
\
PERGAMON International Journal of Heat and Mass Transfer 31 "0888# 176Ð290

9906Ð8209:87:,*see front matter Þ 0887 Elsevier Science Ltd[ All rights reserved
PII] S 9 9 0 6 Ð 8 2 0 9 " 8 7 # 9 9 0 9 7 Ð 1

Critical heat ~ux of water subcooled ~ow in one!side heated
swirl tubes

J[ Boscarya\�\0\ J[ Fabrea\ J[ Schlosserb

a Institut de Me�canique des Fluides\ Alle�e du Professeur Camille Soula\ 20399 Toulouse\ France
b Association Euratom CEA!Cadarache\ De�partement de Recherche sur la Fusion Contro¼le�e\ 02097 Saint Paul!Lez!Durance\ France

Received 15 May 0886^ in _nal form 8 March 0887

Abstract

This paper reports an investigation of the critical heat ~ux "CHF# in the subcooled ~ow boiling regime[ Hardened
copper tube is heated on one side of its external rectangular section like for fusion reactor plasma facing components[
It is cooled by a subcooled water ~owing in a circular channel equipped with an inserted twisted tape[ During experiments\
CHF is detected by means of an infrared camera picture[ Experimental results corresponding to various thermal
hydraulic conditions are reasonably well predicted by a correlation deduced from the sublayer dryout model proposed
by Celata et al[ This new correlation also applies to classical situations of parallel ~ow with axisymmetrical heating[ Þ
0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

Bo � F:"rLUifg# boiling number ðdimensionlessŁ
CP speci_c heat at constant pressure ðJ kg0 K−0Ł
D channel diameter ðmŁ
Dh equivalent hydraulic diameter ðmŁ
f friction factor ðdimensionlessŁ
F peaking factor ðdimensionlessŁ
G mass ~ux ðkg m−1 s−0Ł
i enthalpy ðJ kg−0Ł
ifg latent heat of vaporization ðJ kg−0Ł
L length ðmŁ
P pressure ðMPaŁ
Pr Prandtl number ðdimensionlessŁ
Prt turbulent Prandtl number ðdimensionlessŁ
Re � UD:nL Reynolds number ðdimensionlessŁ
S section ðm1Ł
St � Fw:ðGCP"Tw−Tout#Ł Stanton number ðdimension!
lessŁ
t minimum thickness ðmŁ
T temperature ð>CŁ
u� friction velocity ðm s−0Ł
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U velocity ðm s−0Ł
w width ðmŁ
We � rLU1

LD:s Weber number ðdimensionlessŁ
x � ðCP"T−Tsat#Ł:ifg enthalpic mass quality
ðdimensionlessŁ
y distance from the heated wall ðmŁ[

Greek symbols
d tape thickness ðmŁ
u� friction temperature
k Karman constant
n cinematic viscosity ðm1 s−0Ł
r density ðkg m−2Ł
s surface tension ðN m−0Ł
F heat ~ux ðW m−1Ł
v twist ratio[

Subscripts
b blanket
c critical
H heated
H0 one!side heated
i incident
in inlet
L liquid
out outlet
onb onset of nucleate boiling
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sat saturation
sub subcooled
sw swirl
V vapour
w wall
¦ dimensionless quantity[

0[ Introduction

For tokamaks and also for the next generation machine
of thermonuclear fusion\ some components facing to
plasma ð0Ð2Ł may be submitted to high heat ~uxes of
several tens of MW:m1 and requires cooling with pre!
ssurized subcooled water system[ To design these com!
ponents\ it is of major importance to predict accurately
the Critical Heat Flux "CHF# vs[ the thermal hydraulic
conditions[

Boiling CHF in water subcooled ~ow has been exten!
sively studied for PWR operating conditions ð3\ 4Ł i[e[ for
an order of magnitude lower than fusion reactors[ The
_rst approach was to extend to high ~uxes the CHF
correlations developed for PWR thermal hydraulic con!
ditions[ So far\ the Tong|s correlation ð5Ł is extensively
used with speci_c modi_cations by laboratories working
on cooling of high heat ~ux components for fusion appli!
cation ð6Ð01Ł[ Recently\ Celata ð03\ 04Ł proposed a new
CHF model for the subcooled boiling regime based on
the liquid sublayer dryout mechanism[ This model which
was originally developed for vertical up~ow of water
in uniform heated tubes has been checked here against
thermal hydraulic conditions of fusion reactors with one
side heating and high heat ~ux[

The _rst part of this paper describes the experimental

Fig[ 0[ Experimental facility[

study of di}erent test sections installed in a vacuum
chamber and heated by means of an electron beam gun[
The in~uence of thermal hydraulic conditions on CHF\
detected by the infrared visualisation of the heated
surface\ is analysed[ The second part deals with CHF
modelling[ It is shown that Celata|s model may be con!
siderably simpli_ed[ This simpli_cation that applies for
original Celata|s conditions of uniformly heated tubes is
also extended to one!side heated tubes based on the
present experimental data[

