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Abstract

Several improvements to the RELAP5/MOD3 reflood model have been made. These
improvemnents were made to correct deficiencies in the reflood model identified by the assessment
of the RELAP5/MOD3 code against FLECHT-SEASET experiments. The improvements consist of
modification of reflood wall heat transfer package and adjusting the droplet size in dispersed flow
regime. The time smoothing of wall vaporization and level tracking of transition flow are also added
to eliminate the pressure spikes and level oscillation during reflood process. Assessment of the
improved model against FLECHT-SEASET experimental data and application of LBLOCA analysis
for plant shows that the deficiencies have been corrected.
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1. Introduction

The postulated loss-of -coolant accident(LOCA) of
a pressurized water reactor has been the subject of
intensive experimental and analytical studies in light
water reactor. Many efforts are dewoted to the inves-
tigation of thermodynamic behavior of reactor core
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and effectiveness of emergency core cooling system
during reflood phase of LOCA Recently the MOD3.1
version of RELAP5 [1] has been deweloped jointly
by the NRC and a consortium of International Code
Assessment and Application Program (ICAP).
Although the emphasis of the RELAP5/MOD3.1 de-
velopment was on large-break LOCAs, several
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deficiencies in reflood model were identified during
the assessment of FLECHT-SEASET series of
experiments [2]. The deficiencies are categorized as
1) High pressure spikes and oscillation during
reflood 2) Delayed quenching 3) Incorrect void pro-
file and vapor cooling in dispersed flow.

The purpose of this study is to present a new
reflood model and its implementation in
RELAP5/MOD3.1. A great deal of effort has been
made to solve the abowe deficiencies, and the
necessary model improvement and code modification
has been carried out.

2. Improvement of Reflood Models

A boiling curve is used to govem the selection of
heat transfer of reflood. In particular, the heat trans-
fer regimes modeled are classified as single phase
liquid convection, nucleate boiling, transition film
boiling, film boiling and single phase vapor convec-
tion. Condensation heat transfer is also modeled,
and the effects of noncondensable gases are
modeled. The correlations of RELAP5/MOD3 were
used for nucleate boiling (Chen correlation [3]) and
single phase convection (Dittus-Boelter correlation).
The correlations and selection logic for transition and
film boiling mode are modified. Time smoothing of
wall vaporization and level tracking of transition flow
are also added to eliminate pressure spikes and level
oscillation during reflood process. More detailed
model descriptions are provided in the following sec-
tion.

2.1. Wall Heat Transfer Package

The heat transfer package consists of a library of
heat transfer correlations and selection logic algor-
ithm similar to RELAP5/MOD3.1. For the normal
heat structures, the correlation and logic algorithms
installed in

are exactly the same as those

RELAP5/MOD3.1.
structures are flagged as reflood structure, some

However when the heat
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modification of correlations and logic algorithm are
performed. The modified correlations used in each
heat transfer regimes are detailed below.

2.1.1. Transition Boiling and Critical Heat Flux

In RELAP5, the transition boiling correlation is
based on Chen transition boiling model [4] which is
applicable to a dispersed flow regime. The model
depends on the Critical Heat Flux (CHF) value and
used to determine whether the film boiling occurs.
Thus CHF correlation is important in determining
the flow regime. The Groeneveld Look up table [5]
was used to determine the CHF. Unfortunately, the
value in the table was found to change suddenly with
respect to flow and quality at low pressure and low
flow condition. It may result in numerical instabilities
or oscillation. Modified wall heat transfer package is
based on the heat transfer logic developed on the
basis of wall temperature.

The intersection of the nucleate boiling and tran-
sition boiling heat transfer regimes occurs at the CHF
point. To provide for a continuous transition between
regimes, the CHF point (q"cwr, Tar) must be
specified. The modified Zuber pool boiling CHF cor-
relation (6] is chosen as a reasonable approximation
of the maximum heat flux at the quench front:

or =
(l’a‘)( 1/24) hfl P 0.5 [ g0 (Pf - P‘)] 0.25 (1)

To define the boiling curve, it is necessary to know
the surface temperature at which CHF occurs. An
iterative procedure is used to find the wall tempera-
ture at which the heat flux from Chen nucleate boil-
ing correlation is equal to the critical heat flux Thus,

q cren (Tawr) =q e (2)

The transition boiling regime is bounded by the
CHF point (below which the wall is continuously
wetted and nucleate boiling exits) and the minimum
stable film boiling point (above which the liquid can-
not wet the wall and film boiling exits). The mini-
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mum stable film boiling temperature is called some-
times rewetting or quenching temperature. There are
several correlations, e.g. Dix & Anderson [7], Murao
[8], Berenson [9] and Henry {10] correlation. Good
agreement between several FLECHT-SEASET data
[11] and predicted rewetting temperature was
obtained when a formulation of Henry correlation
was used. Thus Henry correlation is incorporated in
modified RELAP version to determine the minimum
stable film boiling temperature and has following
form:

Tuw = Tumn + (3)

0.42(Tuws - T1) {L(kPC)1/{k0Co)e]™® [heg/ConlTuans -T1)1}*®

Tuns = Tt +0.127( pheg/ks) [8( P 1-pg)/ (1 +pg)1H°

{o/g(pr-p)? Luvglpe-pdl”

At present, there is no consensus on a correlation
to use for the transition boiling regime. Modified ver-
sion employs a simple interpolation scheme for heat
transfer between CHF temperature and minimum
film boiling temperature.

ame = Qor+ (1- 8% ) d'm @)

, where ¢ is defined as (Tw-Twn)/(Tcrs- Tva).

The above mentioned heat flux should be
partitioned to the liquid and the vapor phase for two
fluid model. Assuming that the heat transfer coef-
ficient of vapor side does not change much, the en-
ergy partition of transition region can be estimated as
foliows.

hy =hgoe+ (1- & ) hem

Qg = hg (Ta - Tg)

qQ"t = q"mw - Qg (5)

2.1.2. Film Boiling
Film boiling is described by heat
mechanisms that occur during several flow patterns,

transfer

inverted annular flow, slug flow and
wall-to-fluid heat transfer
mechanisms are conduction across a vapor film
blanket next to a heated wall, convection to flowing

namely
dispersed flow. The

vapor and between the vapor and droplets, and radi-
ation across the film to a continuous liquid blanket
or dispersed mixture of liquid droplets and vapor.
The single phase vapor correlations become the
model basis of the convection heat transfer in film
boiling mode. However the presence of the droplet
in steam flow provides a source of turbulence ad-
ditional to that generated by wall shear, and this will
enhance the steam convective heat transfer as de-
duced from steam-only experiments. Several
investigators have looked at the effect of turbulence
intensity on convective heat transfer in two-phase
dispersed flows. Drucker et al. [12] proposed that the
droplets will enhance turbulence in the flow; hence,
heat transfer. The ratio of the two-phase-to-the-
single-phase heat transfer coefficient ¢ can be written

for entrained flow as
@ = hyp/he = 1+43.25[(1- @ ,)6r/Re’)™* (6)
where (1-as) represents the liquid fraction and

Grashof number, Gr, and flow Reynolds number, Re,
are based on steam properties and defined by

Gr= glpro)pd / i {7)
and
Re = pgVgln/ 1y (8)

The above two phase enhancement effects are in-
cluded in the convection term {Dittus Boelter Corre-
lation) of the film boiling mode. Similar enhance-
ment effects are included in other codes, COBRA-
TF [13] and Westinghouse BART [14]. The
correlations in RELAP5/MOD3 conduction (modified
Bromley Correlation) and radiation model are

deemed sufficiently accurate and are not changed.
2.2. Wall Vaporization Smoothing Model

In RELAP5/MODS3, there are two interphase mass
transfer terms. One is a wall vaporization due to wall
heat transfer and the other is a mass transfer arising
from bulk exchange between the liquid and vapor
spaces. The latter is treated as a partially implicit
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term, although the interfacial heat transfer coefficient
is estimated explicitly. However the first term, wall
vaporization, is treated as an explicit term in the
mass and energy equation. This scheme was found
to cause numerical oscillation. It is well known that a
numerical underrelaxation can prevent this kind of
oscillations.

Thus time smoothing of wall vaporization is
implemented to a modified version as follows.

Lepa = 7 Fen+ (1- 7) Femn (9)

The underrelaxation factor is of the form, »=exp
(—At/7), in order to obtain time-step(At) insensitive
smoothing. For reflood case r=0.1sec was selected
because time constant for major transient phenom-
ena is considered as longer than 0.1 second.

2.3. Water Level Tracking Model for Transition
Flow

Such codes as RELAP5 code which use Eulerian
coordinate system for the solution of the finite differ-
ence equation, cannot track the two phase mixture
level unless systems were modelled with very fine
nodalization. Although a fine mesh nodalization of
reflood heat structure is provided to account for the
axial conduction, the lack of level tracking results in
incorrect heat transfer coefficient for a fine mesh
heat structure in a given coarse mesh hydro-cell.
This impact is more severe for the developing flow.

