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ABSTRACT

The effects of spacer grid model of TRACE V5.0 patch 4 were assessed for the Full-Length
Emergency Core Heat Transfer Separate Effects and Systems Effects Tests (FLECHT-SEASET)
that were the typical reflood heat transfer tests. The FLECHT-SEASET test section was modeled
in the VESSEL component of TRACE and the 161 heated rods in 17x17 assemblies were
modeled as a single HTSTR component. The injected flow rates and temperatures were provided
as a function of time by a FILL component connecting to the bottom of the lower plenum. The
BREAK component was used to set the pressure boundary at the top of the test section. The
main parameters of the spacer grid were defined by the experimental design data and eight egg-
crate grids were modeled in the VESSEL component of TRACE. The calculations for eight tests of
FLECHT-SEASET revealed that when the spacer grid model was used, the rod temperatures
decreased and the rods were quenched at an earlier time in most other tests. In addition, as the
reflood rate increased, the lower peak rod temperature and the earlier quenching time were
predicted. When the test pressure was lower, the higher rod temperature and the later rod
guenching were predicted since the liquid approached a relatively lower saturation temperature
faster. When the subcooling degree was higher, the reduced degree of quenching time due to the
spacer grid was further decreased because the higher subcooling degree enhanced the heat
transfer rate. Sensitivity studies were performed to identify the effect of the grid locations and the
difference from the spacer grid model of RELAPS. In this study, the effect of the spacer grid model
in TRACE is shown well to simulate the FLECHT-SEASET reflood heat transfer tests. However,
since the droplet breakup and the grid rewetting models were not fully implemented yet, there
were some limitations in quantitatively predicting their effects. The comparison with the RELAP5
revealed that the current RELAPS version had some errors in implementing the spacer grid
model, and the effect of the spacer grid of TRACE could have been over-estimated for the rod
temperature behaviors as compared with RELAPS.
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EXECUTIVE SUMMARY

TRACE implemented spacer grid models in 2010 that enhanced the heattransfer downstream of
spacer grids, but a systematic assessment of those models has not been performed for various post-
CHF heat transfer tests such as FLECHT-SEASET, THTF, etc. In particular, the FLECHT-SEASET
tests are considered representative reflood experiments because the facility is relatively large and well
instrumented. In this study, the spacer grid model of TRACE was evaluated for the FLECHT-SEASET
test by the TRACE V5.0 patch4.

The Full-Length Emergency Core Heat Transfer Separate Effects and Systems Effects Tests
(FLECHT-SEASET) was conducted to identify the thermal hydraulic phenomena of forced and gravity
reflooding in a 161-rod bundle without flow blockage. The FLECHT-SEASET test section was
modeled in the VESSEL component of TRACE. The test section was divided into 16 axial nodes: one
node for the lower plenum, fourteen nodes for the heated section and one node for the upper plenum,
and there were two cells between each gird. The 161 heated rods in 17x17 assemblies were modeled
as a single HTSTR component. The injected flow rates and temperatures were provided as a function
of time by the FILL component, which was connected to the bottom of the lower plenum. The BREAK
component was used to set the pressure boundary at the top of the test section. Eight egg-crate grids
without a mixing vane were located in the bottom of every other node. The grid parameters were
determined by the experimental design data and the general fuel data.

Eight tests were selected for analyses, and tests covered a range of the flooding rate from 2.10
cm/secto 15.50 cm/sec, the subcooling temperature from 5 °C to 79 °C and the upper plenum
pressure from 0.13 MPa to 0.41 MPa. The initial rod power at the peak location was 2.3 kW/m (0.7
kW/ft) in all the tests. As would be expected, the rod temperatures decreased and the rods were
guenched at an earlier time in mosttests if the spacer grid modelwas used. In addition, as the reflood
rate increased, a lower peak rod temperature and earlier quenching time were predicted. In tests with
a high reflood rate, the change in the peak temperature due to the spacer grid was not large, which
resulted from a short heat up period and a fasterincreasein the liquid level by the high reflooding rate.
As the test pressure decreased, a higherrod temperature and later rod quenching were predicted
since the liquid approached the relatively lower saturation temperature faster. The use of the spacer
grid model at a lower pressure showed relatively bigger differences for rod temperature, but not for
quenching time. With a higher subcooling degree, the decreased amount of quenching time due to the
spacer grid also reduced because the high subcooling degree enhanced the heattransfer rate.

Sensitivity studies were performed to identify the effect of the grid locations and the difference from the
spacer grid model of RELAPS. When the locations of spacer grids were changed to the top of every
other node, the rod temperature was higher and the rod quenching was delayed at a high power than
in the case in which the spacer grids were located in the bottom of the node. It would be more
reasonable to predict the experimental data, which would have more conservative results. The
RELAPS5 code currently implemented the KNF reflood modeland the spacer grid model. This spacer
grid model considered three sub-models: single-phase heat transfer enhancement, grid rewet, and
droplet breakup. However, the current RELAP5 version (Version 3.3jz~3.3kl) may have some errors in
implementing the KNF reflood and spacer grid model. It may be because there are some problems
with using the KNF reflood model (Option40) and the spacer grid input (43000000 cards). Therefore,
the developmental version of KNF was used to identify the effect of sub-models, and then the droplet
breakup model had the biggest effect on the rod temperatures among the three models. The effect of
the droplet breakup model was more significant at the higher elevation since the droplet velocity and
the number of entrained droplets could be larger at the higher elevation. When the RELAPS results
were compared with the TRACE results, the effect of the spacer grid model in TRACE was more
significant even though the single-phase heattransfer enhancement was only implemented in
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TRACE. These results may be due to the modeling characteristics and the use of the laminar
enhancement factorin TRACE. The convective heat transfer enhancement may be excessively large
if the laminar enhancement factor is large.