1[ Experiments

1[0[ Experimental facility

The experimental facility consists of a test section of
399 mm long\ made of Glidcop Al!14 "CuÐAl1O2# which
is a dispersion strengthened copper alloy "Fig[ 0#[ The
cross!section of this tube is circular inside and rectangular
outside[

One of the external faces of this tube is submitted to a
high thermal ~ux[ This ~ux is obtained in the high thermal
~ux station FE 199 ð05Ł which was brought into service
in 0880 for testing plasma facing components[ The heat
~ux is produced by an electron gun whose beam sweeps
the exposed side of the test section installed in a vacuum
chamber[ The maximum gun power is 199 kW[ The beam
diameter is about 1 mm\ i[e[ 89) of the gun power falls
within a 1 mm circle[ A computer control system allows
an accurate adjustment of the beam sweeping onto the
heated zone[ In the spanwise direction the ~ux is uniform
while in the streamwise direction\ it can be varied by
controlling the sweeping velocity[ To ensure that the heat
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~ux is uniform in the spanwise direction\ the sweeping
width is 3 mm larger than the test section[ To absorb
these extra electrons\ a water!cooled thermal shield is
placed behind the test section[ This shield is also useful
to protect the opposite side of the test section against the
re~ected electrons[ In the present study a uniform ~ux in
both spanwise and streamwise directions was used[

The test section is cooled by subcooled water\ ~owing
inside the circular section equipped with a stainless steel
twisted tape acting as a turbulence promoter[ This tape
is held in position by weldings of its extremities on the
stainless part of the test section[ Water is supplied by a
pressurised loop designed for removing a maximum
power of 299 kW in steady state conditions[ The loop is
completely managed through an automaton by a remote
control!command unit[ Water is chemically treated by
deoxygenation in order to avoid any corrosion problem[
The maximum ~ow rate is 1 kg s−0[ The water pressure
and the inlet temperature can be adjusted within the
ranges 9[1Ð2[8 MPa and 29Ð129>C\ respectively[ The loop
is equipped with pressure gauges\ ~ow meters and tem!
perature measurement devices[

The test sections are instrumented with four to ten
brazed wall thermocouples[ Four thermocouples are
located near the heated surface and the others at di}erent
depths from the surface[ These thermocouples are con!
nected to the data acquisition system and displayed in
real!time onto a screen to detect sudden temperature
increase due to CHF and thus to protect the test section
against burn!out[

The heated surface of the test section is observed by
means of]

*A CCD colour camera and an infrared camera[ The
video!displayed images are tape recorded[ The infrared
images are processed by an InframetricsTM software[

*Two optical laser!controlled pyrometers having
di}erent scales "9Ð799>C^ 799Ð1999>C#[ The surface
covered by a pyrometer is about 0 cm1[ The evolution
of the surface temperature is displayed onto a screen
to detect sudden temperature increases[

CHF is mainly detected by the infrared camera[ This
camera was calibrated up to 0499>C using a black body[
The InframetricsTM software takes into account the Glid!
cop emissivity and the transmission of the optical system
between the test section and the camera[ The transmission
coe.cient is found experimentally by using a black body[
The determination of the emissivity coe.cient of copper
alloys is very tricky because its value greatly depends on
the surface conditions[ Therefore\ the surface of the test
section was previously sanded in order to reduce this
sensitivity[ The emissivity is then measured using a little
block of the same material\ thermally isolated from its
metallic support and insulated by the electron beam to
get a high temperature in steady state conditions "799>C
during 29 s#[ Simultaneous temperature measurements

from a thermocouple introduced inside the block and
from the infrared camera focused on its surface are made[
The emissivity is then adjusted so as to recover\ from the
software\ the same temperature as the thermocouple[ By
doing so\ rather realistic measurements of the surface
temperature were obtained during the tests[

1[1[ Experimental procedure

The test section is installed on a moving frame\ con!
nected to the water loop by ~exible pipes and horizontally
positioned into the vacuum chamber[ For each test\ the
thermal hydraulic conditions "inlet temperature\ inlet
pressure\ mass ~ow rate# and parameters that control
the electron beam sweeping are selected[ In the present
experiments\ the length of the heated zone was about 099
mm\ its end corresponding to the middle of the test sec!
tion "see Fig[ 0#[

Each test is performed by increasing the gun power step
by step up to the detection of CHF[ Each step consists
of a cyclic process during which the beam alternatively
sweeps the test section and the dump block for 79 and 4
s\ respectively[ The gun power is increased when the beam
is pointed towards the dump block[ This procedure
allows several levels of power to be performed during the
same test and provides enough time to determine the next
power step[

CHF is mainly detected from infrared camera as fol!
lows "Fig[ 1#[ Thermal hydraulic conditions are]
LH � 099 mm\ wH � 13 mm\ D � 07 mm\ G � 7999 kg
m−1 s−0\ Pout � 2[4 MPa and Tin � 38>C[ A picture of the
surface temperature taken during non CHF situation
"Fig[ 1"a## shows two hot zones\ almost symmetrical with
respect to the longitudinal axis of the test section] since
the tube thickness is smaller near this axis\ the thermal
resistance is smaller and so is the surface temperature[
When CHF occurs the two hot zones spread and join in
the middle of the test section at the end of the heated
surface "Fig[ 1"b##[ When a hot spot is detected\ CHF is
considered to start and heating is stopped in order to
spare the mock!up[ In few tests\ heating was not stopped
after that the hot spot detected] they showed that burn!
out\ leading to the wall destruction\ occurred about one
second after the detection of CHF[ When CHF is
approached\ the CCD camera gives another qualitative
information during the test] the colour picture shows that
the surface of the heated region presents a melted and:or
eroded appearance[

