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An Experimental Study of Critical Heat Flux in Non-uniformly
Heated Vertical Annulus under Low Flow Conditions
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An experimental study on critical heat flux (CHF) has been performed in an internally heated
vertical annulus with non-uniform heating. The CHF data for the chopped cosine heat flux have
been compared with those for uniform heat flux obtained from the previous study of the authors,
in order to investigate the effect of axial heat flux distribution on CHF. The local CHF with the
parameters such as mass flux and critical quality shows an irregular behavior. However, the
total critical power with mass flux and the average CHF with critical quality are represented by
a unique curve without the irregularity. The effect of the heat flux distribution on CHF is large
at Jow pressure conditions but becomes rapidly smaller as the pressure increases. The relations-
hip between the critical quality and the boiling length is represented by a single curve,
independent of the axial heat flux distribution. For non-uniform axial heat flux distribution, the
prediction results from Doerffer et al.’s and Bowring’s CHF correlations have considerably large
errors, compared to the prediction for uniform heat flux distribution.
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Length
Nomenclature Lcurs | Length from the onset of saturated boi-
Ay . Cross sectional flow area [m?] ling to the CHF occurrence location
Acur,n | Heated area from the bottom end of the [m]
heated section to CHF occurrence loca-  Lx . Heated length [m]
tion [m?] N . Total number of data
d; . Diameter of heater rod [m] P . Pressure [MPa]
o . Inner diameter of outer pipe in annulus Qcur . Power supplied to the heated section at
test section [m] CHF occurrence [kW]
G * Mass flux {kg/m?] Qcur.10c - Local critical power, defined as the total
G* . Dimensionless mass flux, defined by Eq. power from the bottom end of the
(1 [—] heated section to the CHF occurrence
g . Gravitational acceleration [m/s?] location [kW]
hig . Latent heat of evaporation [kJ/kg] Qcur,r . Total critical power, defined as the total
power supplied to the heated section at
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q” . Heat flux [kW/m?]

q” ave . Average heat flux over the heated
section [kW/m?]

q” car . Critical heat flux [kW/m?]

q” car,avg - Average CHF, defined as the average

heat flux from the bottom end of the
heated section to the CHF occurrence
location [kW/m?]

Average heat flux from onset of
saturated boiling to the CHF occur-
rence location [kW/m?]

r” .
q  CHF,avg,B -

q” cur,ioc - Local CHF, defined as the heat flux
at the CHF occurrence location
(kW/m’]

X . Thermodynamic equilibrium quality
(-]

XcHF . Critical quality, i.e., local quality at

CHF occurrence location [—]
VA . Distance from the bottom end of the
heated section [m]

Greek symbols

Ahin . Inlet subcooling enthalpy [kJ/kg]

Ap . Density difference between saturated
water and steam, 0;-pg [kg/m®]

A . Length scale of the Taylor wave,
Jo/(gAp) [m]

0 . Density [kg/m®]

o} * Surface tension [N/m]

Subscripts

cor . Correlation

exp . Experiment

g . Vapor phase

l . Liquid phase

NU . Non-uniform heat flux distribution

U . Uniform heat flux distribution

1. Introduction

Critical heat flux (CHF) is one of the most
important thermal hydraulic parameters limiting
the thermal performance of water cooled nuclear
reactors, because an inordinate rise of the reactor
fuel surface temperature under CHF conditions is
sometimes sufficient to cause melting of the fuel
materials. The CHF behavior under low flow
conditions is of much importance not only for
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accident analysis of the conventional nuclear reac-
tors but also for a future advanced water cooled
reactor, which will adapt to any passive safety
feature such as natural circulation or low flow
heat removal system. However, a deep under-
standing for the CHF under low flow conditions
has not been acquired.

The experimental studies on low flow CHF
were recently done {(Mishima and Ishii, 1982;
Rogers et al, 1982; El-Genk et al, 1988;
Schoesse et al., 1997 ; Park et al,, 1997). These
studies were conducted in the test sections near
atmospheric pressure conditions. The authors per-
formed the CHF experiments in an internally
heated annulus under low flow conditions over
the pressure range of 0.57~15.01 MPa and dis-
cussed the effect of pressure on CHF (Chun et al.,
2000 and 2001). The experimental efforts in pre-
vious studies on low flow CHF were made for the
test section having a uniform axial heat flux
distribution. The CHF data obtained in the test
section with uniform heating, however, are not
directly applicable to nuclear reactors since their
heat flux distributions are inherently non-uni-
form axially.

