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A semi-empirical model, which is based on the CHF
model developed in KAIST (Park, 2014), is developed to
predict the critical heat flux (CHF) in the In Vessel
Retention (IVR) configuration. The model consists of five
theoretical equations describing the principal CHF
variables: relative velocity, liquid velocity, micro layer
thickness and the slug length. The CHF mechanism of
liquid film dryout underneath slug is basically considered.
Velocities of vapor and liquid are given by the Karman
velocity distribution and the force balance between
buoyancy and drag force. The micro layer thickness is
defined by Cheung and Haddad (1997) model, based on
the Helmholtz instability for the vapor stem located in the
micro layer. Solution is obtained starting from seven
scattered input parameters: mass flux, local quality,
pressure, inclination angle, gap size, working fluid and
heater material. Some assumptions are made concerning
the premature CHF, the minimum length of slug and
different types of the heater material and the working
fluid. URANIE code, developed by Commissariat a
I'Energie Atomique (CEA) is used to optimize the solution
of the system. The optimization process is based on the
integrated IVR-CHF database, including experimental
data from KAIST, CEA (SULTAN experiments), UCSB
(ULPU experiments) and MIT. For 278 experimental
data, the developed CHF model has a root-mean-square
(RMS) error of 14 %. The CHF predicted by the model is
in good agreement with the experimental IVR-CHF
database, except for the condition of high mass flux
conditions (>500kg/m2s) and low inclination angle
(<10°). A further improvement of the code may be
suggested to cover this range and try to reduce the RMS
error basing on the future worldwide experimental
campaigns.

1. INTRODUCTION

The strategy of the In-Vessel Retention (IVR) is to
remove the decay heat of the molten corium and prevent

the release of molten corium outside the reactor vessel
during severe accidents. In the IVR strategy, the molten
corium is relocated at the bottom of the reactor vessel and
the vessel rupture is prevented by the external vessel
cooling. The reactor vessel is submerged into the water
pool. The decay heat of molten corium is removed and
moved to the cooling water. The cooling water rapidly
becomes saturated and the two phase regime will establish
a natural circulation. In this circumstance, the cooling
capability, which means the critical heat flux (CHF), is
one of the most important criteria by which to judge the
success or failure of the I\VVR strategy.

The CHF is basically a heat transfer phenomenon
occurring when the heat transfer coefficient is suddenly
decreased. In the IVR conditions, as a consequence of the
CHF, the temperature of the vessel wall rises and a
melting of the wall is expected. This condition is observed
with a natural circulation flow and the chemical
phenomena in a complex geometry. The complexity of
the CHF understanding is due to the influence of several
parameters. All these parameters is presented in four
groups:

(1) Natural circulation flow and TH conditions
(2) Characteristic of the injected cooling water
(3) Material of reactor vessel outer surface.

(4) Geometry of reactor vessel lower head

The thermal hydraulic (TH) aspect is the first
important condition to be taken into account. In particular
the pressure, the mass flux and the exit quality are key
variables to describe the general behaviours of the natural
circulation flow. For the IVVR condition the containment
during accident conditions is pressurized up to 5 bar, and
the mass fluxes are less than 500 kg/m2s which is low in
comparison with the general data range studied till today.
The second point is the characteristic of cooling water,
that in general contains boric acid (HsBO3) and tri-sodium
phosphate (TSP, NasPO,-12H,0) and it is injected into
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the reactor cavity to achieve the IVR strategy. The third
point includes the material of the heated walls that play an
important role to the delayed CHF (the reactor vessel is
made of SA508 Grade 3 Class 1 in the U.S. and Korean
types and 18MnD5 in the French type). Corrosion of the
steel surface can be changed by the environment under
accident conditions. The fourth point is the geometry of
the IVR condition which has a downward facing curved
surface (horizontal to vertical inclination) with the flow
channel between reactor vessel and insulation structure.

Some studies for the general CHF are found in the
literature and two particular situations are generally
considered; upward surfaces for pool boiling and tubes for
flow boiling.