CHF can also be detected from the surface temperature
measured by the two pyrometers and from the tem!
perature inside the material measured by thermocouples[
When one of these temperatures rises over some given
value\ the test can be stopped[ But\ this detection method
is not always reliable because the temperature sensors
are not necessarily located close to the small area where
physical burn!out occurs[
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Fig[ 1[ Infrared pictures of the heated surface "inlet corresponds to the right of the picture#] "a# during non CHF situation^ "b# during
CHF situation[

The test parameters\ i[e[ the beam parameters\ the ther!
mal hydraulic conditions and the local temperatures are
continuously monitored\ recorded and processed with a
data acquisition frequency of 09 Hz[

1[2[ Experimental results

Four mock!ups with a geometry shown in Fig[ 2\ were
tested[ They correspond to di}erent values of the tube
inside diameter\ D\ the width of the outside cross section\
w and the minimum thickness of the wall between the
heated surface and the circular channel\ t "see Table 0#[
The cooling channel was drilled in the centre of the mock!
up[ The insert was made of stainless steel tape 9[7 mm

thick[ It was twisted so that the number of inner diameters
for a twist of 079> was always equal to two[

A wide range of thermal hydraulic conditions de_ned
by the inlet temperature Tin\ the mass ~ux\ G\ the pressure
at the end of the heated section\ Pout was explored[ These
conditions correspond to Tin � 49\ 099\ 049\ 069>C\
G � 4\ 09\ 01\ 04 Mg m−1 s−0\ Pout � 0[2\ 1[3\ 2[4 MPa[
A database of 64 CHF conditions\ among which 36 are
given in Table 1\ was obtained[ For each test leading to
CHF occurrence\ the local temperatures at the surface
and inside the material were recorded for at least 09
di}erent steps of beam power[ Consequently\ about 649
sets of experimental data are available for understanding
heat transfer in such geometries[
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Fig[ 2[ Geometrical parameters of mock!ups[

Table 0
Dimensions of mock!ups

Geometry D w t
No[ "mm# "mm# "mm#

0 09 04 0[4
1 09 06 1[3
2 03 08 0[4
3 07 13 0[4

If the ~uxes radiated by the non heated surfaces is
neglected\ the incident CHF\ Fi\ is given by]

Fi �
GS"iout−iin#

LHwH

"0#

where S is the section of passage of the ~uid\ LH\ the
heated length\ wH\ the heated width\ iin and iout\ the inlet
and outlet enthalpies[ These enthalpies are determined
from inlet and outlet bulk temperature Tin and Tout\
measured by two sets of two platinum resistance probes\
located at about 0 m upstream and downstream from
the heated section[ With this arrangement\ the vapour
generated at the outlet of the heated section is expected to
be condensed in the subcooled liquid core\ at the location
where Tout is measured[

The e}ect of the experimental thermal hydraulic par!
ameters on the incident CHF are reported in Figs 3Ð5 for
the geometry No[ 2 "see Table 0#[ In Fig[ 3\ the incident
CHF Fi is plotted vs[ the mass ~ux G\ for di}erent sub!
coolings at the outlet[ As expected the incident CHF
is an increasing function of the mass ~ux within the
investigated range[ From a design point of view\ it turns
out that increasing the mass ~ow rate allows to increase

the incident heat ~ux[ However\ the pressure drop
increases too[

The in~uence of subcooling is illustrated in Fig[ 4
where the incident CHF is plotted vs[ the outlet sub!
cooling for di}erent mass ~uxes[ It appears that the inci!
dent CHF increases almost linearly with the subcooling
within the range which was explored in the present study[

Some experiments were carried out at di}erent outlet
pressures to investigate its e}ect upon the incident CHF[
The results\ plotted in Fig[ 5 for di}erent subcoolings\ do
not display any signi_cant in~uence[

These experiments con_rm the capability of such
geometries to sustain an important incident heat ~ux of
about 29 MW m−1 in the subcooled boiling regime[ The
best result\ within the explored range\ corresponds to
Fi � 35[6 MW m−1 for D � 09 mm^ LH � 099 mm^
G � 04[5 Mg m−1 s−0^ Tin � 49>C^ Pout � 2[5 MPa[ These
experiments also show that the incident CHF is mainly
sensitive to both mass ~ux and subcooling[

1[3[ Determination of inner wall CHF from the incident
CHF

For plasma facing components\ only one side of the
tube is heated by the incident ~ux that was experimentally
determined in the present study[ It may be reasonably
expected that the dry!out responsible for the CHF occur!
rence will be directly related to the maximum ~ux at
the inner wall for non symmetrical heating[ Thus\ it is
necessary to determine the maximum CHF at the wall\
Fc\ from the measured incident CHF\ Fi[

Let us de_ne the peaking factor F as the ratio between
Fc and Fi[ As thermal resistance is mainly due to con!
duction within the solid\ it may be anticipated from
dimensional analysis that F mainly depends on the fol!