Review of the literature on the effect of axial
heat flux distribution on CHF indicates that there
are basically three approaches in the prediction of
CHEF for a heated section with non-uniform axial
heat flux distribution, that is, the ‘overall power’
hypothesis, the ‘local conditions’ hypothesis and
the ‘correction-factor’ methods are currently pop-
ular. The ‘overall power’ hypothesis assumes that
the total power which can be fed to the heated
section with non-uniform heating will be the
same as that for a uniformly heated section of the
same geometry and heated length, with the same
inlet conditions. This approach does not permit
the prediction of location of the CHF and hence
is not useful for nuclear reactor accident analysis.
The ‘local conditions’ hypothesis assumes that the
CHEF is a function of only local thermal hydraulic
conditions. This approach does not consider the
effect of non-uniform upstream axial heat flux
distribution on the CHF. These two approaches,
as pointed out by Todreas and Rohsenow (1966),
are valid only in the limited conditions and gen-
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erally inadequate. The common observation in
the literature is that the effect of axial heat flux
distribution is strongly dependent on the CHF
mechanisms. DNB (Departure from Nucleate
Boiling) in the negative quality region is scarcely
influenced by the upstream axial heat flux distri-
bution and the effect of upstream heat flux distri-
bution on DNB begins to appear as the quality
increases. Liquid film dryout in the high quality
region is strongly influenced by the upstream
axial heat flux distribution.

The limitation of the ‘overall power’ and ‘local
conditions’ hypotheses for predicting CHF in a
heated section with non-uniform axial heat flux
distribution led to some ‘correction-factor’ me-
thods, which are usually built into the CHF
correlation with the local condition form. Tong
et al. (1965) proposed the method to predict CHF
for the non-uniform heat flux distribution by
using the F-factor defined as the ratio of the CHF
at any given local enthalpy for the uniform heat
flux distribution to the CHF at the same given
local enthalpy for the non-uniform heat flux dis-
tribution. The form of the F-factor was obtained
by considering an energy balance on the super-
heated boundary layer in the bubbly flow regime.
The F-factor method is probably the best ap-
proach for the prediction of DNB heat flux in
low quality region (Tong, 1966; Rosal et al.,
1974). Bowring (1977) introduced the Y-para-
meter, which is defined as the ratio of the average
heat flux from inlet of the heated section to the
CHF location to the local heat flux at the CHF
location, and incorporated this parameter into his
CHF correlation. Groeneveld et al. (1986) used
the ratio of the boiling length average heat flux
(i.e., from the saturation point to the CHF loca-
tion) to the local heat flux at the CHF location
as an axial heat flux correction factor of the
AECL-UO (Atomic Energy of Canada Research
Company Ltd. -University of Ottawa) CHF look-
up table, which was developed based on the
uniform heat flux data.

In order to investigate the effect of axial heat
flux distribution on CHF, the series of CHF
experiments have been performed using the test
section with non-uniform heating at the same

geometry and flow conditions as the uniform heat
flux experiments in the previous study of the
authors. This paper provides the results obtained
from the non—uniform heat flux experiments. The
non-uniform heat flux data are compared with
the CHF data from the uniform heat flux experi-
ments, and the prediction performance of the
existing CHF correlations for the test section with
non-uniform heating is examined.