To circumvent this, a level tracking model is newly
implemented in modified version for the calculation
of the heat transfer coefficient of fine mesh heat
structure. The variation of hydraulic parameters in a
hydro-cell can be estimated with proper assu-
mptions. One of the major parameters which govern
the wall heat transfer is void fraction. It is assumed
that the void fraction in a hydro-cell has a step
change between upper and lower void fraction of
hydro-cell, while other parameters remain constant.
The model is coded as the following equation.
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ag (z) = ax if 042 <Z tewt

= a. if 2 em 2 <1 (10)

, where ay means the void fraction of downstream
wolume, o is void fraction of upstream wolume, and
a, is wid fraction of given hydro-cell. The water
level Zevel is defined as (a,-a1)/(ax-ai). The above
scheme is activated when ax (0.1 and 0.1 {4, <09,
and only one of the cells related to a reflood struc-
ture is applicable.

2.4. Droplet Model for Dispersed Flow Regime

In RELAP5/MOD3, the bubbly and mist flow
regimes are both considered as dispersed flow. The
dispersed bubbles or droplets can be assumed to be
spherical particles with a size distribution following
the Nukiyama-Tanasawa form [15). The average di-
ameter do is obtained by assuming that do=(1/2)dmax.
The maximum diameter, dmax, is related to the critical
Weber number, We =dmax o (vs-w)2/o. The values
for We are taken presently as 10.0 for bubbles and
0 for droplet. For reflood case, the value 12 was
taken for droplet and average droplet size was re-
stricted between 2.5mm and hydraulic diameter
(10mm for typical PWR).

However estimated droplet size was too large
comparing with the FLECHT-SEASET experiment
and COBRA-TF estimations {16]. It may result in
too much liquid accumulation downstream of the
quench front and incomrect vapor cooling. In the
modified version, there is no change in correlations
for interfacial drag and heat transfer, but the average
droplet size for reflood case is restricted between
0.2mm and 2.0mm. All interfacial surface area for mist
flow regime were estimated based on the above
droplet diameter.

3. Model Assessment and Code Verification

3.1. Assessment against FLECHT-SEASET test
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Runs 31504, 31805, 31302, 31701 and 33338
from the 161-rod FLECHT-SEASET facility was
used to assess the modified reflood model of
RELAP5/MOD3.1 at various reflood rates and grav-
ity driven reflood. Four forced feed reflood and one
gravity feed reflood cases were selected for the as-
sessment and shown in Table 1.

The test section was modeled using 20 uniform
cells. Measured fluid conditions were used to define
the conditions in the upper and lower time-depen-
dent volumes, which represented the upper and lower
plenums, respectively. The measured flow injection
velocity was used to define the flow conditions at the
time-dependent junction that connected the lower
plenum and the pipe. The measured power, which
decreased during the test period, was used as input
to heat structures representing the rods.

The test section and heater rod models for gravity
driven flood test are the same as the forced feed
simulation except the downcomer and associated
pipes are additionally modelled. The downcomer was
modeled using 10 cells deemed sufficiently to give
correct prediction of water level. The connecting
pipes and valves are modeled also. The measured
flow rate injected to the bottom of downcomer was
used to define the conditions at the time dependent
junction that connected to the bottom of
downcomer.

The heatup and reflood phase of tests were
simulated as a whole transient by using the
measured heatup and decay power. The measured
cladding temperatures before heatup were used as

input to initial temperatures for each heat structures.
The start time of water injection was used as input
value also.

The experimental data for 161-rod FLECHT
SEASET were chosen in ENCOUNTER Data Bank
of USNRC. The sorted data for each test were used
for the comparison of calculation results. Generally
hydraulic cells in the model do not always have the
same elevation as the measurement point. Thus cal-
culation results are linearly interpolated for the com-
parison between calculation and experimental data.
Assessments of forced feed and gravity feed test were
performed based on the interpolated calculation
results.

3.1.1. Forced Feed Test

On the reference test run 31504, with an injection
velocity of 2.46cm/s(0.97 in./s), comparisons of
averaged experiment data and calculated rod surface
temperature histories are presented in Figure 1.

The predicted quenching behavior of original ver-
sion illustrates the weakness in the reflood model.
There are 200 second quenching tail at midplane. It
is believed that the Chen transition boiling model
vield values that are too small. In modified version,
models for the quenching temperature (Modified
Henry correlation) and CHF temperature are newly
installed and the transition boiling heat transfer is de-
termined by interpolating between the two point. The
modification results in great improvement of code-
predicted quenching behavior as shown in Figure 1.

Table 1. Assessment Matrix for FLECHT SEASET 161 Rod Test

Test Run Pressure Maximum Clad Flooding Rate Injected Liquid
Number {Mpa) Temperature (K) (cm/sec) Temperature (K)
31504 028 1136 24 324
31805 028 1144 2.1 324
31302 028 1142 7.65 325
31701 0.28 1145 155 326
33338 0.28 1144 Gravity 325
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Fig. 2. Inlet Absolute Pressure Behavio(FLECHT 31504)

Comparison of inlet absolute pressure is presented
in Figure 2. There are large pressure spikes in orig-
inal version at the time of quenching of each heat
structures. The combination of wall vaporization
smoothing model and the level tracking model for

the deweloping flow in modified version has rem-
edied these deficiencies and pressure trends are
predicted much better.