In conclusion, the effect of the spacer grid modelin TRACE was shown well to simulate the FLECHT-
SEASET reflood heat transfer experiments. However, there were some limitations in quantitatively
predicting the effect of the droplet breakup and the grid rewetting models. The comparison with the
RELAPS5 revealed thatthe current RELAP5 version had some errors in implementing the spacer grid
model, and the effect of the spacer grid of TRACE may have been over-predicted for the rod
temperature behaviors as compared to RELAPS. Therefore, in future studies the current RELAPS
needs to be modified to cormrect the errors for the spacer grid model and the TRACE code should be
improved to implement the droplet breakup and the grid rewetting models.
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1 INTRODUCTION

Aspacer gridis generally installed in most commercial pressurized light water reactor (PWR) fuel
assemblies. The spacer grid was developed by evaluating, among other things, the fuel rod vibration
performance, the freting wear resistance, the heat transfer enhancement, and the pressure drop
characteristics. In particular, the spacer grid caninfluence the analysis for a large break loss of coolant
accident (LOCA), is the most severe accident of a PWR because it affects the thermal-hydraulics in
the core during the blowdown and reflood phases. After initiating a large break in the cold legs, the
two-phase mixture formed by the flashing flows through the core and discharges into the break. The
reflood phase typically starts by increasing the subcooled water from the bottom of the core. Large
amounts of steam are generated by interacting between the subcooled water and hot fuels. This
steam increases the core pressure and then hinders the reflooding of water. Various heat transfer
regimes such as single-phase vapor convection, nucleate boiling, transition boiling, and film boiling
also appears during this phase [1]. Therefore, the spacer grid can affect the heat transfer mechanism
of the core during these phases. However, the effect of the spacer grid has not been evaluated
properly in various accident analyses, and it has just been considered by adding the loss coefficient at
the location of spacer grid.

The spacer grid was originally designed to maintain a geometrical configuration of the fuel bundles
and support fuel rods laterally and vertically. However, the spacer grids affected the fluid dynamics and
the heat transferin the core. The spacer grids can create an obstacle to the fluid flow in the core and
then increase the overall pressure losses. The spacer grids canalso decrease the flow area by
contracting and accelerating the flow, and the mixing vanes of the spacer grid typically promotes
turbulence and induces a strong swirling flow in the core, which increases the local heat transfer
downstream of the spacer grid. In addition, if the spacer grids are quenched, their surfaces are
covered with liquid film and provide an additional interface area between liquid and vapor. Finally, the
spacer grids can also break up the entrained droplets into smaller droplets and therefore the
downstream vapor temperature decreases due to the enhancement of the evaporative heat transfer of
the smallerdroplets.

The TRACE code is a themrmal-hydraulic system code and was developed by USNRC for a realistic
analysis of themrmal-hydraulics transients in pressurized water reactors [2]. TRACE implemented the
spacer grid model in December 2010 [3]. The spacer grid models in TRACE consists of the single-
phase convective enhancement model, the pressure loss model, the droplet breakup model, and the
spacer grid rewet model, but the droplet breakup model and the grid re-wetting model have not been
fully implementedin the current TRACE. The systematic assessment of those models has not been
performed sufficiently with various post-CHF heat transfer tests, such as FLECHT-SEASET, THTF,
etc., though the effect of the spacer grid of TRACE was recently evaluated for RBHT [4xx]. In
particular, the FLECHT-SEASET tests have been considered as representative reflood experiments
because the facility is relatively large and wellinstrumented [5].

In this study, calculations using TRACE V5.0 patch4 code [2] released in April 2014 and a comparison
with experimental data were performed for FLECHT-SEASET reflood heat transfer tests to assess the
effect of the spacer grid model of the TRACE code. Some tests were also evaluated using RELAP5S
code with the spacer grid model and their results were compared to those of TRACE.

Abrief description for FLECHT-SEASET facility and the spacer grid models of TRACE is made in
Chapter 2. The comparative assessment of the TRACE spacer grid model against eight FLECHT-
SEASET tests is described in Chapter 3. Chapter 4 describes the results for the sensitivity analysis,
such as the effect of the grid location and the comparison to the RELAPS. Finally, the conclusions of
this study are providedin Chapter 5.






2 TEST FACILITY AND MODEL DESCRIPTION

2.1 Description of the FLECHT-SEASET Experiment

The Full-Length Emergency Core Heat Transfer Separate Effects and Systems Effects Tests
(FLECHT-SEASET) was constructed and conducted to identify the thermal hydraulic of forced and
gravity reflooding in a 161-rod bundie without flow blockage [5]. The FLECHT-SEASET tests was a
large and relatively well instrumented reflood experiments. This test facility was modified from the
FLECHT facility to apply a new heater rod bundle of which dimensions were typical of the
Westinghouse 17x17 fuel bundle.