2. Experimental Descriptions

2.1 Test section

A description of the experimental facility can
be found in references (Chun et al., 2000 and
2001). The test section used in this experimental
work is described here in detail. The test section
has the same geometry as that used in the uniform
heat flux experiments in the previous studies. The
heater rod with non-uniform axial heat flux dis-
tribution is used in the present experiments. Fig-
ure 1 shows the test section geometry and the
locations of measuring sensors. The annulus flow
channel consists of an outer pipe with an inner
diameter of 19.4 mm and an inner heater rod with
an outer diameter of 9.53 mm, having a heated
length of 1842 mm at room temperature. The
inner heater rod is heated indirectly by electricity.
The sheath and heating element of the heater rod
are made of Inconel 600 and Nichrome, respec-
tively. Aluminum oxide and boron nitride are
packed for thé electric insulations inside the
heating element and between the heating element
and the sheath, respectively. For measuring the
heater rod surface temperature and detecting the
CHF occurrence, six Chromel-Alumel thermo-
couples (T/C 1~6 in Fig. 1) with a sheath outer
diameter of 0.5 mm are embedded in the grooves
hollowed out in the axial direction on the outer
surface of the heater rod. The ratio of the local
heat flux ¢”(z) to the average heat flux ¢”sue
over the heated section is shown as a function of
axial location of the heated section in Fig. 2. The
heat flux level in the heated section is divided into
10 steps with a minimum and maximum heat flux
ratio of 0.448 and 1.400, respectively, to simulate
a symmetric chopped cosine heat flux profile. The
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axial power distribution is obtained by variations
in the axial local electric resistance of the heating
element. The temperature sensing points on the
heater rod surface are located at 10, 200, 301, 400,
510 and 740 mm from the top end of the heated
section.

2.2 Experimental procedure and conditions

The CHF experiments have been performed by
the following procedure. First, the flow rate, inlet
subcooling and system pressure are established at
desired levels, power is then applied to the heater
rod of the test section and increased gradually in
small steps while the inlet conditions of the test
section are kept at constant values. The period
between the power steps is chosen as to be suffi-

GO
w Water inlet

ater

Geometry and the locations of measuring sensors in the test section with non-uniform axial heat flux

ciently long enough so that the loop can be
stabilized at steady state conditions. This process
continues until a sharp increase in temperature is
observed in the heater rod surface. As the loop
approaches CHF conditions, the temperature fluc-
tuations of the heater rod surface are detected
near the top of the heated section. The CHF
conditions in the present experiments is deter-
mined when one of the surface temperatures of the
heater rod rises continuously and then becomes
100 K higher than the saturated water tempera-
ture. Whenever the CHF is detected, the heater
power is automatically reduced or tripped to
prevent any damage to the heater rod.

In this work, a total of 290 CHF data was ob-
tained. The experimental conditions under which
the present data have been collected are as fol-
lows :

- system pressure 0.57~15.01 MPa

- mass flux 201~650 kg/m’s
- inlet subcooling 86~353 kJ/kg
- critical quality 0.018~0.536

The pressure at the inlet plenum is specified as
the system pressure. The inlet subcooling, which
is defined as the enthalpy difference between
saturated water and subcooling water in the inlet
of the heated section, is determined from the water
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temperature at the bottom end of the heated
section and the pressure at the inlet plenum. The
critical quality is the thermodynamic equilibrium
quality at CHF occurrence location. The uncer-
tainties of the measuring system have been
estimated from the calibration of sensors and the
accuracy of the equipment, according to a pro-
pagation error analysis based on Taylor’s series
method (ANSI/ASME PTC 19.1, 1985). The
evaluated maximum uncertainties of pressure and
temperature are less than £0.3% and £0.7 K of
the readings in the range of interest, respectively.
The uncertainties of the power supplied to the
heater rod are always less than £1.8% of the
readings. The heat loss in the heated section
should be taken into account in the calculation of
the heat flux. The heat loss has been estimated by
the pretests (i.e., heat balance tests) for each
pressure condition and was less than 2% of the
power input. As can be seen from Figs. 1 and 2,
the CHF occurrence locations determined in this
experiment have some error, since the CHF is
judged from the sharp temperature rise that is
detected by the thermocouples attached on the
heater rod surface. Table 1 shows the errors of the
CHEF location and the local critical power, which
is defined as the total power from the bottom end
of the heated section to the CHF location in this

paper.

Table 1 Error of the CHF location and local critical

power
Th l Error
ermocouple
P CHF location (mm) | Local critical power (%)
+10 +0.2
T/C 1
-95 =21
+95 +3.2
T/C2
—-50 =21
+50 +2.5
1/C 3
—50 —26
+50 +3.0
T/C 4
—55 —-3.6
+35 +4.2
T/C5
—115 -9.5
+115 +12.9
T/C6

