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Abstract

A mechanistic model based on wall-attached bubble coalescence, previously developed by the

authors, was extended to predict a very high critical heat flux (CHF) in highly subcooled flow

boiling, especially for high mass flux and small tube diameter conditions. In order to take into

account the enhanced condensation due to high subcocling and high mass velocity in small

diameter tubes, a mechanistic approach was adopted to evaluate the non-equilibrium flow

quality and void fraction in the subcooled water flow boiling, with preserving the structure of the

previous CHF model. Comparison of the model predictions against highly subcooled water

CHEF data showed relatively good agreement over a wide range of parameters. The significance

of the proposed CHF model lies in its generality in applying over the entire subcooled flow

boiling regime including the operating conditions of fission and fusion reactors.
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1. Introduction

The subcooled flow boiling of water has been
recognized as a very effective cooling mode due to
its enhanced heat transfer mechanism. In studies
of subcooled flow boiling, much effort has been
devoted to the critical heat flux (CHF), because
CHF is one of the most important considerations

in the design and safety analysis of nuclear

17

reactors. The cooling system should be operated
to maintain the heated wall below the CHF
condition to avoid the risk of physical burnout. For
the thermal hydraulic design of light water reactors
{ LWRs), the magnitude of heat fluxes is generally
on the order of 1 MW/m? However fusion
reactor components require a very high heat
removal rate, an order of magnitude higher than
LWRs. In high-heat-flux systems, thermal
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management by appropriate cooling is one of the
engineering problems to be resolved.

In order to understand the physical nature of the
CHF phenomenon, various phenomenological
models based on the CHF mechanism have been
developed. The mechanistic models have
advantage, with respect to other CHF prediction
methods, that it would be easily improved and
extended to a wide range of operating conditions
by modifying the relevant constitutive models. The
bubble crowding model [1] and the liquid sublayer
dryout model (2, 3] are receiving considerable
attention for prediction of CHF; however, these
models were mainly based on the operating
conditions of LWRs. Assessments of models and
correlations by Celata et al. [4] and Inasaka and
Nariai [5] have shown that the existing prediction
methods, developed for LWR operating
conditions, could not be recommended for
application to fusion reactor components.

The authors believe that the near-wall flow
structure at the CHF condition does not
significantly depend on the subcooling degree
from the standpoint of CHF mechanism. Since no
existing mechanistic model is applicable for both
LWRs and fusion reactors while keeping reliable
prediction performance, it is desirable to have a
general predictive procedure that applies to a wide
range of operating conditions.

Kwon and Chang [6] have developed a new
CHF model based on the concept of wall-attached
bubble coalescence and demonstrated their model
could predict CHF in a wide range of flow
conditions, including subcooled and low quality
conditions. The model was capable of predicting
the CHF of non-aqueous fluids (Freon-12 and
113) with reasonable accuracy [7]. The objective
of this paper is to evaluate the prediction
performance of the authors’ previous model for
high-heat-flux applications such as fusion reactors.
An attempt of extension was made by adopting a
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Fig. 1. Conceptual Configuration of Bubbles on
the Heated Wall

mechanistic approach to calculate the profiles of
non-equilibrium flow quality and void fraction
under high subcooling and high mass flux
conditions, while preserving the structure of the
previous model. A brief summary of the previous
model developed by the authors [6, 7] is presented
in the following section.

2. CHF Model Based on Wall-Attached
Bubble Coalescence

A physical image of the boiling structure
considered is shown in Fig. 1, where the
transverse interchange crossing the interface of
the wall bubbly layer and core is shown. In the
outer annular layer of the round tube, attached
bubbles are packed on the wall just prior to
agglomeration, and in the middle of the tube is a
mixture core consisting of liquid and bubbles. The
effective thickness of the bubbly layer is considered
as a single bubble diameter, because it is assumed
that only the wall-attached bubbles are responsible
for the effective physical barrier to the heat
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Fig. 2. Separated Flow Control Volumes for (a)
Wall Bubbly Layer and (b) Core

transfer from the wall and the liquid supply from
the core.