Figure 2-1 showed the FLECHT-SEASET test facility schematic. It comprised a cylindrical test section,
a coolant accumulator, an entrained liquid separation tank, an extemal pipe downcomer for the gravity
reflood tests, a steam boiler for back-pressure regulation, and the required piping and valves. The low
mass housing was designed to minimize the wall effects so that the rods one row or more away from
the housing wall [6]. Three hosing windows were installedat 0.91, 1.83, and 2.74 m elevations. A
cross section of the test bundle was shown in Figure 2-2. The bundle contained 177 heater rods which
consisted of 161 heater rods (93 noninstrumented and 68 instrumented), 16 thimbles, and 12 steam
probes [7]. The 177 heater rods were placedin a cylinder of 0.194 m diameter and the heated length
was 3.66 m (12 ft). There were also 8 salid triangular fillers and 8 grids in the test bundle. The
triangular fillers were welded to the grids to maintain the proper grid location and decreased the
amount of flow areafrom 9.3%to0 4.7%.

The fuel rods were simulated with electrically heated rods with a Kanthal heater coil imbedded in
boron nitride encased with stainless steel cladding. The outside diameter of heater rodis 9.5 mm
(0.374 inch). The heater rod had the wall thickness of 0.64 mm (0.025 inch) and the heated length of
3.66 m (12 ft) and the pitch of 12.6 mm (0.496 inch). The fuel bundle has 8 spacer grids whichwas the
egg-crate type without the mixing vane. The grid locations were similar to a 17x17 PWR fuel
assembly. The blockage ratio of the spacer grids was estimated to be 0.29. The axial power profile in
the heater rod was considered as the cosine curve witha power peak-to-average ratio of 1.66 and the
radial power profile was assumed as uniform.

To determine the experimental conditions, the reflood phase following a LOCA transient was evaluated
to start approximately 30 seconds after a hypothetical break. By referring the reflood transient fora
standard Westinghouse 17x17 four-loop, the reference test conditions were followed: initial clad
temperature (871 °C), peak power (2.4 kW/m), upper plenum pressure (0.28 MPa), Injection rate with
lower plenum initially full (25 mm/sec), coolant subcooling (78 °C).

For the reflood experiments, the test bundle was pre-heated to the desired pressure and temperature
with dry steam, and then cooling water was delivered to the lower plenum of the bundle by a gas-
charged accumulator for the forced reflood tests to quench the rods, simulating the reflood process.
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2.1.1 Spacer Grid Model in TRACE

There are the spacer grids in most fuel assembly. The functions of the spacer grid are to supportfuel
rods vertically and laterally, to maintain the space between rods and to enhance the flow mixing. In the
thermal-hydraulic aspect, the spacer grid could provide flow obstacles in a core channel and then
influence the heat transfer mechanism in a core. First, the spacer grid reduces the flow area and then
the flow acceleration occurs at the location of a spacer grid. This could promote the local convective
heat transfer. Second, the spacer grids can be quenched before the fuel rod during a reflood and it
may increase the interfacial area between liquid and vapor. Third, the spacer grids can break the
entrained droplets into smaller ones and this can increase the interfacial heat transfer to the vapor
phase.

Currently, there are 4 sub-models in TRACE, which are for the convective heattransfer enhancement,
the pressure drop, the droplet breakup and the grid re-wetting, respectively. In this chapter, 4 sub-
models would be described shortly by referring the TRACE theory manual [3].

2.1.1.1 Convective heat transfer enhancement

The Yao, Hochreiter and Leech model [8] was applied in TRACE and it can be used in both egg-crate
grids and mixing vane grids. This model consists of two parts; 1) the heat transfer enhancementdue
to the acceleration of the flow and the increased turbulence due to the spacer grid, and 2) the effects
of mixing vanes:

Nu

Nug -

x _ x 104
[1 + 5.55ﬁ2e‘°'13ﬂ] [1 + a?(tang)2e °'°3‘”D_H] )

Part1 Part 2

where Nu is the local Nusselt number at the wall with the grid spacer, Nu,, is the local Nusselt number
at the wall without the spacer grid, 5 represents the spacer grid flow blockage area ratio as viewed
from upstream, x is the axial distance from the downstream edge of the spacer, and D is the
hydraulic diameter of the flow channel, a is the mixing vane flow blockage area ratio when viewed
from upstream, and @ is the angle of the vane with respect to the axial direction.

As shown in Eq. (1), this model depends on the spacer grid blockage ration, the mixing vane blockage
ration, and the mixing vane angle. Also, in order to consider the increased enhancement effects for
high void fraction, laminar flows, a laminar enhancement factor, F was introduced into this model as
shown in TRACE theory manual [3].

2.1.1.2 Pressurelosses

In order to consider the pressure drop due to the spacer grids, TRACE adopted the Yao, Loftus and
Hochreiter [9]model. Theloss coefficient for this model was improved by the Rehme[10] and the 40%
increase of the loss factor was also applied to account for the sharp leading edge.

Apgria = Kgria5V?, Kgria = 14 Cy(B + ) )

196Re;%33,10% < Re < 10*
where, Cy ={ 41Re;01¢,10* < Re < 10° .
6.5,10° < Re



2.1.1.3 Droplet breakup

In the dispersed droplets flow, the droplet can splitapart by the spacer gird strap. The droplet breakup
model in TRACE is based on the study which was conducted by Yao, Hochreiter and Cai [11]. The
shattered smalldropletratio could be represented as a function of the droplet Weber number and the
ration of the Sauter mean diameterto the initial diameter. If the Weber numberis greater than 250, the
droplets don’thave sufficient surface tension force to overcome the impact with the spacer grid straps
and the droplet breakup is possible [3]. The droplet mass flow rate in the downstream cell is followed:

Mmall = 0-6(B + a)mw mlarge =My — Msman (3)

The diameters of the shattered droplets and the remained large droplets are given as:
Dsman = 6-16W650'53D0, Diarge = Do (4)

_ piDaVg

where We,; = —
d

is the droplet Weber number.