3. Experimental Results and
Discussions

3.1 Characteristics of CHF with non-uni-
form heating

The CHF for axially uniform heating usually
occurs at the top end of the heated section. It is
known that for a test section having a cosine heat
flux distribution, the location of CHF occurrence
is between the middle and the top end of the
heated section (Collier and Thome, 1994) . Figure
3 shows the locations of the CHF occurrence. In
a few runs of the experiments, the temperatures
monitored by two thermocouples (T/C 2 and 3)
rose sharply at the same time under CHF con-
ditions. In this case, the data are plotted at the
middle location between two thermocouples in
Fig. 3. The locations where the CHF takes place
are mainly distributed at the thermocouples T/C
2 and 3, which are attached at the upstream
location near the top end of the heated section.
However, the CHFs frequently occur at the
locations of T/C 4, 5 and 6 in the low pressure
region below 2 MPa, and at the top end (T/C 1)
of the heated section in the pressures higher than
10 MPa. Especially, most of the CHFs at a pres-
sure of 0.57 MPa occur at the location of T/C 5.
For mass fluxes of 201 to 351 kg/m® and pres-
sures above 2 MPa, the CHF occurrence centers
at the location of T/C 2. The effect of inlet
subcooling on the location of CHF occurrence is
not recognized in the present data.
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Fig. 3 Locations of CHF occurrence
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The CHF characteristics are closely related to
the two-phase flow pattern. In order to examine
the two-phase flow pattern at the location where
the CHF occurs, an approximate churn to annu-
lar flow transition boundary of Mishima and
Nishihara (1987) is used. In Fig. 4, the present
CHF data are plotted in terms of the dimension-
less CHF ¢*cpr and mass flux G*, and compared
with the churn to annular flow transition boun-
dary of Mishima and Nishihara. The dimension-
less parameters are defined as follows:

q *enr= QCHF, zoc,NU/ (ACHF,hhlg Y ApggAp )
G*=G/Vpeglp (1
A=Vo/(gAp)

where Qcur,ic,nv 1 the local critical power. The
subscript ‘N{J’ denotes-the non-uniform heat flux
distribution. Acgr,, is the heated area from the
bottom end of the heated section to the CHF
location, /. the latent heat of evaporation, g
the gravitational accelefation, G the mass flux,
Ap the difference between the liquid density o,
and vapor density pg, A the Taylor-wave length
scale and ¢ the surface tension, respectively. The
thermodynamic properties in Eq. (1) are deter-
mined from the pressure at the outlet plenum. As
shown in the figure, the CHFs lie in the annular
flow regime. The CHF occurs in an annular
flow regime far from the churn flow regime as the
inlet subcooling decreases (i.e., the quality at the
location of CHF occurrence becomes higher.).
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T
5-85 Annular flow o
0.08 | : P=15.01 MPa

0.04 P=0.57 MPa

Chum to annular transition of

0.00 , Mishina and Nishihara (1987)
o 20 40 60 80 100 120
G ()

Fig. 4 Dimensionless CHF as a function of dimen-
sionless mass flux for non-uniform heat flux
data

Therefore, it is inferred that most of the CHFs in
the present experiments occur due to dryout of the
liquid film in annular flow.

Figure 5 shows the local CHF q” cur,iocnu,
which is defined as the heat flux at the location of
the CHF occurrence, as a function of mass flux
with the inlet subcooling as a parameter. The
local CHF with the increasing mass flux shows
an irregular behavior for the pressures of 0.57
and 15.01 MPa. On the other hand, the behavior
of the local CHF under a pressure of 5.85 MPa
shows a general trend, in which the CHF in-
creases with increasing mass flux for a fixed inlet
subcooling and increases with increasing inlet
subcooling for a fixed mass flux. The CHFs
mainly occur at the location of T/C 5 for a pres-
sure of 0.57 MPa and at the location of T/C 2
for a pressure of 15.01 MPa. All the CHFs for a
pressure of 5.85MPa occur at the locations of
T/C 2 and 3 having the same heat flux level. The
local CHF data points to deviate from the linear
relationship between the CHF and the mass flux
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Fig. 5 Local CHF as a function of mass flux
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in Fig. S correspond to the unsteady locations of
the CHF occurrence. The total power supplied to
the heated section at CHF occurrence, that is, the
total critical power Qcyr,1,yv is shown as a func-
tion of mass flux in Fig. 6. The total critical power
increases linearly with the increasing mass flux
without the irregularity, in spite of the un-
steadiness of the CHF occurrence location. The
effect of inlet subcooling on the total critical
power for a pressure of 0.57 MPa is smaller,
compared with the total critical power data for the
other pressures.