In case of an upward surface, Zuber (1959)
developed the hydrodynamic instability model® and
Haramura and Katto (1983) developed the microlayer
dryout model®. Unfortunately, the mechanisms of the
CHF occurrence for downward surfaces are completely
different from that on an upward surface because the
departure behavior of vapor is basically different from
each other. Thus, the CHF model on an upward surface
cannot explain the behavior for a downward surface and
cannot predict the CHF on a downward surface. Another
example is for flow boiling in a tube. In this case the CHF
models are developed for particular flow regimes and
many experiments are conducted to validate those models.
Proposing the experimental CHF database, Groeneveld et
al. (2006)° developed the look-up table which predicts the
CHF in tubes by the interpolation and extrapolation
method. Again those flow boiling CHF model and the
look-up table also have many limitation for the geometric
and chemical conditions.

Therefore, it is important to develop a physical and
global correlation to predict the CHF behavior for the
application to the IVR conditions. It is necessary to
understand the physics of CHF and its dependence on all
TH, geometric and chemical variables.

The Commissariat & I'Energie Atomique (CEA)
investigated those aspects, proposing the SULTAN
experiments*®. The facility simulated the IVR conditions
with flat surfaces characterised by different inclination
angles. Based on their experimental data, an empirical
correlation is finally developed. In Korea Advanced
Institute of Science and Technology (KAIST), the CHF
experiments (KAIST-IVRCHF)®*"® using a downward
facing curved surface were also conducted. Their facility
simulated the IVR conditions in several scales and the
effects of the heater material and the working fluid are
clarified. In University of California at Santa Barbara
(UCSB), the ULPU experiments®*®** using a downward
facing curved surface were conducted and their own
simple correlation is also developed. In Massachusetts
Institute of Technology (MIT), some experiments (MIT-
IVRCHF) *2 were recently performed to study the effect
of inclination angle and heater material on the CHF.
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In this study, the influence of all variables is
investigated and the experimental IVR-CHF database
increased basing on experimental works performed in
CEA, KAIST, UCSB and MIT. Considering those basic
studies, the main purpose of this study is to better
understand the CHF phenomenon and develop a semi
empirical model for the mechanistic approach.

Il. BACKGROUND

Before model development, the important
phenomena and key parameters are investigated, based on
the previous experimental works. The model and
correlation should explain those phenomena and
parameters. Focusing on the parametric aspect, the
performance of the existing model and correlations are
investigated. The predictability of the existing model and
correlations is investigated comparing with the all
experimental data.

ILA. Parametric Study

Based on the previous experimental works, a
parametric study is performed. According to the four CHF
issues mentioned above, the following parameters are
considered; for the TH parameters (1) mass flux, (2) exit
quality, (3) pressure, for the geometric parameters (4) gap
size, (5) Inclination angle, and for the chemical
parameters (6) working fluid, and (7) heater material.

I1.A.1. TH Parameters

In the most of flow boiling CHF experiments, the TH
parameters are commonly studied and the effects of the
TH parameters are clearly investigated. For the IVR
conditions, the previous experimental works also
investigated the effect of the mass flux, the exit quality
and the pressure.

In the boiling regime of the IVR conditions (Fig. 1),
the mass flux affects the liquid supply rate to the heated
surface and the departure of slug, which are important for
the CHF occurrence. The sufficient liquid supply on the
surface and the fast departure of the slug make the CHF
higher. Therefore, the CHF is generally proportional to
mass flux.

Generally, the exit quality is not measured and at the
local CHF point the thermodynamic exit quality is
calculated using mass flux, inlet subcooling, heat flux
profile and channel size. The previous experimental
works confirm that the CHF is inversely proportional to
the exit quality. In other words, a larger vapor volume
means that the boiling crisis condition is close.

For the pressure condition, the system pressure or the
local pressure at the CHF point is generally measured in
the experiments and the measured values are taken into
account in the CHF analysis. Considering the IVR



circumstance, the pressure condition means the value in
containment. Therefore, the pressure conditions have the
range from 1 bar (the normal operation) to 5 bar (the
accident conditions). In this pressure range, when the
pressure increases, the vapor volume becomes smaller by
the huge increase of vapor density and the CHF enhanced.