This model is subject to the completion of droplet field equation since droplets shattered from a large
group are taken as source and sink terms in the downstream axial cell. However, the droplet breakup
model is not cumrently activated in TRACE and it has been waitting the full implementation of the
droplet field.

2.1.1.4 Grid re-wetting

During reflood conditions, the spacer grid with no intemal heat generation could fall below the
minimum film boiling temperature before the fuel rods. Therefore, the liquid film formed on a spacer
grid increases the localiinterfacial area for heattransfer and then it can result in significant de-
superheating of the vapor. In TRACE, the maodified radiation model of Paik, Hochreiter, Kelly, and
Kohrt [12] was used after several simplifications. This model is about the heat transfer between fuel
rods, a spacer grid, and the continuous vapor phase. The heat balance equation for the spacer gridis
given as:

aTsp WPgrid " "
Psp CP? = Agrid (qrad - Clconv) (5)

The detailed description for this model would refer to TRACE manual [3]. According to this model, the
spacer grid temperature was calculated by the spacer grid surface areais obtained as the spacer grid
height times the grid wetted perimeter multiplied by two to account for both sides of the spacer grid
straps.

However, in current TRACE, the spacer grid re-wetting model is only implemented to calculate the
transient spacer grid temperatures and add the spacer grid surface area to the wallFilmArea variable if
the spacer grid is quenched. Further work for a critical film thickness will be required for determining
the film Nusselt number from which the film interfacial heat transfer coefficientis calculated.






3 EVALUATION OF THE SPACER GRID MODEL FOR
FLECHT-SEASET REFLOOD TESTS

In general, when the spacer grid is considered, the flow area is reduced and the convective heat
transfer is promoted due to the flow acceleration and the turbulence increases. This is shownin both
egg-crate style spacer grids and mixing vane grids. Also, the mixing vane increases the convective
heat transfer additionally in the case of mixing vane grids. In this section, the effect of spacer grid
model of TRACE was performed on FLECHT-SEASET (Full-Length Emergency Core Heat Transfer —
Separate Effects And System Effect Test) reflood tests [7]. The tests comprised of forced and gravity
reflood tests to simulate the nuclear fuel arrays of PWR, which was similar to Westinghouse 17x17
assemblies. Especially, the tests were the important data sources to predict the characteristics of
reflood phase for large-break (LB) loss-of-coolant accidents (LOCAs) since some tests were
conducted at temperatures exceeding the requirement limit (2200 °F). The testfacility consisted of the
cylindrical test section with a lower plenum, the heater rod bundle and the upper plenum, the cooling
water injection system, the entrained water separation tank and the carry-over liquid collection tank as
shown in Figure 2-1. This facility has a heated length of 3.66 m (12.0 ft) of typical pressurized water
reactor (PWR) fuel assembly. The test section consisted of a 17x17 rod bundle with 161 heated
electrical rods and 16 thimble rods. The 68 rods of the 161 heater rods were instrumented and the
total power was about 850 KW. The bundle comprised of 8 spacer grids, 12 steam probes and 8 solid
triangular fillers which were used to reduce the flow area near the housing wall. The electrical rods
have a diameter of 9.5 mm and the wall thickness of 0.64 mm and are arranged in a 17x17 array with
a 12.6 mm pitch. Eightforced reflood tests in the TRACE assessment manual [6] were selected to
evaluate the effect of spacer grid model of TRACE.

3.1 TRACE Modeling

The FLECHT-SEASET facility was modeled by TRACE to simulate the forced reflood tests. The test
facility was made as five components of TRACE to simplify the water injection system and the carry-
over liquid collectiontank. The FLECHT-SEASET testsection was modeledin Vessel and HTSTR
components of TRACE as shown in Figure 3-1. TRACE modeling was almost same as that of the
previous study [6] beside of some corrections. The Vessel was divided into 16 axial nodes; one node
for lower plenum, fourteen nodes for heated section and one node for upper plenum and there were
two cells between each gird. As in the TRACE assessment manual [6], the bottom of spacer gridwas
located in the bottom of corresponding cell. Two PIPE components were modeled as the lower- and
the upper- plenum respectively. The 161 heated rods in 17x17 assemblies were modeled as a single
heat structure (HTSTR Component 6) while the bundle housing wall was modeled as another heat
structure (HTSTR Component 7). The heated length of heater rod was a 3.66 m with a cosine axial
power profile as shownin Figure 3-2 and the radial power distribution was uniform. The rod power was
designed to represent the decay heat prescribed by 10CFR part 50 Appendix K [13] from 30 sec
following LBLOCA, which the transient power was 1.2 times to ANS 71 model.

The heater rod was modeled with 7 radial cells and the material properties of the previous study [6]
were also used in this calculation. The injected flow rates and temperatures was provided as a
function of time by FILL component connecting to the bottom of the lower plenum. The BREAK
component was used to set the pressure boundary at the top of the test section.