According to Saha and Zuber (8], at high mass
flow rates, bubbles do not easily detach from their
nucleation sites because small bubbles resist
detachment from the wall by hydrodynamic forces.
Therefore, the wall-attached bubbles form a wall
bubbly layer, which acts as a wall roughness,
increasing the roughness of the tube. The
existence of roughness changes the hydrodynamic
characteristics of the flow and the drag force on
the wall-attached bubbles depends upon the
characteristic skin friction experienced by the wall
bubbly layer. It is assumed that bubbles are packed
in a most dense array on the wall near the CHF
condition. Then, the CHF is assumed to occur at a
certain void fraction in the wall bubbly layer (called
a critical wall-void fraction) when radial thermal

transport is limited by equal flows inward and

outward at the interface of the wall bubbly layer
and core.

Governing equations are derived by applying the
basic local conservation rules for mass, energy,
and momentum to the control volumes such as
that shown in Fig. 2. From total mass and energy
balances on the wall bubbly layer of Fig. 2(a), the
CHF formula of Eq. (1) is derived.

Gous =G (hy ) 2 M

Su
The parameter of G* is the limiting transverse
interchange of mass flux at the interface of the
wall bubbly layer and core, which is obtained from
the momentum balance equations on the control
volumes of the wall bubbly layer and core,

respectively.
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In Eq. (2), the frictional drag, Fy, defined as a
force that a rough element of single bubble exerts
on the flow field, is evaluated by relating it to the
skin friction coefficient of wall-attached bubble
roughness, as done by the Staub’s [9] subcooled
boiling model. As a first approximation, the
frictional drag is assumed to be

F; = (2aU./2) x{xD,*/4). As CHF usually occurs
at the end of the heated tube in the case of
uniform heating, thermo-physical properties are
defined at the tube exit with assumption of
homogeneous flow.

The Levy [10] model is employed to predict the
point of onset of bubble departure (OBD) and the
bubble departure diameter. The turbulent skin
friction coefficient A is calculated using the
Colebrook-White equation with a two-phase
Reynolds number to account for the variation of
the fluid viscosity near the heated wall. The
average viscosity of the core is evaluated by
Beattie and Whalley [11]. The universal velocity
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Fig. 3. CHF vs Critical Wall-Void Fraction

profile for a single-phase turbulent flow proposed
by Karman is assumed to be valid in the turbulent
core. The average fluid velocity of the wall bubbly
layer is determined by taking it as half the velocity
of the core at the outer edge of the wall bubbly
layer. The flow quality and void fraction in the
subcooled flow boiling can be evaluated by the
simple profile-fit method of Saha and Zuber [8]
and Dix [12] model, respectively. All equations
utilized in the present model are presented in
Appendix 1.

The critical wall-void fraction, a,, was
approximately correlated by the relation of Eq. (3}
in the authors’ previous work [6], which is only
valid for a,, < 0.8.

a, = 0.83—0.29exp(- 4.71x,, —1.89) (3)

Since the available void fraction in the bubbly layer
near the CHF is quite limited experimentally and
theoretically, the correlation was obtained by
fitting against a total of 5009 data points.
Assuming the validity of the functional forms of
the constitutive relations employed in the CHF
model, the choice of a in collaboration with

available experimental CHF data was optimized.
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Fig. 4. Predicted to Measured CHF

The parameter ranges of the experimental data
are: 1 <D <37.5mm, 0.035 <L < 6m, 450
< G < 7500 kg/m?, 2 < P < 20 MPa, and 0
< Aharn < 1660 kJ/kg, most of which are in a
low quality saturated condition. Only 902 out of
5009 data points belong to subcooled conditions
at the tube exit. Fig. 3 shows the predicted CHF
as a function of a,, where the corresponding
equilibrium quality, x.., is presented in the top of
the x-axis. The «, decreases as the CHF increases,
even though some scattered data exist. This trend
is consistent with the experimental observation by
Styrikovitch et al. [13] that the wall void fraction at
the CHF dropped significantly at very high
subcooling and high heat fluxes. Fig. 4 shows the
visual comparison of the predicted and measured
CHF using the above data set. Most of the
experiment data (about 93%) were successfully
predicted within a +20% error band with the use
of Eq. (3).