Vessel wall___

=
q cur

~ Two-phase
- Boundary Layer

Fig. 1. Flow configuration in the IVVR condition
I1.A.2. Geometric Parameters

In the IVR conditions, the gap size and the
inclination angle are important geometric parameters.

The gap size means the distance between vessel wall
and thermal insulation structure. The influence of gap size
change on the CHF can be explained by the local TH
condition (mass flux and exit quality). For the conditions
of the constant mass flow rate (ULPU experiments), when
the gap size becomes wide, the mass flux decreases and
the CHF decreases. For the conditions of the constant
mass flux condition (SULTAN experiments), when the
gap size becomes wide, the exit quality decreases and the
CHF increases.

The lower head of the reactor vessel has a geometry
of downward hemisphere, which has the inclination from
horizontal to vertical points. In this study, the horizontal
and vertical inclinations correspond to the angle of 0° and
90°, respectively. On the vertical surface (90°), the
buoyancy force has the same direction with the flow.
Thus, the buoyancy force fully contributes to the
departure of the slug. On the inclined surface (<90°), the
buoyancy force doesn’t fully contribute to departure of
the slug and the slug becomes relatively slow. Therefore,
the CHF on 0° is the lowest and the CHF on 90° is the
highest.

11.A.3. Chemical Parameters
The recent experiments (KAIST-IVRCHF and MIT-

IVRCHF) found the important chemical factors of the
heater material and the working fluid.
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In the KAIST-IVRCHF experiments, they investigate
the effects of boric acid and TSP, included in the cooling
water in the IVR conditions. Those additives improve the
wettability. The surface with a good wettability attracts
more liquid. As consequence, the CHF is delayed and the
CHF level becomes higher (maximum 50%).

The reactor vessel outer wall is made of the carbon
steel. The carbon steel is easy to be oxidized in a short
time and the oxidized surface consists of the porous and
superhydrophilic structure. It dramatically improves the
surface wettability and enhances the CHF. Combining
with the boric acid solution, the wettability improvement
and the CHF enhancement get higher due to the
accelerated oxidation.

In the test section of ULPU experiments, the different
type of the material is used and the effect of the material
aging is investigated. In this study, ‘aging’ is defined as
the outcomes of the repeated use of a test section. In the
ULPU experiments, the thick copper block is also
oxidized by the repeated boiling crisis and the long-term
exposure to water and it enhances the CHF. Combining
the tap water, the CHF enhancement also gets higher.

Exceptionally, in the SULTAN experiments the
repeated use of test heater has an influence on the heater
deformation because the thin heater plate can be easily
deformed by even one CHF experiment. The heater
deformation can lead an unexpected occurrence of the
CHF on the low level of the heat flux.

11.B. Previous Works for Correlations

Based on their own experimental campaigns, CHF
models and correlations are developed, to explain the
effects of parameters quantitatively. The considered
parameters in their CHF model and correlations are listed
in TABLE I.

TABLE I. Considered parameters
in the existing correlations

Parameter SULTAN ULPU I CHF model
correlation correlation (KAIST)

Mass flux [ ] ]

Exit quality | |

Pressure [ [

Gap [ i

Inclination [ [ ]

Working fluid =
Heater

. |
material




Total #.of Qata 197 9 111
for validation
RMS error 31% - 7.9%

m : fully considered, o : with assumption
[1.B.1. SULTAN Correlation

The SULTAN correlation® has the 3 thermal
hydraulic (mass flux, exit quality and pressure) and the 2
geometric (gap size and inclination angle) parameters.
The SULTAN correlation is a fully empirical equation
with 17 optimized constants, as follows;

"o = AO(E,P,G)+ ALE,G)* X + A2(E)* X 2

D).
+A3(E,P,G,X )*O+ A4E,P,G,X)*6O°

where ¢ ’cye is CHF in MW/m2, E is gap size in m, P is

pressure in MPa, G is mass flux in kg/m2s, X is

thermodynamic exit quality and @ is the sine function of

the inclination angle (sin(6)).