J[ Boscary et al[:Int[ J[ Heat Mass Transfer 31 "0888# 176Ð290181

Table 1
Experimental results

LH Pout Tin Tout Tsat−Tout G Fi Fc

Geometry "mm# "MPa# ">C# ">C# ">C# "Mg m−1 s−0# "MW m−1# "MW m−1# F

0 004 2[4 058 070 51 04 29[0 39[3 0[23
094 2[4 061 071 50 03 16[9 24[8 0[22
094 2[4 060 072 48 09 11[5 29[9 0[22
094 2[3 060 077 42 4 04[2 19[2 0[22
094 2[3 069 080 38 2 01[6 05[7 0[21

1 093 2[5 38 56 065 05 35[6 57[5 0[36
099 2[5 49 57 065 04 33[6 54[6 0[36
093 2[3 49 69 060 09 25[4 42[4 0[36
093 2[5 86 009 022 04 23[1 38[8 0[35
093 2[3 88 004 015 09 18[7 32[4 0[35
093 2[5 035 045 76 04 15[9 26[7 0[34
093 2[4 037 047 73 00 08[1 16[5 0[33
099 2[1 054 063 52 05 12[7 23[4 0[34
091 1[3 37 54 044 05 34[6 56[0 0[36
091 1[2 38 55 041 03 31[5 51[4 0[36
091 1[4 85 097 003 05 20[9 33[8 0[34
091 1[6 036 045 60 04 11[7 21[8 0[33
093 0[2 38 53 014 03 26[2 43[6 0[36
093 0[1 49 56 006 09 18[4 31[8 0[34
093 0[9 49 64 093 4 10[9 29[5 0[35

2 74 2[3 24 38 081 5 29[3 28[1 0[18
091 2[5 38 48 073 02 28[7 41[9 0[20
091 2[3 38 48 071 09 20[5 39[9 0[16
81 2[2 59 60 057 8 18[2 26[1 0[16
74 2[3 48 63 056 5 17[3 25[0 0[16

091 2[6 86 095 028 01 22[2 31[0 0[15
091 2[4 87 096 023 09 16[7 24[0 0[15
85 2[2 099 009 017 8 29[2 27[3 0[16
74 2[3 88 002 017 4 15[2 22[4 0[16

091 2[5 035 042 80 01 13[8 20[4 0[16
091 2[5 035 043 89 09 14[1 20[8 0[16
74 2[5 038 046 76 7 13[1 29[7 0[16
74 2[3 038 050 79 4 10[4 16[3 0[16

091 1[3 38 48 059 01 26[7 37[0 0[16
091 1[2 38 48 047 09 20[9 28[3 0[16
091 1[3 86 094 005 01 21[6 30[4 0[16
091 1[3 87 096 002 09 15[7 22[8 0[15
74 1[2 88 097 009 8 16[1 23[4 0[16

091 0[3 38 46 025 02 21[5 30[3 0[16
85 0[2 59 69 008 8 18[2 26[1 0[16
74 0[3 48 60 011 4 11[6 17[7 0[16
74 0[3 88 095 75 8 14[3 21[1 0[16
74 0[3 88 098 73 4 08[1 13[2 0[16

3 099 2[1 38 47 068 8 24[7 34[2 0[16
099 2[1 38 47 079 7 17[0 25[9 0[17
099 2[2 86 094 023 7 12[4 18[2 0[14
099 2[1 035 041 74 6 08[2 13[9 0[13
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Fig[ 3[ Incident CHF vs[ mass ~ux for di}erent outlet subcoolings and for Pout � 2[4 MPa\ D � 03 mm\ w � 08 mm\ LH � 099 mm
and DTsub\out � 79>C "test] R\ calculation] *r*#\ 019>C "test] E\ calculation] *e*#\ 069>C "test] Ž\ calculation] *�*#[

Fig[ 4[ Incident CHF vs[ outlet subcooling for di}erent mass ~uxes and for Pout � 2[4 MPa\ D � 03 mm\ w � 08 mm\ LH � 099 mm
and G � 09 Mg m−1 s−0 "test] E\ calculation] *e*#\ 01 Mg m−1 s−0 "test] Ž\ calculation] *�*#[

lowing geometrical parameters of the test section] w:D\
t:D[ The relation between F and the foregoing parameters
is a priori unknown[ However\ it may be determined by
solving the heat conduction in the solid\ provided that
boundary conditions at the inner wall are known[ This
was numerically obtained by a _nite element method\
using convective and subcooled boiling heat transfer cor!