3. CHF Prediction for High-Subcooling,
High-Mass-Flux, and Small-Tube-

Diameter Conditions

According to Celata [14], the thermal hydraulic



A Mechanistic Critical Heat Flux Model for High-Subcooling --- Y.M. Kwon and S.H. Chang 21

conditions of fusion reactor components are high
subcooling (up to 250 K}, high mass flux (greater
than 10 Mg/m?), small-intermediate tube
diameter (1-15 mm), low-intermediate pressure (up
to 5 MPa), and very high heat flux {up to 80
MW,/m?). The CHF under the condition of typical
fusion reactor components may be different from
that under the regular subcooled flow boiling
condition. It has been recognized that highly
subcooled flow boiling under conditions of high
mass flux and small tube diameter can
accommodate very high heat fluxes.

The authors’ previous CHF model [6, 7],
except for the following constitutive model, was
utilized in this study. A mechanistic method to
evaluate the non-equilibrium flow quality and void
fraction in subcooled flow boiling was employed to
take account of the enhanced condensation due to

high subcooling in small diameter tubes.
3.1. CHF Model Modification

There are two distinctly different approaches to
predict the flow quality and void fraction in the
subcooled flow boiling; a profile-fit method and a
mechanistic method. The profile-fit method is fully
empirical, while the mechanistic method satisfies
some conservation laws but still uses empirical
relations for closure. The profile-fit method is
easier to use than the mechanistic method. The
mechanistic model may have insufficient data to
accurately specify the basic mechanism involved,
but it does afford a valid functional form of the
basic physics involved. One of the important issues
in developing an accurate mechanistic model for
high subcooling and high mass velocity conditions
is the accurate estimation of the condensation
rate.

In the authors’ previous CHF model, the flow
quality was evaluated by the simple profile-fit
model of Saha and Zuber [8], because little

difference in the CHF predictions appeared for
low subcooled and low quality conditions when
both methods were employed. The relationship
between the flow quality x,, and the
thermodynamic equilibrium qualities is expressed
by Eq. (4).

— xem —‘xd exp(xem /xd ——1)
“8 " 1-x, explx,, /x, ~1)

(4)

where x; and X.. are thermodynamic equilibrium
qualities determined at the OBD point and at the
tube exit, respectively. The location of the OBD is
the most important parameter in Eq. (4), which is
evaluated by the Levy [10] model.

For the high subcooled flow boiling with high
mass flux and small diameter tubes, which is the
focus of this paper, Nariai and Inasaka [15]
reported that much lower void fraction was
observed than the prediction by the profile-fit
model. They considered that the difference in void
fraction was caused by the intense condensation
effect for the small diameter tubes with high liquid
velocity. As tube inside diameter decreases and
mass flow rate increases, the diameter of the
bubbles generated on the wall becomes smaller
due to the intense condensation effect by the
transverse mixing mass flux of highly subcooled
water. However, no satisfactory models for
considering condensation in the extreme
conditions of high subcooling, high liquid velocity
and small diameter tubes actually exist at the
present time, which is understandable in view of
the complexity of the turbulence induced
condensation process.

The mechanistic method to evaluate the flow
quality and void fraction in the subcooled flow
boiling was employed to take into account the
enhanced condensation due to high subcooling in
the small diameter tubes. In the subcooled flow
boiling, the heat flux at the heating wall is typically

partitioned into that required to generate vapor,
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Table 1. Experimental CHF Data for Subcooled Flow Boiling

Parameter No. D L P G Ahg qQ”"cHF

Reference (mm) {m) (MPa) Mg/m’s) (ky/kg) (MW/m)

Thompsonet 541 1.14~375 0.04~197 214~190 066~75 490~1659 1.1~148

alf2oy »

Becker et al. 114 6.0~10.0 04~30 3.04~20 037~698 587~1384 0.64~7.48
(211

Zenkevich 245 58~11.0 1.0~40 7.85~196 0.96~5.06 239~1617 0.94~7.29
22y

Chen et al. 109 10.0~16.0 0.03~0.04 0.15~166 143~134 228~701 4.17~1456
(23]

Boyd 28 10.2 05~1.17 045~16 0.76~745 544~772 139~115
[24-26)*

Nariai et al. 14 6.0 0.1 0.1~15 459~869 245-~671 85~22.1
(27

Celata et al. 1887 0.33~254 0.002~061 009~84 0.93~90.0 88~1018 3.33~228
3]