11.B.2. ULPU-II Correlation

The ULPU II correlation™ is also a fully empirical
equation which is a function of only the inclination angle.
In the ULPU Il correlation, the CHF is given for two
range of inclination angle, as follows;

' =500+13.30 kW/m? 6<15°
=540+10.70 kW/m? 15° < <90°

).

11.B.3. CHF Model Developed in KAIST

In KAIST the CHF model® is developed, considering
theoretical equations with correction factor for the
wettability improvement. It takes into account all 7
parameters of mass flux, exit quality, pressure, gap size,
inclination angle, working fluid and heater material and
consists of five equations as follows.

For the CHF mechanism, the liquid film dryout
underneath a slug is considered for the mechanism of
CHF occurrence. Specifically, it is postulated that the
CHF condition is the total evaporation of the liquid film
during the passage time of a slug on the heated surface.
Considering the subcooling and evaporation enthalpy of
liquid film, the energy balance equation is given by Eq.

(3).

" I
A chr X(UJ = P10 (hfg + Ahin) ©)
g
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In Eq. (3), p is the density of liquid, J,, is the
thickness of microlayer, hgy is the latent heat of water, Ah,
is the subcooled enthalpy, | is the slug length and ug is the
vapor (slug) velocity.

For the slug length, the regular behavior of the slug
flow is taken into account. According to the flow boiling
CHF model**>%, the slug length is defined as the
Helmholtz wavelength between liquid film (microlayer)
and vapor flow (Eq. (4)). In Eq. (4), the flow of the liquid
film (u,,) is slow enough to be negligible in comparison
with the slug velocity (ug). At the CHF point, the critical
Helmholtz wavelength, 4, and the slug length, I, is defined
as follows;

_2mwo(ptpy) 2w(ptp) (g
plpg(ug _um)2 plpgu92

A=1

where o is the surface tension of liquid and pq is the
density of vapor.

Eg. (5) is the force balance equation between
buoyancy and drag force. The buoyancy force is a
function of the inclination angle, 8, and the drag force is a
function of the velocity difference between liquid and
vapor. In Eq. (5), Dg is the thickness of slug, Cp is the
drag coefficient and u, is the liquid velocity.

T A 1 7Z‘D2
2 D510(pi — p,)sinG = piCy U, ~u) 2 (5)

The drag coefficient, Cp, is 2.6 corresponding to the
bubble diameter of 0.4-4.0 cm".

For the micro layer thickness, the relationship
discussed in the CHF model of Cheung and Haddad® is
utilized. Cheung and Haddad consider the Helmholtz
instability between the vapor jets and the liquid film, and
they assume that the micro layer thickness is proportional
to the Helmholtz wave length, as given in Eqg. (6). In
addition to that, the CHF model developed in KAIST
considers the effect of the wettability improvement on the
thickness of microlayer and the correction factor is taken
into account in Eq. (6).

04 h 2 6
3, = (correction factor)x Blopg(1+ &](p—gJ [i] ©)
P\ P Ocne

correction factor=(CHF enhancement ratio)®
=1 for SUS304 and fresh copper with DI water
={(1-1.324[BA] - 0.730[TSP] + 4.577[BA]TSP])
+(1.576[BA] +1.661TSP] - 6.430[BA[TSP])a}*  forSUS304
={(0.717 + 0.215[BA]+ 0.173[TSP] - 0.709[BAJTSP])
+(0.562-0.116[BA] - 0.409[TSP] + 0.735[BA[TSP])a}* for SA508

In Eqg. (6), [BA] and [TSP] are concentrations of
boric acid and TSP, respectively. B; is an empirical
constant which is suggested to be 0.013.