relations as boundary conditions ð06Ł[ Figure 6 gives an
illustration of this calculation[ The temperature of onset
of nucleate boiling "ONB# ð07Ł shows the limit between
the heat transfer regimes[ Subcooled boiling regime
occurs at the upper part of the wall whereas convective
regimes occurs at the lower part[ It exhibits at the wall a
non homogeneous distribution of both temperature and
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Fig[ 5[ Incident CHF vs[ outlet pressure for di}erent outlet subcooling and for G � 04 Mg m−1 s−0\ D � 09 mm\ w � 06 mm\ LH � 099
mm and DTsub\out � 019>C "test] E\ calculation] *e*#\ 069>C "test] Ž\ calculation] *�*#[

Fig[ 6[ Heat ~ux and temperature distribution at the inner wall for Pout � 2[3 MPa\ Tout � 004>C\ G � 00 Mg m−1 s−0\ D � 09 mm\
w � 06 mm\ LH � 099 mm[

heat ~ux[ The peaking factor was calculated for the fol!
lowing range of the geometrical parameters]
0[22 ¾ w:D ¾ 0[6\ 9[97 ¾ t:D ¾ 9[2[ It may be expressed
within 09) of accuracy by the correlation]

F � 0
w
D1 $0−

0
5 0

w
D1

−1

% $0−0
t
D1

3

% "1#

2[ Modelling

The CHF mechanism in subcooled ~ow is not yet com!
pletely understood in spite of various experimental stud!

ies[ Di}erent models exist] they are classi_ed according
to the basic mechanism assumed to be the cause of CHF
ð08Ð11Ł[ Among them\ the model of Celata et al[ ð03\ 04Ł
is the _rst dedicated to fusion reactors[ It was developed
over a wide range of thermal hydraulic conditions for
vertical up~ow in uniformly heated tubes[ It is generally
acknowledged that this model has a good predictive capa!
bility although it is complex to use[

We shall demonstrate\ in the _rst part of this section\
that the Celata et al[ model can be considerably simpli_ed
without any signi_cant loss of accuracy[ The correlation
deduced from this simpli_cation will be compared to
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the model for uniform heating in vertical tubes[ Then\ a
modi_cation of the correlation for plasma facing com!
ponents will be discussed[

2[0[ CHF mechanism as proposed by Celata et al[

According to Celata et al[\ CHF occurs when the super!
heated liquid layer disappears at the wall leading to dry!
out[ This concept\ _rst introduced by Lee and Mudawar
ð12Ł\ was further used by Lin et al[ ð13Ł and improved by
Katto ð14\ 15Ł[ During subcooled boiling\ small bubbles
rise along the near wall region[ Their coalescence results
in the formation of {vapour blankets| located within the
superheated layer in the vicinity of the heated wall as
shown in Fig[ 7[ These vapour blankets appear as vertical
elongated and distorted bubbles whose thickness Db is
almost equal to the diameter of a bubble at departure
from the heated wall[ These blankets overlie a very thin
liquid sublayer in contact with the wall[ Celata et al[
assumed that the dry!out at the wall occurs when the
length of the vapour blanket reaches the critical wave!
length of KelvinÐHelmholtz instability at the liquidÐ
vapour interface[

The thickness db of the liquid sublayer is equal to
ysat−Db\ where ysat is the superheated layer thickness[
The vapour blanket is characterised by its length Lb and
its velocity Ub[ According to the model\ if the sublayer
velocity is negligible with respect to the blanket velocity\
the CHF Fc is given by]

Fc

rLUbifg
�

db

Lb

"2#

where rL is the liquid density and ifg the latent heat of
vaporization[ Where not speci_ed\ physical properties are

Fig[ 7[ CHF mechanism according to Celata et al[

calculated at saturated state corresponding to Pout[ CHF
conditions are then calculated with an iterative method
introducing closure laws for the di}erent parameters
involved in equation "2#\ ysat and the characteristics of
the vapour blanket Lb\ Db\ Ub[ With the view to suppress
the iterative procedure\ we will discuss these laws and
simplify their expression whenever possible[

2[1[ CHF modellin` for parallel ~ow in uniformly heated
tube

Let us restrict our attention to the case of vertical
nonswirling up~ow in uniformly heated tubes[

2[1[0[ Vapour blanket velocity
In their model\ Celata et al[ adopted the assumption

of Lee and Mudawar to predict the velocity of the vapour
blanket[ They supposed that this velocity is the sum of
the velocity that the liquid would have in single phase
~ow at the centre of the blanket and the slip velocity of
the blanket determined from a force balance[

The velocity of the liquid is determined from classical
near wall distributions valid for viscous sublayer\
matching layer or inertial layer[ Because of the high
values of the Reynolds number in CHF situations\ the
viscous sublayer is so thin that the vapour blanket is
located within the inertial sublayer[ In this layer the vel!
ocity does not vary signi_cantly with the distance from
the wall so that it may be assumed equal to the bulk
velocity UL[ Replacing the local velocity by the bulk
velocity does not lead to signi_cant di}erences[ There!
fore\ this simpli_cation was introduced in our model[

The force balance used to predict the slip velocity of
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the blanket involves buoyancy and drag[ On the one
hand\ the expression of the drag force which was used by
Celata et al[ is highly questionable for bubbles of such
small size[ On the other hand\ the numerical simulations
realized for the present thermal hydraulic conditions ð16Ł
proved that this velocity is always very small and can be
neglected[ The blanket velocity has thus been considered
to move at the bulk velocity of the liquid]