Total 2938 0.33~375 0.002~40 0.1~200 0.37~90.049.0~1659.00.64~.228.0

* Data used for fitting of Eq.(3)

** Data not included in the ENEA database[3)

that associated with single-phase convection, and
that due to liquid agitation or pumping. Rouhani
and Axelsson [16] neglected the single-phase
convection component based on the assumption
that the heating wall was fully covered by bubbles
downstream of the OBD point and considered the
pumping component only. Then they modified the
pumping factor, defined first by Bowring [17], in
the form of Eq. (5).

oo Pl —h)

(5)
P, 4 hfx

The resulting expression for true flow quality
between the OBD and the interesting point along
the heated flow path was given by Lahey and
Moody [18]:

_ 1 P,q.dz _ y
‘xmg - GAhlx {f‘ [1+£r] LPHqcanddz} (6)

where Py is the heated perimeter, and the net

boiling heat flux q”; is given by :

"=g"<l hy ~h for h2>h
= —_ — T >
qy, =49, hf ~k, O 1 d (7)

g =0 for h <h,

As a first step for taking into account the
condensation effect on the CHF, a first order
model by Levenspiel [19] was used to test the
physics of the condensation modeling.

. hep
q" . =27oLPfLAaM(Tm, -T) for h >h,

H

Goona =0 for h <h,

where the constant value of 270 (h°c)! was
fitted by the experimental void data by
Levenspiel. An iterative approach is required to
calculate x,,, at the tube exit, as shown in
Appendix . The detailed description of the
prediction procedure is described in Lahey and
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Moody [18].
3.2. Experimental CHF Data

Among the total of 5009 experimental CHF
data used for the fitting of Eq. (3} in the previous
works [6,7], only 902 data points [20-22] have a
subcooled condition at the tube exit, most of
which are categorized into a regular subcooled
flow boiling condition. The high heat flux region
for fusion reactor application is generally defined
as the region where a heat flux is more than 10
MW/m?,

In order to evaluate the proposed CHF
predictive procedure, a total of 2938 CHF data
points for water flow in uniformly heated round
tubes was utilized. The ENEA CHF database in the
range of fusion reactor thermal hydraulics was
collected by Celata et al. [4]. The ENEA data set
composed of 1887 data points was accumulated
from twenty-five sources. Recent data sets of Chen
et al. [23], Boyd [24-26], and Nariai et al. [27]
were included in the present database. The data of
Boyd were obtained from a horizontal tube test,
but the effect of tube orientation was negligible
because of the high mass flux. The range of
parameters for each data source considered in this
study is presented in Table 1. The parameter
ranges are: 0.3 < D < 37.5mm, 0002 <[ <
4m, 01 <P <20 MPa, 0.37 < G < 90
Mg/m’, 49 < Ahus. < 1659 kJ/kg, and 0.64
< qQ7cur < 228 MW/m?, which covers the
operating ranges of typical fusion reactor
components.

It was known that the subcooled convective
boiling CHF is strongly affected by two parameters
of mass velocity and subcooling (exit quality), and
the effect of pressure is not explicitly shown in the
low pressure range. Nariai and Inasaka [15]
systematically investigated the effect of tube
diameter and tube length on the CHF.

Experiments were conducted at nearly ambient
pressure under conditions: D = 1, 2, 3 mm; L =
1, 3,5 10 cm; G = 7000, 13000, 20000
kg/m?s; inlet water temperature T,, = 20, 60 °C.
The abnormality of the subcooled flow boiling in
the narrow tubes with high mass flux was found.
The actual void fraction for the narrow tubes with
high liquid velocity became considerably different
from those estimated by the existing correlations
or models. Nariai and Inasaka reported that, for D
=1 mm and G = 13000 kg/m’s, the estimated
void fraction was about 70% of the theoretical
prediction by the Ahmad model [28]. For D = 1
mm and G = 20000 kg/m’, the estimated void
fraction was about 45% of the theoretical one.
The reduced void fraction at the tube exit resulted
in the increase of the CHF.

