 9[9914 ¾ L ¾ 9[50 m^ 0 ¾ G ¾ 89
Mg m−1 s−0^ 14 ¾ DTsub\in ¾ 144 K[ Such a data base
refers to peripheral and axial uniform heating in smooth
channels[

Figure 3 shows a comparison of calculated vs exper!
imental CHF\ using the above data set[ About 74) of
data points are predicted within 214)\ while more than
89) of the 0857 data points used are predicted within
229)[ The standard deviation is 205[5)[ This is a very
good performance\ also taking into account the wide
operating ranges of the data set[

It is of interest making a comparison between the pre!
diction of the same data set obtained using the super!
heated layer vapour replenishment model "the present
one#\ and the liquid sublayer dryout theory according to
the Celata et al[ model ð8Ł[ Such a comparison is shown
in Fig[ 4\ where the ratio between the calculated and the
experimental CHF is plotted vs the exit quality for the

Fig[ 4[ Ratio of the calculated to the experimental CHF vs exit
quality for the present model and the Celata et al[ model ð8Ł[

two models[ The global trend is quite the same for the two
models\ being very di.cult to distinguish their predic!
tion for same data points[ Also statistics are very similar\
where the Celata et al[ model ð8Ł predicts about 80) of
data points within 229)\ with a standard deviation of
05[3)[

Although the basic mechanisms\ which the two fore!
going models rely on\ are signi_cantly di}erent\ they use
exactly the same equations to calculate the vapour
blanket thickness and the superheated layer[ Of course\
the closure equation\ connected with the di}erent mech!
anism leading to CHF\ is di}erent in the two models[
The superheated layer vapour replenishment model is
de_nitely simpler than the liquid sublayer dryout model
in its mathematical formulation and calculation
procedure\ none!the!less providing exactly the same per!
formance in the prediction of the same data set[ Likely
to the liquid sublayer dryout model\ the present model
shows a systematic underprediction of the CHF for those
data characterized by exit conditions close to the satu!
ration[ It is obvious that approaching the saturation con!
ditions\ assumptions made in the construction of the
model may not hold any longer\ and the model provides
a systematic error in the prediction[ Figure 5\ where the
calculated!to!experimental CHF ratio is plotted vs inlet
subcooling\ shows\ of course\ a similar though inverse
trend than that reported in Fig[ 4\ providing the limits of
the model in terms of inlet subcooling\ which is an input
parameter[

Further plots shown in Figs 6Ð09 demonstrate the
absence of any other signi_cant systematic e}ect in the
present model predictions[ In these _gures\ the ratio
between the calculated and the experimental CHF is
plotted vs mass ~ux\ G\ pressure\ p\ channel diameter\ D\
and channel L:D\ respectively[ From Figs 6Ð09\ the only
concern may be in the very slight underprediction of the
CHF for G lower than 1999 kg m−1 s−0 and for D lower
than 9[4 mm[ Such conditions refer to situations where
the CHF is not so high and is generally associated with

Fig[ 5[ Ratio of the calculated to the experimental CHF vs inlet
subcooling[
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Fig[ 6[ Ratio of the calculated to the experimental CHF vs mass
~ux[

Fig[ 7[ Ratio of the calculated to the experimental CHF vs exit
pressure[

slightly subcooled conditions "G ³ 1999 kg m−1 s−0#\ or
to extreme geometric constraints for which di}erent CHF
mechanisms may be hypothesized "D ³ 9[4 mm ð05Ł#[
None!the!less\ no systematic e}ect is generally found for
max ~ux\ pressure\ channel diameter and length[

Fig[ 8[ Ratio of the calculated to the experimental CHF vs
channel diameter[

Fig[ 09[ Ratio of the calculated to the experimental CHF vs
length!to!diameter ratio[

Just to have an idea of the calculated values of the
superheated layer\ y�\ and vapour blanket thickness\ DB\
in Fig[ 00 we plotted the calculated!to!experimental CHF
ratio vs DB or y� at the CHF[ Larger errors "greater than
229)# are concentrated in the region of very small
values of DB and y�\ where uncertainty is obviously
greater[

3[ Parametric trends

It is of interest to verify the parametric trends of the
model for the subcooled CHF[ This latter is a function
of thermal hydraulic conditions "mass ~ux\ pressure and
subcooling# and geometric parameters "channel diameter
and length#[ The parametric trends of subcooled CHF at
medium:low pressure\ very high mass ~ux\ high and very
high subcooling\ and small:very small tube diameter\
typical of fusion reactor thermal hydraulics\ can be sum!
marized as follows]

Fig[ 00[ Ratio of the calculated to the experimental CHF vs
the calculated values of the vapour blanket thickness DB and
superheated layer y�[
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Fig[ 01[ Mass velocity e}ect on CHF[