Ub � UL[ "3#

2[1[1[ Len`th of vapour blanket
The blanket length Lb is supposed to be equal to the

critical wavelength of the liquidÐvapour interface\ deter!
mined from the KelvinÐHelmholtz instability theory[
Introducing equation "3# in the expression proposed by
Lee and Mudawar\ Lb is now determined from input
physical quantities instead of using the complex pro!
cedure of Celata et al[ that involves an iterative process]

Lb �
1ps"rV¦rL#

rVrLU1
L

"4#

where rV is the vapour density and s the surface tension[

2[1[2[ Diameter of vapour blanket
The vapour blanket is formed with bubbles that rise

and coalesce near the heated wall[ Its thickness Db cor!
responds to the diameter of these bubbles when they
depart from the wall[ As proposed by Staub ð17Ł\ their
diameter may be expressed as

Db �
9[13

f
srL

G1
"5#

where f is the wall friction factor[

2[1[3[ Friction factor
f is calculated using the ColebrookÐWhite correlation[

CHF approaching\ the wall friction is assumed to be
controlled by the hydrodynamic roughness due to the
bubbles growing at the wall "Levy ð18Ł#[ It is given by

0

zf
� 1[17−3 log 0

9[64Db

D
¦

3[564

Re zf1 \ "6#

where Re � ULD:nL is the Reynolds number[
The _rst term within the parentheses corresponds to

the contribution of roughness whereas the second term
corresponds to the contribution of viscous e}ect[
Numerical simulations revealed the predominance of the
roughness for the CHF situations[ Therefore\ the friction
factor correlation was simpli_ed to yield]

0

zf
� 1[17−3 log 0

9[64Db

D 1 [ "7#

2[1[4[ Temperature distribution
CHF prediction from equation "2# requires the deter!

mination of the thickness of the superheated liquid layer

and thus of ysat knowing the near wall temperature pro_le[
In spite of the presence of the vapour blanket\ Celata et
al[ used the single!phase ~ow correlations proposed by
Martinelli ð29Ł for predicting the near wall temperature[
These correlations predict the temperature within the
viscous sublayer\ the matching layer and the inertial
layer[ Using this model\ numerical simulations have
shown that the vapour blanket is always located in the
inertial layer[ Kader and Yaglom ð20Ł proposed a simpler
model valid in this region "y¦ − 29#]

T¦ �
Prt

k
ln y¦¦C9 "8#

where k is the von Karman constant equal to 9[3 and C9

another constant that depends on the turbulent Prandtl
number Prt "¼9[74# and on the physical properties of
the liquid through the Prandtl number Pr]

C9 �
Prt

k
ln Pr¦01[4Pr1:2−4[2[ "09#

In the above expression the dimensionless temperature
T¦ �"Tw−T#:u� is scaled by the friction temperature
de_ned as]

u� �
F

rLCpu�
[ "00#

The dimensionless distance y¦ � yu�:nL is expressed vs[
the friction velocity]

u� � ULXf
1

[ "01#

This model is in close agreement with the Martinelli
model in the inertial layer[ In view of its simplicity it has
been used in the present study[

2[1[5[ Superheated layer thickness
ysat is calculated from the integration of the tem!

perature pro_le along the radius of the channel[ Like in
the model of Celata et al[\ due to high Reynolds number
in CHF situation\ the thermal layer is very thin and the
temperature pro_le can only be integrated in the inertial
layer[ Kader and Yaglom ð20Ł proposed a model valid in
this region]

0
St

�X1
f
"C9¦C0# "02#

where St � Fw:ðGCP"Tw−Tout#Ł is the Stanton number[
F is the wall heat ~ux\ Tw the wall temperature\ Tout the
water outlet temperature and CP is the speci_c heat at
constant pressure[ C0 is a constant that depends on the
turbulent Prandtl number\ the von Karman constant\ the
Reynolds number and the friction factor]

C0 �
Prt

k $ln"Re zf #¦
4
3kX

f
1
−

2
1

−
ln 1
1 % [ "03#

Introducing the Stanton number\ equation "02# becomes
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Tw−Tout

T�
� C9¦C0[ "04#

Tw is unknown and can be eliminated combining equa!
tions "8# and "04#]

Tout−T
T�

�
Prt

k
ln 0

yu�
nL 1−C0[ "05#

This relation expresses the ~uid temperature\ T\ as a
function of the distance from the heated wall\ y[ Conse!
quently\ the distance ysat from the heated wall at which the
~uid temperature is equal to the saturation temperature is
given by]

ysatu�
nL

� exp 6
k

Prt $0
rLCPu�"Tout−Tsat#

Fw 1¦C0%7 [ "06#

The outlet temperature is calculated from the energy bal!
ance

Yout � Tin¦
FiSH

GSCP\in

"07#

where SH � pDLH is the heat transfer surface\ S the sec!
tion of passage of the ~uid[ For uniformly heated tube\
the incident heat ~ux F0 is equal to the wall heat ~ux Fw\
provided that the thickness of the tube is thin enough
compared to the diameter[ Introducing equation "07# in
equation "06#\ ysat can be expressed as

ysatu�
nL

� exp 6
k

PrtX
f
1 $

xin

Bo
¦C1

SH

S
¦X1

f
C0%7 "08#

where xin � ðCP"Tin−Tsat#Ł:ifg is the inlet enthalpic mass
quality\ Bow � Fw:"rLULifg# is the boiling number and
C1 �"rL:rL\in#"CP:CP\in#[