Ornatskii and Vinyarskii {29] obtained CHF
higher than 200 MW/m? under the conditions of
G = 90 Mg/m?, P = 3 MPa, A4Tusn» = 200 K,
D = 0.5 mm, and L = 14 mm. Their experimental
data are included in the ENEA database [4]. The
CHF mechanism under these extreme conditions
may be largely different from those governed in
the LWRs. As a first step, the present CHF
database was simply classified into two categories
based on the tube inside diameter and mass
velocity. For most data satisfying D < 3 mm, since
their mass velocities are relatively high comparable
to the Nariai and Inasaka’'s [15] experimental
condition, only the tube inside diameter was
selected as the classification criterion for simplicity
in this analysis. The first category dealing with the
CHF data of D < 3 mm includes 1038 out of
2938 data points. Among them 246 data points
have less than a 1 mm inside diameter. The
second category of D > 3 mm includes the
remaining 1900 data points. The D = 3 mm was
obtained from the experiment by Nariaia and
Inasaka. However, the actual value for this
boundary could not be clarified in this initial
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assessment and may be defined after further
analysis.

It should be noted that we have tried to classify
the CHF database following the guide of Inasaka
and Nariai [5]. They divided their CHF database
for high-heat-flux subcooled flow beiling into two
regions based on the flow characteristics, but the
criteria of the boundary between two regions were
not clearly provided. The two regions are: the
special parameter region (SPR) for high mass
velocity with a small inside diameter and short
length tube, and the normal parameter region
{(NPR) for the remaining case in the database.
Inasaka and Nariai assumed that the CHF data
belonged to SPR when D < 3 mm and U, > 10
m/s, or when L/D < 50 and U,., > 20 m/s. The
remaining cases are NPR. In the present database,
776 data were categorized into SPR, and 2162
data were NPR. However, as a result, the
predictions by the proposed model in the limited
present database did not seem to be affected by
the classification. There was no difference in the
prediction performance in the two regions.

3.3. CHF Prediction by the Proposed Model

The calculation procedure is presented in

250 — ¥
+30%_.- 7 .
o D>3mm
- ogd
£ 5.
2
= ‘o
w kS *®
5
s 0 AL N = 1900 E
§ Q o H= 1.05
g RMS = 14.6%
a ° G © 0=13.9%
o
1 2 T ——T T
1 10 100 250

Measured CHF (MW/m®)

Fig. 6. Predicted vs Measured CHF for D >3mm

Appendix I. The prediction performance of the
CHF model was quantitatively evaluated by the
CHFR, defined as the ratio of the predicted to
measured CHF, with three statistical parameters of
# (average value), o (sample standard deviation),
and RMS (root-mean-square error) of the CHFR.
The comparisons were conducted for two tube
diameter ranges of D < 3 mm and D > 3 mm.
Figs. 5 and 6 show the visual comparison of the
predicted and measured CHF for each region,
respectively, where the mechanistic method was
employed in the prediction. The symbol N in the
plots means the number of experimental data that
was successfully predicted by the model. For small
diameter tubes, the comparison results in Fig. 5
show a relatively large discrepancy, and the
proposed model underestimated the CHF with u =
0.93, RMS = 23.9%, and o = 22.7%. However,
for the D > 3 mm region, the proposed model
predicted fairly well, as shown in Fig. 6, a most of
the experiment data were predicted within a =+
30% error band with ¢ = 1.05, RMS = 14.6%,
and ¢ = 13.9%. It should be noted that, for some
data points in the ENEA data set, the mecﬂénistic
flow quality model predicted higher average bulk
void fraction larger than 0.8 at the tube exit. As is
known, the prediction accuracy by the proposed
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CHFR
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Fig. 9. CHFR vs Pressure

CHF model deteriorates when the average void
fraction exceeds 0.8.

The percentage of data points calculated with
the corresponding error band {+ %) is presented in
Fig. 7. The effects of the flow quality model in
subcooled convective boiling for both regions are
shown in the figure. Generally, the mechanistic
method predicted higher CHF than the profile-fit
method. Especially for small diameter tubes the
profile-fit method gave greater underestimated
values (4 = 0.87). The mechanistic method results

250 — T T B
Celata et al. mode! (1994) a0
1004 N=2038 J
u=0.91 D 0% ]
e RMS=19.0% 3
= 0=16.4% )
=
I 5
O 10 i 4
3 e
3 e
©
2
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Measured CHF (MW/m?)