For the liquid velocity in a slug flow, Lee and
Mudawwar™ found the mean velocity of the liquid
surrounding a slug for buffer region from the Karman
velocity profile for the turbulent flow with single-phase.
However, the two-phase flow is appeared in the IVR
conditions. Considering this difference, the mean velocity
of the Karman profile is modified using the unknown
constant, B,, as follows;

D
0.152Re’°1G[(3m +—Bj
u, =B,Re® —{In -0.61
P H

()
puD, _GD, 1-x
H m l-a

05 125
D. =1 5)(10,4 o pICpLTsal
s =L
alor-py)) | 2y

where a is the void fraction, g is the dynamic
viscosity of liquid, Tey is the saturation temperature and
C,L is the heat capacity of liquid. For the thickness of the
slug, the correlation of Cole and Rohsenow® is used. In
this model, B, is suggested to be 3.0.

where Re=

11.B.4. Comparison with Experimental Data

To compare with the experimental results and
investigate the predictability of each correlation, the
experimental CHF data from SULTAN, ULPU, KAIST-
IVRCHF and MIT-IVRCHF experiments are collected.

The CHF results of the experimental previous works
are compared with the predicted CHF using
corresponding correlations, as shown in Fig. 2.
Obviously, the CHF correlations have good agreements
with corresponding experimental results, because each
correlation is developed based on their own experimental
CHF results.

= [SULTAN experiments, SULTAN correlation]
3000| * [KAIST-IVRCHF experiments, CHF model In KAIST]
4 [ULPU IILIV.V experiments, ULPU Il correlation] .
2500 [ b
C : et
E 2000 ., i
z | vh
Lo I R B 0 o
3 - | |
=] . | |
@ 1000 ' UL B — o
a . 1"'“ .
a 4 . f'éf.f
500 f------- "?14 A o
. | 3
¥ H | | |
0 : ! !
0 500 1000 1500 2000 2500 3000

Experiment (kW/m?)
Fig. 2. Experimental CHF results and prediction using
corresponding correlations
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To assess the performance of those existing
correlations, the experimental CHF results are compared
with the predicted CHF of each correlation. The
predictabilities of the SULTAN correlation, the ULPU 11
correlation and the CHF model developed in KAIST are
shown in Fig. 3.

As shown in Fig. 3a, the SULTAN correlation
underestimates all different experiments. The reason is
due to the SULTAN correlation based on the SULTAN
experiments having problems of the heater deformation
and the premature CHF. Moreover, in some conditions for
the ULPU experiments, the SULTAN correlation predicts
the negative CHF although the CHF cannot be less than 0.

a: predicability of SULTAN correlation

3500 = [SULTAN experiments, SULTAN correlation]
= [KAIST-IVRCHFexperiments, SULTAN correlation]
3000 = [ULPU LIV V experiments, SULTAN correlation]
[MIT experiments, SULTAN correlation]
A e
2500 +209
~
o e
£ 2000 -
= e
2 7 30%
~ 1500 o
c - TR
S 1000 - fﬁ, i
he] - L
o - »afstangy
= ad .
o 500 j/“?ﬂ ™ 1_ L "
/. i g -
0 L
al
-500

-500 0 500 1000 1500 2000 2500 3000 3500
Experimental data (kW/m?)

b: predicability of ULPU II correlation

3500 *  [SULTAN experiments, ULPU Il correlation] :
= [KAIST-IVRCHFexperiments, ULPU Il correlation] /
= [ULPUIIIV,V experiments, ULPU Il correlation] e
3000 [MIT experiments, ULPU I correlation] g
i i i i | A
H H : ; : e
o i L e20% / o
& H : ; ~
£ i 3 e
= 2000 : ' ;
3
c
.8 1500 f----—-
2
o
o
o 1000
500
g 1 1 ! ! !
0 500 1000 1500 2000 2500 3000 3500

Experimental data (kW/m?)



c: predicability of CHF model developed in KAIST
3500

®  [SULTAN experiments, CHF model developed in KAIST]

»  [KAIST-IVRCHFexperiments, CHF model developed in KAIST]

= [ULPU ILIV.V experments, CHF model developed in KAIST]
[MIT experiments, CHF mods! developed in KAIST]

3000+ e

2500
20004

1500+

Prediction (KW/m?)

1000+

500+

° U. 5(;)0 10;00 1550 20;00 25;00 30'00 3500
Experimental data (kW/m?)