2[1[6[ Critical heat ~ux
The _nal CHF expression is calculated introducing the

expression for ysat given by equation "08# in the CHF
de_nition ðequation "2#Ł]

xin

Boc

�
Prt

k X1
f
ln $X

1
f
ULLb

nL 0Boc¦
Db

Lb1%
−C1

SH

S
−X1

f
C0 "19#

where Boc corresponds to CHF\ Fc[
Numerical simulations over the database of Celata et

al[ showed that

Boc ð Db:Lb[ "10#

Thanks to this simpli_cation\ equation "19# becomes an
explicit function of the boiling number and CHF can be
calculated from

Boc �
xin

Prt

k X1
f
ln $

C2

zf

Re
We%−C1

SH

S
−X1

f
C0

"11#

where We � rLU1
LD:s is the Weber number and

C2 �"9[13:z1#"rL:rL\in#1z0:f[
These above simpli_cations allow an explicit cal!

culation of CHF[ This new expression was evaluated
from the Celata database within the range]
14 ¾ DTsub\in ¾ 144 K^ 0¾ P ¾ 7[3 MPa^ 9[2¾ D ¾ 14[3
mm^ 1[4 ¾ LH ¾ 509 mm^ 9[8¾ G ¾ 89 999 kg m−1 s−0^
2[2 ¾ Fv ¾ 116[8 MW m−1[ Figure 8 shows a good agree!
ment between experiment and calculation\ using equation
"11#] about 89) of predicted points within 229) range[

2[2[ CHF modellin` for parallel ~ow in one!side heated
tube

Let us introduce the speci_c conditions of plasma
facing components in this new relation[

2[2[0[ Heat balance
As already mentioned\ the one!side heating condition

leads to distinguish the incident CHF\ F0\ from the
maximum wall heat ~ux Fc[ A relation has been estab!
lished between these two heat ~uxes by introducing the
peaking factor F in equation "1#[ Thus the heat balance
equation can be expressed as a function of Fc]

Tout � Tin¦
Fc

F
SH0

GSCP\in

"12#

where SH0 � wHLH is the heated section "see Fig[ 0#[

2[2[1[ Temperature scale
As shown in Fig[ 6\ the distribution of the temperature

at the wall is non!uniform due to the fact that only one
side is heated[ To take into account this e}ect\ the dimen!
sionless temperature T¦ is scaled by the average friction
temperature u¹� de_ned as a function of the average heat
~ux at the wall\ FÞc]

u¹� �
FÞc

rLCPu�
[ "13#

FÞc is characteristic of CHF occurrence at the wall[ When
CHF occurs\ numerical calculations showed that the wall
circumference where boiling occurs was about 27) of
the inner perimeter\ whatever the thermal hydraulic con!
ditions i[e[ temperature\ pression and mass ~ux[ Thus\ it
is shown that the limit of the thermal performance is
controlled by the geometry[ The transfer of heat to the
cooling liquid is limited by a maximum wall heat ~ux
value but also by the maximum wall area over which it
applies[ These two phenomena are expected to be coupled
and numerical calculations showed that a constant ratio
C3 between FÞc and Fc exists]

FÞc � C3Fc C3 � 1:2[ "14#

Within our experimental range\ the pure e}ect of the
geometry\ is also pointed out by the expression of the
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Fig[ 8[ Calculated vs[ experimental boiling number using the Celata et al[ database[

peaking factor\ that depends only on the geometrical
parameters of the test section[

2[2[2[ Critical heat ~ux
The _nal relation for one!side heated tube cooled by a

parallel ~ow is deduced by introducing the above equa!
tions "12#Ð"14# in equation "11#]

Boc �
xin:C3

Prt

k X1
f
ln $

C2

zf

Re
We%−

0
F

C1

C3

SH0

S
−X1

f
C0

"15#

The comparison of this correlation with experimental
results in terms of boiling numbers is presented in Fig[
09 within the range] D � 09 mm\ w � 04 mm\ t � 0[4
mm\ Pout � 2[4 MPa^ 9[94¾ LH ¾ 9[04 m^
3[7 ¾ G ¾ 03[3 Mg m−1 s−0^ 84 ¾ DTsub\in ¾ 084>C[ A
good agreement between experiment and calculation is
observed within a 219) range[

2[3[ One!side heated tube\ swirl ~ow

With respect to the previous conditions\ the channel
is equipped with a twisted!tape acting as a turbulence
promoter that creates an helicoidal movement of the
water ~ow[