Fig. 8. CHF Predictions by the Celata et al.
Model

CHFR

0.0 r .
1 10 100

Mass flux (Ma/m’s)

Fig. 10. CHFR vs Mass Flux

were better than the profile-fit results for this
region. This is mainly a consequence of a large
condensation effect. For the D > 3 mm region,
even though no considerable difference in the
prediction results between the two methods was
shown in Fig. 7, the profile-fit method results were
slightly better than the other ones. The prediction
results by the Celata et al. model are included in
the same figure. The Celata et al. model gave the
most reasonable predictions for a small tube

diameter. It seems that the prediction performance
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by the Celata et al. model is not sensitive to the
tube diameter compared to the authors’ CHF
model. The reason is that the bulk flow properties
such as flow quality and void fraction are not
directly used in the CHF prediction procedure,
because the Celata et al. model is focused on only
the liquid sublayer under vapor clot.

Fig. 8 shows a visual comparison of predictions
by the Celata et al. model with the present
database. The liquid sublayer dryout model by
Celata et al., which was derived by rationalizing
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1004 © vandervortetal. 200 0.93 156 4

A inssakaatal. 29 1.01 124 + Y 0" -30%
— ©  Nariai stal. 14 102 15.7 +
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§ O Chenetal. 108 107 9.0 . o
s + Celametal 78 1.20 17.2 04
<
t o
O 104 2o ° .
3 ; °
B o
L b
o
& .,

it

(34

1 T T
1 10 100 250

Measured CHF (MW/m®)

Fig. 13. Predicted vs Measured CHF for
Selected Data Sets

existing CHF models, is the only reliable
mechanistic model applicable to the high-heat-flux
subcooled flow boiling condition. The Celata et al.
model is characterized by the absence of empirical
constants; however, the model is not free from
empiricism even though it does not include a
directly fitted constant, because it employs the
empirical correlations for the vapor blanket
equivalent diameter and the drag coefficient.
About 89% of the data points were predicted
within +30%, with = 0.91, RMS = 19.0%, and
a = 16.4%. The model has a tendency to
underpredict the CHF data for the present
database. It should be noted that the Celata et al.
model was developed using the ENEA CHF
database in Table 1.

The proposed model employing the mechanistic
method predicted about 89% of the 2938 data
points within +30%, with z = 1.00, RMS =
18.4%, and ¢ = 18.4%. Even though one
empirical correlation of Eq. (3) was used, this
statistical result of prediction performance is
acceptable, considering the wide application
ranges of the proposed CHF model. Although
many data points of the present database in Table
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Fig. 14. CHF vs Mass Velocity

1 are out of the applicable range of Eq. (3), the
authors’ model predicted the CHF with relatively
good statistical results for high-heat-flux subcooled
flow boiling.

The dependence of the prediction accuracy
(CHFR) on major parameters is presented in Fig.
9 through Fig. 12, where the CHFR is plotted
versus pressure, mass flux, inlet subcooling, and
tube inside diameter, respectively. The comparison
of the predictions by the CHF model with
experimental data exhibited systematic deviations
for the small diameter tube region. For particular,
the model has a tendency to underpredict CHF for
low pressure (P < 0.6 MPa) and low inlet
subcooling conditions. For the region of D = 3
mm, the model underpredicts within a +25%
error band for a low mass flux less than about 2
Mg/m’s.

The recent CHF data sets of Chen et al. [23],
Boyd [24-26], Nariai et al. [27], Inasaka-Nariai
[30], Vandervort et al. [31], and Celata et al. [32]
were specially selected for the assessment of the
proposed model. The data of Vandervort et al.,
Inasaka-Nariai, and Boyd are included in the
ENEA database. Fig. 13 shows the comparison
results of prediction by the proposed model.
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Fig. 15. CHF vs Pressure

3.4. Parametric Trends

Figs. 14-18 show the parametric trends of high-
heat-flux subcooled flow boiling on the various
ranges of pressure, mass velocity, subcooling and
tube geometry. An ideal analysis for parametric
trend requires that other parameters be kept
constant while varying the specific parameter.
Unfortunately, it is difficult to find the data sets
satisfying such condition. In this parametric trend
study, most of the experimental data were
obtained from the sources of Vandervort et al..
Fig. 14 shows the influence of mass velocity on
CHF in the relatively low pressure regions of 0.3-
0.9 MPa, and the present model well predicts the
experimental trend of CHF data carried out by
Bovd (24, 26] and Inasaka-Nariai [30]. As shown
in the figure, the CHF is an increasing function of
the mass velocity in the subcooled region, and the
trend agrees with general understanding regarding
the CHF characteristics.