Fig. 3. Predictability of the existing correlations

(a: SULTAN correlation, b: ULPU 11 correlation,

¢: CHF model developed in KAIST)

The ULPU Il correlation has many limits because it
is a function of only one parameter that is inclination
angle. Although the TH, chemical and geometric
conditions are different, the CHF predicted by the ULPU
Il correlation has the same value for the same inclination
angle. Therefore, as shown in Fig. 3b, the experimental
CHF results with many different conditions correspond to
the quantized set of the predicted CHF values.

As shown in Fig. 3c, the CHF model developed in the
KAIST over-predicts the SULTAN experiments. The
reason of this difference is also due to the heater
deformation and the premature CHF in the SULTAN
experiments. Comparing with the experimental data of the
ULPU and MIT-IVRCHF experiments, the model is not
well predicted. Especially, there are bigger differences for
relatively high mass flux than for low mass flux, as shown
in Fig. 4.

1500 a: ULPU experiments

= CHF model developed in KAIST
® SULTAN correlation
1000 !
E s '-f
z | " "
% [ EELEL VLR "
o O b1 o™ T w
6 e = | |
: [ ° .0
o -500 & ! e ‘ S » :‘
LB ‘ “~, . e oo
5 L e : °*
-1000 R ° ... 9
H L]
| L]
1500 — : : : ;
0 200 400 600 800 1000

Mass flux (ke/m?s)
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1500 b: MIT-IVRCHF experiments

»  CHF model developed in KAIST "
® SULTAN correlation |
1000 n
N;E 500 f------ -
3 | ]
= "
§ o
w
T
O
"o 500 [ — ;
W e -
x |
=}
-1000
1800 0 200 400 600 800 1000

Mass flux (ka/m’s)
Fig. 4. Difference between the predictions

and the experimental data
(a: ULPU experiments, b: MIT-IVRCHF experiments)

I1l. DEVELOPMENT OF CHF MODEL

To develop the CHF model in this study, the
mechanistic approach is considered and the theoretical
model developed in KAIST is revised and improved. To
improve this model and overcome the problems found in
the previous section, the following modifications are
suggested.

I11.LA. Premature CHF (Heater Deformation)

The CHF model developed in KAIST cannot cover
the premature CHF. As discussed in the previous section,
the SULTAN experiments may have the premature CHF
due to the heater deformation. The heater deformation has
two major negative effects on the heat transfer. First, if
the heated surface is highly deformed, the weak flow
point or the stagnant point can be generated and it can
disturb the efficient heat removal in those points. Second,
even if the heater deformation is small, the heater can be
thin. As consequence, the electrical resistance can be
simultaneously increased. Because the SULTAN
experiments used an electric heating method, it can bring
the local overheating on the surface. Therefore, the heater
deformation leads the premature CHF. On the deformed
surface the CHF can be reached early even in the
condition of partial dryout of liquid film, before the total
dryout of liquid film. For this mechanism, Eqg. (3) is
modified as follows;

- plcl(sm(hlg + Ahin) (8)_

Aenr ] Ug

if no heater deformation, C, =1
b
if heater deformatim, C, = a%(< 1, premature CHF)

In Eq. (8), the degree of the heater deformation, C, is
a function of the mass flux and the pressure. However, it
can be varied by several parameters; i.e. mass flux, void
fraction, pressure, heater temperature and design of test



section. Unfortunately in the previous experiments, only
two parameters of the mass flux and the pressure are
clearly measured. Therefore, those two parameters are
used to estimate the heater deformation.

111.B. Flow Behavior under High Mass Flux Condition
(>500kg/m?s)

In the KAIST-IVRCHF experiments, the long slugs
were observed in the flow channel under low mass flux
condition (<500kg/m?s). If the mass flux is increased over
that range of the mass flux, the slug velocity gets higher
in the same time and the slug length is expected to be
smaller according to Eq. (4). As a consequence of the
high mass flux, a small slug becomes the regular size of a
bubble and the flow pattern changes to the bubbly flow.
In the boiling configuration of the IVR conditions, the
general size of a bubble is larger than that in the different
configuration, such as boiling on an upward surface and
in a vertical tube. The reason is because the generated
bubbles get together near the heater surface, which is
located on the top of the flow channel, and those bubbles
are merged. This big bubble can be the minimum size of a
slug. Cheung et al.®® observed that the slug width is
regularly 3 cm in their experiments and the slug length
should be larger than the slug width. Therefore, the
minimum slug length is assumed as given in Eq. (9) and
the unknown constant, C,, should be larger than 1.