For the spacer grid, the grid is the egg-crate type without the mixing vane. Eight spacer grids were
installed along 3.6 m heated length in FLECHT-SEASET. The grid straps made by Inconel 718 alloy
sheets which are 0.38 mm (0.015 in) thick and are 45.0mm (1.75 in) in height. Each grid span has
two equal distance nodes (~ 10 inch or 10.5 inch) as shown in Figure 3-1. Thus, the grid was located



in the bottom of every other node. Thefirst grid is located 0.57 m (22.25 in) above the test section,
which is just underthe heated section. Actually, the grid locations were similarto a 17x17 PWR fuel
assembly. In order to model the spacer grid, the experimental design data[5, 7] and the general fuel
data were considered to determine some parameters. The spacer grid for TRACE was modeled as
follows;

*n: Grid- egg-crate style

* gridid

101

spbloc vnbloc phi wetperm
029 00 00 11.8

* height strthick spmatid
0.045 3.8.0E-4 10

Meaning of the grid parameters

- gridid : Grid number ID

- spbloc : Spacer grid flow blockage area ratio

- vnbloc : Mixing vane flow blockage area ratio

- phi: Mixing vane angle measured from parallel with the top of the spacer grid to the mixing
vane

- wetperim : Spacer grid wetted perimeter

- height : Spacer grid axial height

- strthick : Grid strap thickness of modeled spacer grid (0.015 inch)

- spmatid : Grid material ID

10
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3.2 Evaluation for Spacer Grid Model

As mentioned before, eight tests were chosen for this calculation as shown in Table 3-1. Tests were
covering a range of flooding rate from 2.10 cm/sec to 15.50 cm/sec, subcooling temperature from 5 °C
to 79 °C and upper plenum pressure from 0.13 MPa to 0.41 MPa. The initial rod power at the peak
location is 2.3 KW/m (0.7 KW/ft)in all tests. The test conditions in Table 3-1 were nominal values. The
actual values in tests changed with time and then the actual inlet flow rates, temperatures and the
upper plenum pressures were used as input with a function of time. Also, the rod power was
considered as a function of time that it was reduced with time like the decay heat formula in the
Appendix K.

As the general reflood test, the test bundle was pre-heated up to the predetermined pressure and
temperature with dry steam. After that, the cooling water was injected to the lower plenum of the test
bundle in order to quench the rods.

The instrumentations of the FLECHT-SEASET Facility were very extensive, including 205 heater rod
thermocouples, 12 differential pressure transmitters positioned 0.3048 m (1 ft.) apart along the axial
direction of the heated section, 12 steam probes, and inletand outlet flow meters. TRACE simulations
in the assessment manual [6] showed the results for rod cladding temperatures, VVapor temperatures,
heat transfer coefficients, quench profile, differential pressures and void fraction during a reflood test.
In this study, the results for showing the effects of spacer grid well were given for tests as follows;

Table 3-1 Test Matrix for TRACE Evaluation

Run No. Subcooling Temp.
cm/s (in/sec) MPa (psia) °C (°F) °C (°F)
1 31805 2.10(0.81) 51 (124) 79 (143)
2 31504 2.40(0.97) 51 (124) 79 (143)
3 31203 3.84 (1.51) 0.28 (40) 52 (126) 78 (141)
4 31302 7.65 (3.01) 52 (126) (;ng) 78 (141)
5 31701 15.5 (6.10) 53 (127) 77 (140)
6 31108 7.90 (3.11) 0.13 (19) 33 (91) 74 (134)
7 32013 2.64 (1.04) 0.41 (60) 66 (150) 79 (143)
8 32114 | 2.5-3.1(1.0-1.22) 0.28 (40) 125 (257) 5(10)
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1) Run No. 31805

Run No. 31805 was a testwith a flooding rate of 2.1 cm/sec at 0.28 MPa and 79 oC inlet subcooling
temperature as shown in Table 3-1. However, as described previously, the actual input conditions
changed largely with time and showed the big oscillations. Therefore, the inlet flowrate and
temperature were considered as time-dependent variables as shown in Figures 3.3 ~ 3.4. Most initial
conditions in the TRACE assessment manual [6] were applied in this study.

The rod temperatures at various elevations are shown in Figure 3-5 through Figure 3-12. These
figures showed wellthe process that the rod was heating up by the initiation of reflood, tuming to
reduce during the reflood, and finally quenching. In the calculation without the spacer grid model, the
predicted peak temperatures agreed reasonably with the experimental data at low elevations (z< 2.4
m), but showed over predicted results at higher elevations (3.0 m ~ 3.3 m). The maximum peak clad
temperature was shown at elevationz=1.98 m (6.5 ft). At low elevations (z< 1.2 m), the quenching
time showed a good agreement with the data, but under predicted at higher elevations. For low
reflooding rates such as Run No. 31805, the dominant flow regime was a highly dispersed flow flim-
boiling region in which the heat transfer rates were very low. Therefore, the peak clad temperature
usually occurred in this region and the maximum peak clad temperature at elevation z=1.98 m had the
highest value as compared to following 4 tests. In the spacer grid model of TRACE, Only two models
for the convective enhancement and pressure loss models were currently implemented to perform the
rod temperature. The droplet breakup and grid rewet models were not fully implemented in TRACE.
When the spacer grid model was applied, the effect of mixing vane was not considered since the egg-
crate spacer grid was installed in the FLECHT-SEASET. Therefore, the convective Nusselt number
was enhanced due to the flow acceleration and the turbulence increase for a spacer grid without the
mixing vane. As would be expected, the lower rod temperatures and earlier rod quenches were
predicted in the case with a spacer grid model. During a heat up period, the effect of the spacer grid
model did not show at lower elevations (z < 2.4 m), but the earlier rise of rod temperature was
predicted at higher elevations. Those predictions for the spacer grid would come from the relatively
high vapor temperature due to the promotion of heat transfer from lower elevations. The turnings of
rod temperature to reduce were estimated earlier than those withoutthe spacer grid at all elevations
since the spacer grid enhanced the increase of collapsed water level and heat transfer. The peak
temperatures with the spacer grid model had the lower values at low elevations (z< 3.0 m)and under
predicted the experimental data in comparison with those without the spacer grid model, while the
peak temperature with the spacer grid model had the higher value at z = 3.3 elevation as shown in
Figure 3-11. This might be resulted from the earlier rise of rod temperature during a heat up region.
The maximum peak clad temperature at z=1.98 m was reduced in case with the spacer grid model.
From a previous study [14], the droplet break model among sub-models for the spacer grid would
have the largest effect to the rod temperature. Since the droplet break model could influence largely
the rod quenching downstream of grid, the full implementation of spacer grid model could predictthe
lower temperatures at high elevations. At elevation z=1.98 with the maximum peak cladding
temperature, the decreasing temperature was ~ 57.0 K and the reduction of quenching time was ~ 32
sec due to the spacer grid model. These values would seem to be the significantamount and were the
largest values in tests of Table 3-1. This test have the lowest reflood rate in top 5 tests of Table 3-1and
the effect of the spacer grid model was most dominant.