, CHF increases as mass ~ux increases[
, CHF is practically independent of the pressure[
, CHF increases with increasing degree of subcooling[
, CHF increases as tube diameter decreases[

Figures 01Ð04 show the calculated and the experimental
CHF vs mass ~ux\ pressure\ inlet subcooling and exit
quality\ and tube diameter\ respectively\ for typical data
points selected from the high heat ~ux data set[ Figure
01 shows that the model provides the same observed
experimental trend of CHF vs mass ~ux\ for a wide range
of G ð06Ł[ The negligible dependence of CHF on exit
pressure is matched by the model at low pressure ð07Ł
and medium pressure ð39Ł\ as shown in Fig[ 02[ The
almost linear dependence of the CHF on the liquid sub!
cooling is veri_ed in Fig[ 03\ where the CHF is plotted vs
inlet subcooling ð08\ 19Ł "top _gure# and exit quality ð08Ð
12Ł "bottom _gure#[ The dependence of the CHF on D at
small diameters is well predicted by the model\ as shown
in Fig[ 04\ together with the inter!relation between tube
inside diameter and liquid velocity[

The parametric trends shown in Figs 01Ð04\ dem!
onstrate that the proposed model is very accurate in

Fig[ 02[ Pressure e}ect on CHF[

Fig[ 03[ Inlet subcooling "top _gure# and exit quality e}ect
"bottom _gure# on CHF[

Fig[ 04[ Diameter e}ect on CHF[

predicting independent CHF variations with respect to
mass ~ux\ pressure\ liquid subcooling and channel diam!
eter in the range of high heat ~uxes\ i[e[ high mass ~ux
and high subcooling[

4[ Peripheral non!uniform heating and swirl ~ow

Like the Celata et al[ model ð8Ł\ based on the liquid
sublayer dryout theory\ the present model can be also
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used to predict the CHF under peripheral non!uniform
heating conditions of the channel[ The e}ect of non!
uniform heating along the circumference of the tube can
be of relevant importance in the thermal hydraulic design
of fusion reactors high heat ~ux components[ In fact\ as
an example\ the divertor is thermally loaded only on
one side[ Circumferential non!uniform heating can be
accounted for in the model description simply by con!
sidering the total thermal power delivered to the ~uid in
the coolant heat balance for the calculation of the local
average coolant temperature\ eqn "7#[ It is evident that
average bulk thermal hydraulic conditions\ which the
CHF is strongly dependent on\ are only a function of the
total thermal power delivered to the ~uid\ independent
of its distribution[ As boiling crisis in subcooled ~ow
boiling depends on local thermal!hydraulics conditions
ð3Ł\ all equations employed in the model mathematical
description can be used also in the case of peripheral non!
uniform heating[ In fact\ all calculations\ except for the
cross!section average temperature\ are made using the
maximum value of the heat ~ux\ and all parameters used
to calculate the CHF are local values[ Temperature and
velocity distributions are still valid in the sector interested
by the heat ~ux[ A possible distortion of such dis!
tributions is likely to happen in the bulk of the ~ow\
due to turbulent mixing[ As velocity and temperature
distributions are used locally in the calculation of the
CHF\ it looks reasonable to continue in making use of
such distributions\ also in the case of peripheral non!
uniform heating[ The prediction of the Gaspari data ð13Ł
is shown in Fig[ 05\ where the ratio between the calculated
and the experimental critical heat ~ux is plotted vs the
exit quality\ xex[ The agreement is good\ being most of
the 15 experimental data within 219)[

Although very high heat ~uxes\ such as those requested
for fusion reactors applications\ could be physically
obtained using water subcooled ~ow boiling in straight

Fig[ 05[ Prediction of peripheral non!uniform heating\ straight
~ow CHF data ð13Ł^ uniform heating\ swirl ~ow CHF data ð14Ł^
swirl ~ow\ peripheral non!uniform heating CHF data ð15Ł\ vs
exit quality[

tubes\ none!the!less engineering considerations limit the
variation of parameters such as velocity\ channel diam!
eter and liquid subcooling[ On the other hand\ safety
margins call for suitable techniques to further enhance
the upper limit of the heat transfer\ i[e[ the CHF[ Recent
experiments showed that use of twisted tapes as swirl
~ow promoters in water subcooled ~ow boiling proved
to be very e}ective in the CHF enhancement\ allowing
an increase in the CHF up to a factor of 1[9 ð14\ 15Ł[

The present model may be used to predict CHF swirl
~ow data\ making use of the same corrections already
used in empirical correlations[ As the presence of a
twisted tape inside a channel is associated with a relevant
increase in the pressure drop "e[g[ up to a factor of 00 in
ð15Ł#\ a friction factor correction for twisted tapes was
suggested by Lopina and Bergles ð16Ł[ Based on exper!
iments\ Lopina and Bergles show that the friction factor\
ftt\ for use in the twisted tape geometry varies as]

ftt � 1[64fg−9[395 "03#

where g is the twist ratio of the tape\ a measure of the
number of tube diameters per 079> twist in the tape\ and
f is the friction factor for straight tube[ To extend the
present model for use with twisted tapes\ eqn "03# was
tried[