Minimum slug length: | =C,w, (9).
(C, >1, w, : width of slug(~3cm)

In the future, to support this explanation, the
experimental observation for the slug size should be
additionally performed.
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111.C. Different Cases of Wettability Improvement
(Heater Material and Working Fluid)

In the CHF model developed in KAIST, the
correction factor is estimated by the CHF enhancement
ratio for the wettability improvement via the working
fluid of boric acid and TSP solution and the heater
material of SA508.

In the ULPU IV and V experiments, they also
confirmed the CHF enhancement by the surface oxidation
with the better wettability in the cases of aged copper with
DI water and tap water. For those different cases of
wettability improvement, other correction factors are
needed. In comparison with the CHF for the cleansed
surface with DI water, the CHF enhancement ratios are
obtained. Using those, the correction factors are finally
found to be as follows;

correction factor = (CHF enhancement ratio)*
=11 foraged copper wih DI water
=21 foraged copper wih tap water

(10).

IV. COMPARISON WITH EXPERIMENTAL DATA

Considering the modifications discussed in the
previous section, the improved CHF model is suggested
in TABLE Il. The model consists of 5 equations and 5
unknown variables (g "cur, Ug, Uy, I, dm) and the numerical
solution of the CHF is obtained through the iterated
calculation.

The model has the 4 unknown constants, which are
the existing 2 constants (B, B,) and the newly added 2
constants (C,, C,). To find the best-fitted value of these 4
constants, the optimizer module in the URANIE code
developed in CEA is used.

TABLE Il. The recommended equations in the developed CHF model

Equation

_ plclém(hfg +Ahin)u
CHF mechanism Gorr = I g

C, =1(totaldryoutof liquid film) if noheaterdeformatin

b
C = a% ( prematureCHF ), if heaterdeformation (SULTAN exp.)

Slug length

2nolp, +
| = max 7('0' p)
plpgug

,CZWSJ w; : width of slug (=~ 3cm)

Relative velocity

T . 1
ZDé la(e, _Pg)5|n9:§p|co(ug -u)

2
27ZDB
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0.4 2
d,, = (correction factor)B,ap, (1+ng[ng [hfgj
Micro layer PP e
(liquid film) correction factor = ((1—1.324[BA] - 0.730[TSP]+ 4.577[BAJTSP])+ (1.576]BA]+ 1.661TSP] - 6.430[BAJTSP ]} for SUS304
thickness =((0.717+0.215[BA]+ 0.173TSP]-0.709[BAJTSP])+ (0.562— 0.116[BA]- 0.409[TSP]+0.735[BAJTSP])a}  forSA508
=11 foraged copper wih DI water
=21 foraged copper wih tap water
0.152Re’°'1G(5m +&j
u, = B,Re* —<In -0.61
P K
Liquid velocity
where - _ puD, _GD, 1-x, b, _1‘5X104[ o JO'S(p,CpLTwTS
H 4 l-a g(pl _Pg) Py
TABLE IlI. The optimized constants
in the developed CHF model Mass flux 6.7 ~ 1066 kg/m?s
Constants The best-fitted value Exit quality -0.014 ~ 0.463
G102 Pressure 1~5bar
C; C,=0.132 o
Inclination angle 10 ~90°
Co 4.5 Gap size 0.02~0.22m
By 0.014 Stainless steel (fresh, deformed)
5 97 Heater material Carbon steel
2 ' Copper (fresh, aged)
For the optimization process, the experimental Boric acid: 0.0 ~ 2.5 wt%
IVRCHF database is used. Three sets of the experimental Working fluid TSP: 0.0 ~ 0.5 wt%
data are excluded. First, the cases of the annular flow and Tap water
the high risk of the flow instability (30 data) are excluded. 3500
Second, the set of the unstable experiments in the gﬁﬁj‘gxp g g //
SULTAN experiments (14 data) is also excluded. Third, 3000 ULPU exp | R
the cases (75 data) of high mass flux and low inclination /
angle (G > 500 kg/m2s and 6 < 10°, G > 1000 kg/m?s and o :
6 < 45°) are not considered. Thus, the total of 278 data is § 2000
selected to optimize the 4 unknown constants. =
Based on the selected database, the 4 constants are S 1500
optimized to minimize the mean error and the root-mean- 5
square (RMS) error. The obtained constants are listed in & 1000
TABLE II1.
The improved model with the optimized constants 300
has the RMS error of 14%. The predictability of the N | | : :
improved model is shown in Fig. 5 for the selected 0 500 1000 1500 2000 2500 3000 3500