As shown in Figure 3-13, the quench front without the spacer grid model showed a good agreement
with data at all elevations. The steep rise at high elevations might be due to the de-entrainment of
liquid from the upper part above the heated section. If the spacer grid model was applied, the quench
front was increasing slightly faster than that without the spacer grid model as the elevation was higher.
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The differential pressure (DP) for entire 12 ft was plotted in Figure 3-14 and the differential pressure
between 11 ft and 12 ft was shown in Figure 3-15. The growth of DP for entire test section was related
to the collapsed liquid level and the DP increased gradually with the injected water. The DP for entire
12 feet showed a reasonable prediction with the trend of data, butit showed the slight over-estimation
of the experimental data. It would be considered to the behaviors of the rod temperature and the
quench front. If the spacer grid model was applied, the DP for entire 12 feet was growing slightly faster
than that without the spacer grid model as shown in Figure 3-14. As shownwell in Figure 3-15, the DP
between 11 ft and 12 ft was increased at elevation with the spacer grid and the pressure drop in the
spacer grid model was predicted well.

The vapor temperatures at two elevations 1.8 m and 3.0 m were shown in Figures 3.16 and 3.17,
respectively.As described in the rod temperature, the vapor temperature at higher elevation 3.0 m was
over predicted at the initial heat up period and it would result in the earlier increase of the rod
temperature up to its turn-over time. The calculation with the spacer grid model showed the slightly
higher vapor temperature during the heat up and the faster quenching due to the enhancement of
heat transfer.

The heat transfer coefficients (HTCs) at several elevations is in Figure 3-18 through Figure 3-20.
Usually, as the rod was quenched, the heat transfer coefficient was increased suddenly. As shown in
Figures, the HTC was reducing or stagnant during the rod heat up and the rod during the reflood
phase cooled by the steam cooling and/or water droplets and the HTC increased gradually. TRACE
seems to not predict the HTC decrease during the rod heat up beside of the result at elevation 3.0 m.
The average HTC during the reflood predicted roughly the data, but the faster rise of HTC was
predicted with the data due to the earlier turn-over of the rod temperature. TRACE predicted a sharp
increase of HTC much earlier than experimental data since the rod quenching occurred too early.
When the spacer grid model was applied, the steep increase of HTC was expedited since the earlier
rod quench occurred due to the growth of convective heat transfer.
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Figure 3-3 Liquid Inlet Flowrate — Run No.31805
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Figure 3-4 Liquid Inlet Temperature — Run No.31805
TRACE Calc. of FS Test 31805
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Figure 3-5 Heater Rod Temperature at 0.6 m— Run No.31805
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Figure 3-6 Heater Rod Temperature at 1.2 m - Run No.31805
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Figure 3-7 Heater Rod Temperature at 1.8 m— Run No.31805
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Figure 3-8 Heater Rod Temperature at 1.98 m— Run No.31805
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Figure 3-9 Heater Rod Temperature at 2.4 m - Run No.31805
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Figure 3-10 Heater Rod Temperature at 3.0 m— Run No.31805
TRACE Calc. of FS Test 31805
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Figure 3-11 Heater Rod Temperature at 3.3 m—- Run No.31805
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Figure 3-12 Heater Rod Temperature at 3.5 m— Run No.31805
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Figure 3-13 Quench Front Profile - Run No.31805
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Figure 3-14 Differential Pressure for Entire 12 ft — Run No.31805

TRACE Calc. of FS Test 31805

Differential Pressure at 10-11 ft. Elevation

2 T T T T T T T T T T T T T T T T T T ‘ T T T T T T T T T ‘ T T T T T T T T T I T T T T T T  § T
oo TRACE ch554

- data BU-10-11
=a TRACE with grid

1.75

1.5

o b b b b b b e

oo b v b v v b e BT

0] 200 400 600 800 1000
Time (sec)

Figure 3-15 Differential Pressure at 10~11 ft Elevation — Run No.31805
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Figure 3-16 Vapor Temperature at 1.8 m - Run No.31805
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Figure 3-17 Vapor Temperature at 3.0 m—- Run No.31805

22

1000



ZAGC)

HTC (Watts/m

HTC (Watts/m’-°C)