In Fig. 7, the local CHFs are plotted as a func-
tion of critical quality, from a viewpoint of the
‘local conditions’ hypothesis. A few data points
deviate from a unique curve (approximately line-
ar relationship in this case) of local CHF against
critical quality due to the effect of CHF occur-
rence location. In the case of axial non-uniform
heating, the effect of the upstream conditions on
CHF is expected to be different from a uniform
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Fig. 6 Total critical power at CHF occurrence as a
function of mass flux

heating. If the location of CHF occurrence is in
the high subcooled region, the CHF (i.e., in this
case, the CHF mechanism is DNB.) is a local
phenomenon and is then scarcely influenced by
the upstream conditions. However, the CHF is
usually considered that the upstream effect exists
under normal flow conditions. In particular, the
CHF in the high quality region, that is, liquid
film dryout is strongly influenced by the upstream
axial heat flux distribution. When the average
heat flux from the bottom end of the heated sec-
tion to the CHF occurrence location ¢” cur,avg,nv,
which is referred to as the average CHF in this
paper, is plotted as a function of critical quality,
it is found that the average CHF and the critical
quality can be approximately represented by a
linear relationship as shown in Fig. 8. This linear
relationship between the average CHF and the
critical quality has been observed for the whole
pressure range in the present experimental condi-
tions. Figures 5~8 imply that the characteristics
of the present CHF data cannot be represented
with only local parameters and in addition to the
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local conditions, the integrated conditions over
the heated section also are an important para-
meter.

In order to illustrate the effect of pressure on
the CHF, the local critical power Qcur,ioc,nu,
total critical power Qcur,rnv and average CHF
q” cuir,avg,nv are plotted as a function of pressure
in Figs. 9~ 11, respectively. In Fig. 9, two peaks
of the local critical power appear as the pressure
increases for mass fluxes of 450~650 kg/m?.
The local critical power increases irregularly as
the pressure increases and then reaches the first
peak value at about 2~4 MPa. Above this pres-
sure, the local critical power decreases slowly with
further increasing pressure, and presents a second
peak value at 12 MPa. Figure 10 shows that,
when the total critical power is plotted as a func-
tion of pressure, the fotal critical power increases
rapidly up to about 2 MPa for mass fluxes of
450~ 650 kg/m®s and has a gradual second peak
at about 12~14 MPa for the mass fluxes of 550
and 650 kg/m?. The average CHF as a function
of pressure is shown in Fig. 11. The average
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Fig. 9 Effect of pressure on local critical power
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CHF does not have a clear second peak value for
the variation of pressure. The existence of a sec-
ond peak of the local and total critical powers
in Figs. 9 and 10 resuits from the fact that the
CHF can occur at the top end of the heated
section at high pressures greater than 11 MPa as
shown in Fig. 3. The effect of pressure on the
CHF under low mass flux conditions is not so
remarkable. The CHF behavior with pressure for
the mass fluxes of 201 and 251 kg/m?s shows the
same trend as the CHF data obtained from the
previous experiments (Chun et al., 2001) in the
heated section with uniform heating.

3.2 Effect of axial heat flux distribution

The CHF experiments have been performed
using the heater rod with the chopped cosine heat
flux distribution under the same geometry and
flow conditions as the uniform heat flux experi-
ments in the previous studies (Chun et al., 2000
and 2001). The pairs of 231 data in the uniform
and non-uniform heat flux have been obtained to
investigate the effect of axial heat flux distribution
on CHF. The flow conditions, that is, system
pressures, mass fluxes and inlet subcoolings in
each data pair cannot be set at the exactly same
value. The average values of the absolute differ-
ences between two flow conditions in the uniform
and non-uniform heat flux experiments are 0.039
MPa for system pressure, 2.5 kg/m? for mass flux
and 4.8 kJ/kg for inlet subcooling.