2[3[0[ Friction factor
The presence of the tape in the channel increases the

wetted perimeter[ The friction factor depends on the equi!
valent hydraulic diameter Dhsw expressed as the ratio
between the section of passage of the ~uid and the wetted
perimeter]

Dhsw � 3Ssw:"pD¦1D−1tsw# "16#

where Ssw �"pD1:3#−Dtsw is the section passage of the
~uid[ However\ friction is mainly controlled by the rough
part of the tube over which bubbles are produced[

The friction factor is given by ðsee equation "7#Ł

0

zfsw
� 1[17−3 log 0

9[64Db

Dhsw 1 "17#

2[3[1[ Reynolds number
The twisted!tape modi_es the ~ow of the ~uid and

enhances the turbulence[ The Reynolds number\ Resw\ is
de_ned as

Resw � UswDhsw:nL "18#

where Usw � ULz0¦"p:1v#1 is the swirl velocity Usw

ð21Ł[
Resw is introduced in the constant C0 ðsee equation

"03#Ł\ which becomes C0\sw[

2[3[2[ Critical heat ~ux
The _nal relation for a tube heated on one side and

cooled by a swirling ~ow is deduced by introducing the
above equations "17# and "18# in equation "11#]

Boc �

C4

xin:C3

Prt

k X
1
fsw

ln $
C2

zfsw

Re
We%−

0
F

C1

C3

SH0

Ssw

−X 1
fsw

C0\sw

"29#

where C4 � 0[6ex
in is an empirical coe.cient\ function of

the inlet mass quality[ As pointed out by Celata et al[\ a
systematic error was detected when the outlet tem!
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Fig[ 09[ Calculated vs[ experimental boiling number for one!side heating conditions\ parallel ~ow[

perature was approaching the saturation temperature[
The role of this coe.cient is to reduce this e}ect[ The
comparison between calculation and experiment is illus!
trated in Fig[ 00 within the ranges] 09 ¾ D ¾ 07 mm\
04 ¾ w ¾ 13\ 0[4 ¾ t ¾ 1[3 mm\ 0 ¾ Pout ¾ 2[6 MPa^
LH � 9[0 m^ 2¾ G ¾ 05 Mg m−1 s−0^
69 ¾ DTsub\in ¾ 084>C[ The model predicts with a reason!
able accuracy the experimental data within a 219)
range[ The evolution of the correlation versus the thermal
hydraulic parameters is presented in Figs 3Ð5[ The inci!

Fig[ 00[ Calculated vs[ experimental boiling number for one!side heating conditions\ swirl ~ow[

dent CHF is calculated using the correlation of the peak!
ing factor given in equation "1#[ The comparison dem!
onstrates that the correlation is reasonably accurate in
predicting CHF tendencies versus mass ~ux\ outlet sub!
cooling and pressure[

2[4[ Effect of inserted twisted tape on CHF

The in~uence of the twisted tape on CHF under one!
side heating conditions is evaluated by comparing the
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predictions of equation "15# for parallel ~ow and equa!
tion "29# for swirl ~ow "Fig[ 01#[ For the same hydraulic
conditions\ the twisted tape increases the wall CHF by
about 39) in average[ However this e}ect decreases as
the outlet subcooling increases[ Since this tape is thin\ the
improvement of CHF mainly results from the swirl[ As
shown by the prediction of Fig[ 01\ a twist ratio of two
is acceptable[ However\ it is di.cult to determine the
respective in~uence of both twist ratio and tape thickness
on CHF since only one geometry was tested[

3[ Conclusion

This paper provides new correlations for predicting
CHF under thermal hydraulic operating conditions of
plasma facing components[

The experiments performed in an electron beam gun
facility proves the thermal hydraulic ability of one!side
heated swirl tubes cooled in the subcooled regime to
remove high heat ~uxes in the range of 29 MW m−1[ It
is shown that the main parameters capable of providing
a signi_cant CHF enhancement are the mass ~ux and the
subcooling[

The incident heat ~ux\ which was experimentally deter!
mined\ does not control directly CHF at the inner wall[
To characterize one!side heating conditions\ a peaking
factor was introduced to establish a relation between the
incident CHF an the wall CHF\ de_ned as the maximum
heat ~ux at the wall[ This maximum heat ~ux at critical

Fig[ 01[ Wall CHF vs[ outlet subcooling for smooth "test] ž\ calculation] *�*# and swirl "v � 1\ tsw � 9[7 mm# tube "test] T\
calculation] *t*# and for Pout � 2[4 MPa\ G � 09 Mg m−1 s−0\ D � 09 mm\ w � 04 mm\ LH � 099 mm[

condition is predicted from a correlation deduced from
the liquid sublayer dryout mechanism model proposed
by Celata et al[ The _rst step consisted in the signi_cant
simpli_cation of this model for the case of uniform heated
tube cooled by a parallel ~ow[ This simpli_ed model led
to a reasonable accuracy for the database of Celata et al[
The model was then adopted to the speci_c cases of
one!side heated tubes cooled by a parallel or a swirling
subcooled ~ow[ In both cases\ experiments were predicted
by this new correlation with an accuracy better than 19)[
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