TRACE Calc. of FS Test 31805
HTC at 6.5ft from Heated Bottom
400 T T T T T T T T T T T T T T T T T TT ¥ T T T T T T T T ‘ T T T T T T T T T I T T T :}] T T | T T

oo TRACE cb313

350 i - data avg. HTC at 6.5ft .
: -- data min. HTC at 6.5ft 3
300 i - data max. HTC at 6.5ft -
i =a TRACE with grid 1
250 i T -
200 S
150 Ej ,:
100 : .
50 i -
of = -
_SO : L | T | L L1 ‘ 111 L | I 1 ‘ 1 L1l | T | 1 ‘ | I N I [ | 1 L1 I L 1 L i; | M el | :
0 200 400 600 800 1000
Time (sec)

Figure 3-18 Heat Transfer Coefficient at 1.98 m— Run No.31805
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Figure 3-19 Heat Transfer Coefficient at 2.4 m — Run No.31805
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Figure 3-20 Heat Transfer Coefficient at 3.0 m — Run No.31805
3.2.1.1 Run No. 31504

Run No. 31504 was a testwith a flooding rate of 2.4 cm/sec at 0.28 MPa and 79 oC inlet subcooling
temperature as shown in Table 3-1. This was the same as Run No. 31805, except for an increase of a
flooding rate. However, as described previously, the actual input conditions changed largely with time
and showed the big oscillations. Therefore, the inlet flowrate and temperature were considered as
time-dependent variables as shown in Figures 3.21 ~ 3.22. Mostinitial conditions in the TRACE
assessmentmanual [6] were applied in this study.

Figure 3-23 through Figure 3-30 represent the rod temperatures at various elevations. These figures
showed well the processes such as the heat up, turn-over of rod temperature during a refloodand a
final quenching as in Run No. 31805. In the calculation without the spacer grid model, the peak
temperatures were fairly predicted with the experimental data at low elevations (z < 2.4 m), but were
over predicted at higher elevations (3.0 m ~ 3.3 m). The maximum peak clad temperature was shown
at elevation z=1.98 m (6.5 ft) and decreased due to relatively higher reflood rate. The quenching times
were reasonably agreed with the data beside of higher elevations (z > 3.3 m) and it showed the better
results by the higher reflood rate compared to Run No. 31805. When the spacer model was applied,
the rod temperatures were reduced and the quenching time was expedited at most elevations. The
rod temperature and the quenching time showed the similar trend with RunNo. 31805. Duringa
heating up, the effect of the spacer grid model did not show at lower elevations (z < 2.4 m), but the rod
temperatures at higher elevations were increased faster than the case without the spacer grid model.
The turn-over time of rod temperature were estimated earlier than those without the spacer grid at all
elevations since the spacer grid enhanced the increase of collapsed water level. The peak
temperatures with the spacer grid model had the lower values at low elevations (z<3.0m)in
comparison with those without the spacer grid model, while the peak temperature with the spacer grid
model was similar to thatat z = 3.3 elevation as shown in Figure 3-29. In the case with the spacer grid
model, the decreasing temperature was ~ 10.8 K and the reduction of quenching timewas ~ 9 sec
due to the spacer grid model at elevation z=1.98 with the maximum peak cladding temperature.
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As shown in Figure 3-31, the quench front without the spacer grid model showed a very good
agreement results at all elevations and this reflected well the quenching time of rod. With the spacer
grid model, the quench front was increasing slightly faster than that without the spacer grid model as
the elevation was higher.

The differential pressure (DP) for entire 12 ft was shown in Figure 3-32 and the differential pressure
between 11 ft and 12 ft was illustrated in Figure 3-33. Therise of DP for entire test section was related
to the collapsed liquid level and the DP increased gradually with the injected water. The DP for entire
12 feet showed the large over-prediction with the experimental data. It appeared that TRACE
predicted more water in the test section compared to the data. If the spacer grid model was applied,
the faster increase of DP for entire 12 feet was predicted which is similarto Run No. 31805.As shown
well in Figure 3-33, the DP between 11 ft and 12 ft rose at elevation with the spacer grid and the
pressure drop was predicted well. The plots after 600 sec should be ignored because the testis
finished at ~ 600 sec.

Figures 3.34 and 3.35represented the vaportemperatures at two elevations 1.8 mand 3.0 m,
respectively. The vaportemperature at higher elevation 3.0 m was largely over predicted at the initial
heat up period and it would result in the earlierincrease of the rod temperature during the heating up
and the earlier turn-over time. The calculation with the spacer grid model showed the higher vapor
temperature during the heat up and the faster quenching at high elevation.

The heat transfer coefficients (HTCs) at several elevations is shown in Figure 3-36 through Figure 3-
38. As shown in Figures, the HTC was reducing or stagnant during the rod heat up, but TRACE did
not predict well the experimental data for the heating up. However, the HTCs were fairly predicted
during the reflood phase and the time of steep increase of HTC was agreed well with the experimental
data, especially at elevation z = 2.4. This would correspond with the behaviors of rod temperature.
With the spacer grid model, the earlier sharp rise of HTC was predicted due to the earlier rod quench.
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Figure 3-21 Liquid Inlet Flowrate — Run No.31504
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Figure 3-22 Liquid Inlet Temperature — Run No.31504