For uniform heat flux distribution, the local
CHF value is equal to the average CHF and the
local critical power have the same value with the
total critical power because the CHF occurs at the
top end of the heated section. In this paper, for
uniform heat flux distribution the local and av-
erage CHFs are designated by q” cgr,v, the local
and total critical powers by Qcur,u, respectively.
The subscript ‘U’ denotes the uniform heat flux
distribution. Figures 12~14 the local critical
power ratio Qcur,u/ Qcr,0c,nu, the average CHF
ratio q” car.v/q” cur.avenv and the total critical
power 1atio Qcur,u/ Qcur,rnv as a function of
pressure, respectively. As shown in Fig. 12, most
of the local critical powers for the non-uniform
heat flux are lower than those for the uniform

heat flux. The local critical power ratio shows a
large scattering at low pressure conditions below
2 MPa. As the pressure increases, the scattering
becomes rapidly smaller and the local critical
power ratio has a tendency to gradually draw to a
ratio of unity. On the other hand, when the
average CHF ratio is plotted as a function of
pressure (Fig. 13), though the scattering of the
average CHF in the low pressure region decreases
considerably, the average CHFs for the non-uni-
form heat flux are higher than those for the
uniform heat flux in the pressures above 2 MPa.
The behavior of the total critical power ratio in
Fig. 14 supports the ’overall power’ hypothesis.
The values of the total critical power for the non-
uniform heat flux agree with those for the uniform
heat flux within an error of 10% at pressures
above 2 MPa. The CHF correlation of the local
condition type requires the critical quality. The
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critical quality difference (i.e., Xcur,u-Xcurnu) is
shown as a function of pressure in Fig. 15. The
critical qualities for the non-uniform heat flux are
always lower than those for the uniform heat flux
except for the high pressures of 12 and 15 MPa
and a large scattering of the critical quality dif-
ference is observed at low pressure conditions
below 2 MPa and at high pressure conditions
above 10 MPa. A common feature in Fig. 12~15
is that the effect of the heat flux distribution on
CHEF is large at low pressure conditions below
2 MPa and the scattering of the CHF parameter
ratios for the non-uniform and the uniform heat
flux becomes rapidly smaller in the pressures
above 2 MPa. Figures 12 and 15, in particular,
show that the ‘local conditions’ hypothesis is not
valid in the present experimental conditions and
some integrated parameters over the heated sec-
tion are required in order to predict the CHF with

- G=202-650 kg/m’s
1.6 Aty = 86~353 kl/kg —

Qcnru/Qcurrav (=)
5

0.8

0.6 O VRS T VO T IS W S R T W S
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Fig. 14 Total critical power ratio with pressure
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Fig. 15 Critical quality difference with pressure
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non-uniform heating.

A few experimental studies have reported that
the relationship between boiling length and criti-
cal quality can fit both non-uniform and uniform
heat flux data for qualities above 10% (Bergles
et al., 1981). In Figs. 16(a) and (b), the critical
quality is plotted as a function of boiling length
Lcur,s, which is defined as the axial distance
from the saturation point to the CHF location.
For a fixed mass flux and pressure, it is found
from these figures that the relationship between
the critical quality and the boiling length is re-
presented by a single curve, independent of the
axial heat flux distribution. The relationship of
the critical quality and the boiling length in
Fig. 16 can be presented as follows:

Xemr= q” cuiF,avg,57A: L crr,p )
e GAshig
0321 P=057 MPa
0.28 | G=202 kg/m's L an
: 0 Uniform B
024 I Nonuniform \ =7
= 020 r - ,/f' .
g L g 4+ — &
g 0.16 r * A,/A/K
012 f %
L S .
008 P \ G =650 k/m's
L e 4 Uniform
0.04 L7 + + Non-uniform
0.00 S i1 I L 4 L 1, 1
0 0.4 08 12 16
Lenrn (m)
(a) 0.57 MPa
0.7
F | G=202 ks P=15.01 MPa
0.6 I~ | OUniform
X Nop-uniform \x‘ X oo
Q5 ’__x.—-)ﬂ:?('n‘ g a
& 04 b G451 kei's X
1’ *7 1 O Uniform _
503 Ll - Non-mﬁfonn&‘//’o’
LI | S .
L + RAT A
02 i /A/-LA# \G=650 Kats
01Ff -7 A Unifonn
L + Non-uniform
‘0 I L 0y 1 L L 1 A1
0 0 04 0.8 12 1.6