The prediction of Nariai et al[ data ð14Ł is shown in
Fig[ 05[ The agreement is quite encouraging as almost all
the data are predicted within 214)\ showing that the
procedure can be successful[

Recent experiments by Cardella et al[ ð15Ł were carried
out with twisted tapes inserted in peripherally half!heated
tubes[ Predictions obtained with the present model on
these data are shown again in Fig[ 05[ The agreement can
be considered satisfactory in view of the complexity of
the situation in comparison with the original description
of the model[ Although a general slight underestimation
of the CHF is observed\ most of the experimental data
are predicted within 214)[

5[ Low mass ~uxÐhigh pressure data

Although the model is developed for high mass ~ux\
high liquid subcooling and low:medium pressure
conditions\ it is of interest to verify its validity under
di}erent operating conditions\ provided exit subcooled
conditions still exist[ As already said\ subcooled ~ow
boiling CHF was experimentally investigated in the past
with reference to pressurized water reactors\ i[e[ low mass
~ux\ high pressure and low liquid subcooling "collections
of data are reported in ð17Ð29Ł#[

Assumptions which the model is based on\ rely on the
hypothesis that the mass ~ux is su.ciently high "greater
than 1Ð2999 kg m−1 s−0# and exit thermal hydraulic con!
ditions are not so close to the saturation ones "let us say
xex ³ −9[0#[ It is evident that a mass ~ux lower than the
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Fig[ 06[ Prediction of low mass ~uxÐhigh pressure CHF data
ð17Ð29Ł vs exit quality[

above limits may worsen the performances of the model\
reducing its capability to predict the CHF in subcooled
~ow boiling to xex ³ −9[1 or less[ The prediction of the
experimental data gathered in ð17Ð29Ł using the present
model is shown in Fig[ 06\ where\ as usual\ the calculated!
to!experimental CHF ratio is plotted vs exit quality\ xex[
The overall operating ranges of such data are as follows]
249 ³ G ³ 07599 kg m−1 s−0\ 0[27 ³ p ³ 19[6 MPa\
0[03 ³ D ³ 26[4 mm\ 00[6 ³ L:D ³ 254[2\ −9[553 ³
xex ³ −9[933\ 0[0 ³ CHF ³ 10[3 MW m−1[

The performance of the present model with the above
data is as expected[ A reasonable agreement with exper!
imental data is shown as far as exit thermodynamic con!
ditions are not so close to the saturated state[ The
threshold in terms of xex depends on mass ~ux and ranges
from xex � −9[1 "very low mass ~ux# to xex � −9[0 "low
mass ~ux#[

However\ globally\ for a total of 543 data points\ the
rms is 11[3)\ while 60[9) of data lie within 214)
"72[2) of data lie within 229)#[

6[ Conclusions

A new mechanistic model has been developed for the
prediction of the CHF in water subcooled ~ow boiling[
It is speci_cally thought to predict the CHF under con!
ditions of high mass ~ux\ intermediate!to!low pressure
"below 7[3 MPa#\ and high liquid subcooling\ typical of
the thermal hydraulic design of fusion reactor high heat
~ux components[ None!the!less\ it is able to predict the
CHF over a wide range of subcooled conditions[

The model is based on the observation that\ during
vigorous subcooled boiling\ a vapour blanket forms in
the vicinity of the heated wall because of the coalescence
of small bubbles[ Depending on the heat ~ux\ a more or
less steep temperature gradient exists in each section[
Because of bulk subcooled conditions\ there will be a
distance from the heated wall at which the ~uid tem!

perature is equal to the saturation value\ and we call this
distance superheated layer[ The CHF is assumed to occur
when the superheated layer is replenished by vapour\
which comes into contact with the heated wall and causes
the burnout[

The model has been tested over a large subcooled ~ow
boiling CHF data bank "almost 1999 data points# charac!
terized by wide ranges of operating conditions\ showing a
generally good accuracy in the prediction of experimental
data[ The model looses its validity when local thermo!
dynamic conditions at the CHF approach the saturated
state of the liquid bulk[

Although the model is developed for peripheral uni!
form heating\ it can easily account for circumferential
non!uniform heat distribution[ This is done considering
the total thermal power delivered to the ~uid in the cool!
ant heat balance for the calculation of the local average
thermal hydraulic conditions[ In addition\ using a simple
correction for the friction factor\ the model provides also
a good prediction of swirl ~ow data obtained with
twisted!tape inserts\ showing a good capability in pre!
dicting also the complex situation given by the simul!
taneous occurrence of swirl ~ow and peripheral non!
uniform heating[
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