Fig. 15 shows the effect of pressure on CHF.
The CHF seems to be independent of pressure on
the data of Vandervort et al., while it slightly
increases with an increase in pressure on the data
of Inasaka and Nariai. It is known that the CHF
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for lower and intermediate subcoolings are clearly
dependent on the pressure, while those for high
subcooling are almost independent of the
pressure. Although pressure has a negligible or
slight influence on CHF for highly subcooled
boiling, the increase of pressure enhances the
CHF from a physical viewpoint because higher
pressure increases the subcooling degree if other
variables are kept constant. The effect of liquid
subcooling on CHF is shown in Fig. 16, where

CHF increases with an increasing degree of
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Fig. 18. CHF vs Tube Length-to-Diameter

subcooling because the subcooled liquid flow
condenses steam bubbles and suppresses their
coalescence on the wall.

The effect of tube diameter on CHF is predicted
by the present model in Fig. 17. The CHF
increases with an increasing tube diameter at fixed
inlet conditions, but the effect is less significant for
decreased mass velocity. The ratio of the heated
length to the tube diameter (L/D) is the
characteristic non-dimensional length for the CHF
investigation. The present model follows the
general trends of experimental data well, as shown
in Fig. 18. The CHF increases as L/D decreases,
and the length effect has a small contribution to
CHF for longer tubes. It is a general understanding
that CHF is a decreasing function of tube length
for fixed inlet conditions. The parametric trends
shown in Figs. 14-18 demonstrate that the
present model provides reliable accuracy in
predicting independent CHF variations with
respect to mass flux, pressure, inlet subcooling,

tube diameter, and tube length.
4, Conclusions

A mechanistic CHF model applicable to LWR,
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previously developed by the authors, was extended
to predict the CHF in the highly subcooled flow
boiling, especially for fusion rector components. In
order to take into account the enhanced
condensation due to high subcooling and high
mass velocity in small diameter tubes, a
mechanistic approach was adopted to evaluate the

non-equilibrium flow quality and void fraction in |

the subcooled water flow boiling, with preserving
the structure of the previous CHF model.
Comparison of the model predictions against
highly subcooled water CHF data showed
relatively good agreement over a wide range of
parameters: 0.3 < D £ 37.5mm, 0.002 <L <
4m, 01 <P <20MPa, 037 <G <90
Mg/m?%, 49 < Ahgs» < 1659 kJ/kg, and 0.64
<q"enr <228 MW/m?. About 89% of data points
were predicted within a +30% error band with
RMS = 18.4%, and o = 18.4%. This statistical
result is acceptable, considering the wide
application ranges of the proposed CHF model.
However, a considerable underprediction of the
CHF was shown for several data sets with very
small diameter tubes (D < 3 mm). The constitutive
models employed in the construction of the
proposed CHF model might not hold for a small
tube diameter at a high mass flux. Taking into
account the reduction of void fraction in such
extreme conditions, improved theoretical models
to evaluate the flow quality and void fraction are

required.
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Nomenclature

A cross-section area (m?)

°

OO0

density ratio defined by Dix

specific heat (J/kg K)

distribution parameter

tube diameter (m)

detached bubble diameter (m)

skin friction factor

drag force on a single bubble (N}

mass flux (kg/m?s), Go= Uy, G.=paU.
limited transverse mixing mass flux (kg/m?’s)
acceleration due to gravity (m/s?

enthalpy (kJ/kg)

degree of subcooling (kd/kg)

single phase heat transfer coefficient
(W/m?K)

latent enthalpy of vaporization (kJ/kg}
thermal conductivity (W/mK)

pressure (MPa)

heated perimeter (m)

Prandtl number

heat flux (kW/m?