L capp (m)
(b) 15.01 MPa
Fig. 16 Critical quality as a function of boiling
length for pressure
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where ¢” cur,ave,5, d; and A are the average heat
flux over the boiling length (from the saturation
point to the CHF location), the heater rod diam-
eter and the flow area, respectively. When the
conditions of mass flux and pressure in the uni-
form and non-uniform heat flux data are equal,
the following heat balance equation is obtained
from Eq. (2):

XcHRNU 4 " cuF,avg,BNU _ XcHF,U (3)

LCHF,B,NU q”CHF,avg,B,U LCHF,B,U
The relationship of the parameters Xcurnu/
L curpvo and Xewru/ Lcup,s,p with the same con-
ditions (pressure, mass flux and inlet subcooling)
is given in Fig. 17. This figure shows that the rela-
tionship between xcurnv/Lcnr,snv and Xcuru/
L cur,,u keeps linearity over the entire range in
the present experimental conditions. This signifies
that the relationship between the boiling length
and the critical quality in Fig. 16 holds good true
throughout the entire range of pressure. There-
fore, for high quality or annular flow conditions,
the CHF can be calculated by the correlation
based on the critical quality and boiling length,
which is independent on the axial heat flux distri-
bution, as follows :

Xenr=f (do, dis L1, Lcurs, P, G) (4)

In addition, when the CHF correlation with the
form of Eq. (4) based on uniform heat flux data
is applied to predict the CHF for non-uniform
heating, the prediction results should satisfy the
heat balance between the uniform and non-uni-
form data such as Eq. (3).
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Fig. 17 Relationship between xcurv/Lcursu and

X CHF,NU/ L CHF,B,NU

4. Comparison with Existing
Correlations

In the previous study (Chun et al., 2001), the
CHF data for the uniform heat flux were com-
pared with the existing CHF correlations and
then the Doerffer et al. correlation (Doerffer et
al.,, 1994) using the 1995 CHF look-up table
(Groeneveld et al., 1996) and the Bowring cor-
relation (Bowring, 1977) showed good prediction
capabilities. Therefore, the CHF data obtained
in the non-uniform heat flux experiments are
compared with the Doerffer et al. correlation
using the 1986 (Groeneveld et al., 1986) and 1995
look-up tables and the Bowring correlation.

Groeneveld et al. (1986) recommended the ra-
tio of the boiling length average heat flux to the
local heat flux at the CHF location as a an axial
heat flux correction factor of the CHF look-up
table:

K:‘q ,(/JHF,avg,B for XCHF >0
4" CHF,loc (5)

K=1 for xcar <0

The CHF value in the look-up table is multiplied
by the correction factor, to modify the table value.
In the Bowring correlation, the Y -parameter,
which is defined as the ratio of the heat flux
averaged from the bottom end of the heated sec-
tion to the axial location Z to the local heat flux
at the location Z in a practical application, is
calculated as follows :

/qu” (2)dz
Y= 4" (2Z

As shown in Fig. 18, the CHF is calculated as
follows : Using assumed total power and given

(6)

axial heat flux distribution, the local conditions
such as local heat flux and local quality are
calculated at each location Z that is divided into
100 locations from inlet to exit. By a preliminary
study, the step size (18.42 mm) does not affect the
CHF prediction results. Using the CHF correla-
tions, the local CHF value is calculated at each
location Z using the local conditions calculated
above. If the local heat flux is equal to the local
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CHF value, that is, the local critical heat flux
ratio CHFR (z) (predicted local CHF/local heat
flux) at any location is equal to a value of unity,
it is judged that the CHF occurs at that point. If
a minimum CHFR for the whole locations is not
equal to a value of unity, then the total power to
the test section is increased until the minimum
CHFR is equal to a value of unity.

As shown in Fig. 19, the Doerffer et al. cor-
relation shows relatively good prediction capa-
bility at pressures above 11 MPa. However, the
correlation overestimates the local critical power
at pressures below 11 MPa, and the overestima-
tion becomes gradually large as the pressure de-
creases. The prediction error is particularly large
at low pressures. The prediction capability of the
Doerffer et al. correlation with the 1995 CHF
look-up table is slightly better than that with the
1986 look-up table. Figure 20 shows the pre-
diction results of the Bowring correlation. The
results from the Bowring correlation show better
prediction than those from the Doerffer et al.
correlation with the 1995 CHF look-up table.