IVRCHF database. The selected IVRCHF database
represents the applicability of the developed model. The
applicable range for all parameter is listed in TABLE V.

TABLE IV. Applicable range
of the developed CHF model in this study

Parameter Range

Experimental data (kW/m?)
Fig. 5. Predictability of the developed CHF model
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Fig. 6. Difference between prediction and experiment
for the inclination according to the mass flux

As mentioned above, the experimental cases of high
mass flux and low inclination angle are not considered for
the validation. The reason is due to the disagreement
between the prediction of the developed model and the
experimental data. As shown in Fig. 6a, the developed
model differently predicts the experimental data in the
condition of the high mass flux, whereas the developed
model is well matched with the experimental trend in the
low mass flux condition (Fig. 6b). The reason is found in
Eq. (5). Eq. (5) can be shorten and changed to Eq. (11).

u'zg(p.—pg)sin(e)%p,co[ _:'J (11)

9 9

According to Eq. (11), the effect of inclination is
negligible due to a strong flow under the high mass flux.
However, this theoretical trend is different from the
experimental one and it should be modified in the future.

V. CONCLUSIONS
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In this study, the CHF in the IVR conditions is
discussed qualitatively and quantitatively. Based on the
previous experimental works, the important phenomena
are investigated, especially for the TH parameters, the
geometric parameters and the chemical parameters. To
explain those IVR phenomena quantitatively, the CHF
model developed in KAIST is modified. To improve this
model, the premature CHF, the phenomena under the high
mass flux conditions and the different cases of the
wettability improvement are discussed. Based on those
consideration, the revised equation set with the empirical
constants is suggested. Using the URANIE code, the best
values of the constants are acquired. In comparison with
the existing correlations, the suggested model in this
study highly improves the prediction of the IVR-CHF and
dramatically expands the applicable range.

However, the bigger database is still necessary to
improve the predictability for the IVR-CHF. In
comparison with the CHF lookup table of Groeneveld et
al.®> which has ~30000 data, the present size of the
selected IVR-CHF database (~278 data) is small. In the
same way, to improve the developed CHF model, the
difference from the experimental trend in the conditions
of high mass flux and low inclination should be solved in
the future.
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NOMENCLATURE
Co drag coefficient
CoL specific heat of liquid [kd/kg-K]
Dg thickness of vapor blanket [m]
Dy, hydraulic diameter [m]
G mass flux [kg/m?s]
g acceleration of gravity [m/s?]
hig latent heat of vaporization [kJ/ka]
I length of the slug [m]
P pressure [bar]
g cue  critical heat flux [kwW/m?]
Tsat saturation temperature [K]
U local liquid velocity [m/s]
Ug local vapor velocity [m/s]
Un liquid micro layer velocity [m/s]
Wheater  Width of the heated test section [m]
W width of slug [m]
X thermodynamic quality
[BA]  concentration of boric acid [wt%]

[TSP] concentration of TSP [wt%]



Greek Letters

o
Ahin
AT,
Om

0

A

P
Py

o

H

void fraction

subcooled enthalpy [k/kg]
inlet subcooling K]
liquid film thickness [m]
inclination angle ]
Helmholtz wavelength [m]
liquid density [kg/m?]
vapor density [kg/m°]
surface tension [N/m]
dynamic viscosity of liquid [uPa-s]
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