Reynolds number

dimensionless velocity

mean velocity (m/s), same as the U,
specific volume {m®/kg)

drift velocity (m/s)

quality

thermal equilibrium quality at tube exit
distance in radial direction {m)
dimensionless distance

dimensionless distance to tip of vapor bubble

axial location in flow direction
Greek letters

void fraction,

blockage factor

roughness size (m)

pumping factor

volume quality

fraction of cross-section occupied by core

skin friction coefficient
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viscosity (Ns/m?

P
p  density (kg/m?)
¢  surface tension (N/m)
r  shear stress (N/m?
7, apparent wall shear stress (N/m?
1, viscous shear stress on wall (N/m?
&  perimeter (m)
Subscripts
avg average
b  bubbly layer or boiling
bc  from bubbly layer to core
c core
¢b  from core to bubbly layer

CHF CHEF location
cond condensation

d  bubble departure point

f  saturated liquid

g  saturated vapor

i interface of bubbly layer and core
in inlet

1 liquid phase

sub subcooled

w  heated wall

2 ¢ two-phase mixture flow
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Appendix |
CHF Calculation Procedure
Required input parameters :

(Or hin)'
(1) Assume a value for q”.

D: Lr Py G, Ahsub,m

(2) Calculation of ghy,, , where all physical
properties are calculated at saturated state at the
system pressure.

o, Dp, )"
y;=o.015(_/_fﬁ_
Hy
Cc, PrY,
if 0<¥; <5, Ah,,= o _ s
’ - q{h, GJ7s

a
w

if 5<¥; <30, Ahw=q’[h—"’—

Pr ¥,
[Pt,+ln(1+ r,s : _Pr/]ﬂ

{Cy S 1 (1
Ay, =q':T'—- I {:Pr,ﬂd“SPr,)#-?n[ﬁ]ﬂ

/

(9}
<
oo

if 1} >30,

[9]
oo

where

106 13
f=°'0°5’{“[2°°°°%+i_] with &/ D=10"

€
c
b, =0023Re* Pro“(t, /D) with Re, = Z2 and pr, =222
Hy f
(3) Calculation of x4 and z,.
-k 6Dl - 8h,,,, ~
x, = swb,d R z‘ = ( /i sub,d MJ , }l‘ - h, —Ahwb'd

hy 4

Ah,
if 2z, <0z,=0 and x,=—2&

3
{4) Calculation of x,, and «,, at the tube exit
(iterative calculation of x,,)

h,, ~h Y
},I="'—"'"'_ with h, =h AL
l=x GD

T=T(P.k), p=pPh), o,=0(), #=mp.T)

c,=,{1+(%-1]b] with ,:W d b=[.f,_:]m

V=29

o /71("/ *"1)
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= 3
Xag p‘h/‘
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R h, Da, .
qw=oms-f‘zv—ﬁﬂ(rm-r,) for h2h, g.,=0 for h<h,

for h2h, g;=0 for k<h,

_4(1"24) '} N
o TG0k, T+ T

(5} Calculation of D,.

GD
ty =4 (1- 0, U+ 250, )+ @,y Reyy ="u—‘: Sy =f(Rey,)
2

80,Dp,,

2

D, =0.015
(6} Calculation of flow properties at the tube exit
=(D—2Db )’
,Il D
1

2, =083-029expl- 471z, -189), @, =—a,, - T,

3 3
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(7) Calculation of average velocities

? D
_L=3‘4g_41° ﬂ+ 9.35 R rw=—}'G—1_ }u:-'__f&
Vi D Re, Vi 20,7 ty

if 0sY* <5, UD=O.SY‘F

Pe
if 5<¥* <30, U, =0.5{sinr* -3.05),5_
2,

if 1230, T, =05{25m¥" +5.5) ’5—
P

7= G-U,plt-n)
Pl

e

. 1, February 2000



A Mechanistic Critical Heat Flux Model for High-Subcooling --- Y.M. Kwon and S.H. Chang 33

(8) Calculation of q"cur If the estimated g~ in step (1) is close enough to
100 (D} the calculated q”cxr in step (8), g~ is the critical
=7 [_AL] heat flux. Otherwise, readjust g¢” and return to
£ =xD, ¢ =rdD-2D,) step (1).
e DF, | 4n(-7)
¢ [ b. ””)“D:(l-m)ALrI-Un:.

B 4
o =G (= b=
Genr ( )fw