Guess total power Qr

A 4
Calculate average
heat flux ¢”,,

Caleulate following p
- Local quality x(z) »
- Local heat flux ¢"(z)
- Power from inlet to Z

Or=0r+ AQy Calcutate local CHF " () z Z+; =

by correlation and
CHFR(2) = ¢“cpr(2) / ¢"(2)

fl

No

Fig. 18 CHF calculation procedure
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The correlation has a tendency to overestimate
the local critical power at pressures below 11 MPa
and underestimate at high pressures above 13
MPa. Table 2 summarizes the CHF prediction

20
F o The Doeffer et al. correlation

1.5 b - Using AECLAUO CHF look-up table
Meiek X Using 1995 CHF look-up table

Prediction error of local critical power Qcurivsvu (-)

200 400 600 800
G (ke/m’s)
Fig. 19 Comparison of the present CHF data with
the Doerfer et al. correlation
Prediction error

= (QCHF, loc,NU,cor — QCHF, loc,NU,exp) / QCHF' loc,Nll,exp)

20

H Bowring correlation

0 2 4 6 8 10 12 14 16
P (MPa)

| )

1.0 I
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1.0 %

0.5

Prediction error of local critical power Qcrr tooyv (<)

0.0

_0.5 1 il 1 L I3
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Fig. 20 Comparison of the present CHF data with

the Bowring correlation
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Table 2 CHF prediction results for non-uniform heating

Correlation Mean error (%) RMS error (%)
Doeffer et al. (using 1986 AECL-UO look-up table) 46. 1 58.0
Doeffer et al. {using 1995 look-up table) 45.1 53.8
Bowring 228 31.2

1 N
Mean CI'I'OI':—N z; [ (QCHF, loe,NU,cor — QCHF, lac,NU,exp) /QCHF, loc,NU,exp] X100
=

1 &
RMS error=\/ ]—vagl[ ( Qcur, toc,50,cor — Qctr, 1oc,xu,exp) | Qctir, ioc,nu,exp] - X 100

results. The Doerffer et al. with the 1995 CHF
look-up table and the Bowring correlations
predicted the CHF data for uniform heat flux
distribution within RMS error of 22.5% and
15.2%, respectively (Chun et al., 2001). When the
Doerffer et al. and the Bowring correlations are
applied for predicting CHF in the heated section
with non-uniform axial heat flux distribution,
the prediction results from these correlations have
considerably large errors, compared with the pre-
diction for uniform heat flux distribution.

5. Conclusions

CHF experiments have been conducted in an
internally heated annulus with a chopped cosine
heat flux distribution. In order to investigate the
effect of non-uniform heating on CHF, the ex-
perimental conditions have been set at the same
geometry and flow conditions as the uniform heat
flux experiments. The following conclusions are
obtained :

(1) The CHFs in the high pressure region
above 10 MPa frequently occur at the top end of
the heated section. In the present conditions, most
of the CHF's occur in the annular flow regime and
for the mechanism of the CHF, the liquid film
dryout in annular flow is dominant.

(2) The local CHF with the parameters such
as mass flux and critical quality shows an irregu-
lar behavior for the pressures of 0.57 and 15.01
MPa and deviates from a general trend that is
represented by a unique curve, due to the un-
steadiness of the CHF occurrence location. How-
ever, the total critical power with mass flux and
the average CHF with critical quality can be

approximately represented by a linear relationsh-
ip without the irregularity for the whole pressure
range in the present experimental conditions, re-
spectively.

(3) The comparison between the uniform and
the non-uniform heat flux data indicates that the
effect of the heat flux distribution on CHF is large
at low pressure conditions below 2 MPa. The
values of the fotal critical power for the non-
uniform heat flux agree with those for the uniform
heat flux within an error of 109 at pressures
above 2MPa. This observation supports the
‘overall power’ hypothesis.

(4) For a fixed mass flux and pressure, the
relationship between the critical quality and the
boiling length is represented by a single curve,
independent of the axial heat flux distribution, in
the present experimental conditions.

(5) The Bowring correlation predicts CHF
relatively better than the Doerffer et al. correla-
tion. However, the prediction results from these
correlations for non-uniform axial heat flux dis-
tribution have considerably large errors, com-
pared to the prediction for uniform heat flux
distribution.
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