The calculated wid fractions near the midplane
(67 in.) is presented in Figure 3. It shows that there
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is too much liquid accumulation at the downstream
of quenching front. It may be caused by the low
interfacial friction in dispersed flow regime predicted
by the code. In modified version the maximum diam-
eter of droplet size was restricted to be 2.0mm based
on the FLECHT experimental observation. This re-
striction contributes to the increase in interfacial dragin
dispersed flow regime and improvement of axial void
profile. For high(Test Run 31701) and medium
reflood injection test(Test Run 31302), the main
characteristics are similar to reference case and hy-
draulic behaviors are much improved with the modi-
fied reflood model.

The determination of quenching time depends on
the definition of quenching. In this report the
quenching time was defined as the latest time when

the clad temperature reaches 500K(~50K above the
CHF temperature), because it is easy to compare the
calculation result with test data through the simple
definition. The cakulated quenching time for 4 test
runs are plotted in Figure 4 and 5, comparing with
the experimental data.

Figure 4 shows that the original code predicts the
early quenching in high liquid injection and delayed
quenching in low liquid injection. The scattering of
prediction is too large. It resulted from the weakness
of transition boiling model and flow oscillation due to
pressure spikes during reflood. These weaknesses are
much improved in modified version and the
predictions agree well with test data as shown in Fig-
ure 5.
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3.1.2. Gravity Feed Test

Test run 33338 of gravity feed was selected for as-
sessment because the test represents the more re-
alistic reflood situation. The radial power distribution
was accounted for in calculation and the rod surface
temperature results from hot channel were presented
in Figure 6.

The prediction of surface temperature is reason-
able during the initial high reflood injection (~15
second). After the reduction of reflood rate, the test
data shows a slight increase in temperature while the
original code predicts continuous decrease and early
quenching. The deviations become greater in the
middle-to-upper elevation. This weakness of original
version is probably due to the incorrect woid
fraction and steam velocity in test section. Unlike the
forced reflood case, the liquid flow coming in the test
section depends on the small pressure difference be-
tween the downcomer and the test section. If there
are pressure spikes in calculation, these may affect
the liquid injection welocity greatly. Figure 7 shows
the calculation pressure spikes at test section inlet.
With the help of wall vaporization smoothing in the

modified wversion, these pressure spikes were
diminished after the deduction of reflood rate. This
contributes to the reduction of flow oscillation in test
section and the correct prediction in rod surface tem-
perature. The quenching behavior of surface tem-
perature were also predicted well in the modified

version due to the quenching temperature model.

3.2. Application of LBLOCA Analysis for Kori 3&4

Double ended cold leg break analysis for Kori 3 &
4 was performed using the modified version to verify
the code predictability for overall LBLOCA phenom-
ena. Results of peak clad temperature at midplane of
core are presented in Figure 8 and compared with
the original version of RELAP5. As shown in the fig-
ure, there is no change during the blowdown period
because only the models related to reflood phenom-
ena have been improved in modified version. During
the reflood phase, the turm-around time of cladding
temperature occurs too early in original version due
to mainly the strong flow oscillations, while the

1200,

Clad Temperature (K)

Experiment

X
Original

——
Modified

Time (sec)

100 150 200

Fig. 6. Cladding Temperature Behavior at 96 in Core Elevation(FLECHT 33338)
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quenching of core does not occur due to the lack of

Pressure (Kpa)

Hot Spot Clad Temperature (K)
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4. Conclusion

quenching temperature model. In modified version,
these deficiencies were corrected and predicted PCT Assessment of original RELAP5/MOD3.1 code

behavior was considered as reasonable.

against the FLECHT SEASET series of experiments
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has identified some weakness of reflood model. The
quenching of low reflood rate cases was delayed due
to the lack of quenching temperature model and the
shortcoming of Chen transition boiling model. Incor-
rect prediction of axial void profile and vapor cooling
in dispersed flow resulted in increased cooling at the
upper elevation. This was investigated to be caused
by the incorrect prediction of droplet size and
interfacial heat transfer. High pressure spikes during
the reflood calculation resulted in the high steam
flow oscillation and liquid camryover.

An effort had been made to improwve the code
with respect to the above weakness, and the necess-
ary model for wall heat transfer package and numeri-
cal scheme had been modified. The weaknesses of
RELAP5/MOD3.1 were much improved in modified
version. The prediction of void profile and cladding
temperature agreed better with test data. These
improvements are more dramatic for gravity feed
test. In the application of plant LBLOCA analysis, it
can be concluded that the predictability of modified
version for whole thermal hydraulic behavior was
reasonable and suitable for use as best estimate code
for LBLOCA
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