TRACE Calc. of FS Test 31504

Rod Clad Temperatures at 2 ft. from Heated Bottom

LI — LA IR B R T T

T T[T T T T T T T T[T T[T T T o

| LA L, L, AL L L
e TRACE rftn-6A01R07@0.6096
- data 8N-024

- data 12F-024

- data 5H-024

=a TRACE with grid

b b b b B b b b b e Beea e

o
Y
o
o
N
o
o

300
Time (sec)

400 500 600 700

Figure 3-23 Heater Rod Temperature at 0.6 m— Run No.31504
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Figure 3-24 Heater Rod Temperature at 1.2 m— Run No.31504
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Figure 3-25 Heater Rod Temperature at 1.8 m - Run No.31504
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Figure 3-26 Heater Rod Temperature at 1.98 m— Run No.31504
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Figure 3-27 Heater Rod Temperature at 2.4 m - Run No.31504
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Figure 3-28 Heater Rod Temperature at 3.0 m— Run No.31504
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Figure 3-29 Heater Rod Temperature at 3.3 m - Run No.31504
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Figure 3-30 Heater Rod Temperature at 3.5 m— Run No.31504
TRACE Calc. of FS Test 31504
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Figure 3-31 Quench Front Profile — Run No.31504
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Figure 3-32 Differential Pressure for Entire 12 ft — Run No.31504
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Figure 3-33 Differential Pressure at 10~11 ft Elevation — Run No.31504
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Figure 3-34 Vapor Temperature at 1.8 m - Run No.31504
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Figure 3-35 Vapor Temperature at 3.0 m- Run No.31504
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Figure 3-36 Heat Transfer Coefficient at 1.98 m — Run No.31504
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Figure 3-37 Heat Transfer Coefficient at 2.4 m — Run No.31504
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Figure 3-38 Heat Transfer Coefficient at 3.0 m — Run No.31504
3.2.1.2 Run No. 31203

Run No. 31203 was a testwith a flooding rate of 3.84 cm/sec at 0.28 MPa and 78 oC inlet subcooling
temperature as shown in Table 3-1. This was the same as Run No. 31805, except for an increase of a
flooding rate. However, as described previously, the actual input conditions changed largely withtime
and showed the big oscillations. Therefore, the inlet flowrate and temperature were considered as
time-dependent variables as shown in Figures 3.39 ~ 3.40. Most initial conditions in the TRACE
assessmentmanual [6] were applied in this study.

The rod temperatures at various elevations were plotted in Figure 3-41 through Figure 3-48. These
figures showed wellthe processes such as the heatup, turn-over of rod temperature during a reflood
and a final quenching as in Run No. 31805. Without the spacer grid model, the peak temperatures
were predicted well with the data at low elevations (z < 2.4 m), but were over predicted at higher
elevations (z= 3.0 m ~ 3.3 m). Especially, TRACE also over predicted the peak temperatures atz =
3.5m, It was a differentresult with previous tests. The maximum peak clad temperature was shown at
elevation z=1.98 m (6.5 ft) and decreased as the reflood rate is higher. The turn-around times were
reasonably predicted well in all elevations. The quenching times were fairly agreed with the data at
lower elevations (z < 1.98 m). When the spacer model was applied, the rod temperatures were
decreased and the final quenching time was shortened at all elevations, as expected. The trends of
rod temperature and the quenching time were similar with Run No. 31805. During a heating up, the
effect of the spacer grid model was not significant at lower elevations (z < 3.0 m), but the earlier
increase of the rod temperatures was predicted at higher elevations in the case with the spacer grid
model. The turn-over time of rod temperature with the spacer grid model were expedited at all
elevations since the spacer grid enhanced the convective heat transfer. The peak temperatures with
the spacer grid model were lower than those without the spacer grid model at most elevations. In the
case with the spacer grid model, the decreasing temperature was ~ 5.9 K and the reduction of
quenching time was ~ 4 sec due to the spacer grid model at elevation z=1.98 with the maximum peak
cladding temperature.
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As shown in Figure 3-49, the quench front without the spacer grid model was predicted well for the
lower 80% elevations. In this test, the data showed a top quench which was probably from the liquid
de-entrainment above the active core, but TRACE did not predict this top quenching. The quench front
with the spacer grid model was rising faster than that without the model as the elevation was higher.

The differential pressure (DP) for entire 12 ft was plotted in Figure 3-50 and the differential pressure
between 11 ft and 12 ft was shown in Figure 3-51. The increase of DP for entire test section was
correspond with the collapsed liquid level and the DP increased with the injected water. The DP for
entire 12 feet showed the large over-prediction with the experimental data. TRACE predicted more
water inventoryin the testsection comparedto the data. If the spacer grid model was applied, the DP
for entire 12 feet was increased at slightly earlier time.As shown well in Figure 3-51, the DP between
11 ftand 12 ft rose at elevation with the spacer grid and the large pressure drop was predicted.

Figures 3.52 and 3.53 showed the vapor temperatures at two elevations 1.8 mand 3.0 m,
respectively. The vaportemperature at higher elevation 3.0 m was over estimated at the initial heating
up and it would result in the earlier increase of the rod temperature and the earlier turn-aroundtime. In
the case with the spacer grid model, the higher vapor temperature during the heat up and the faster
qguenching at high elevation were predicted.

Figure 3-54 through Figure 3-56 showed the heat transfer coefficients (HTCs) at several elevations.
The HTC was reducing or stagnant during the rod heat up, but TRACE under predicted the
experimental data for the heating up. During the reflood phase, the HTCs were over predicted and
increased faster than the experimental data and the time of increase of HTC was expedited at
elevations z 2 2.4. If the spacer grid model was applied, the earlier sharp rise of HTC was predicted
according to the earlier quenching.
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Figure 3-39 Liquid Inlet Flowrate — Run No.31203
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Figure 3-40 Liquid Inlet Temperature — Run No.31203
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Figure 3-41 Heater Rod Temperature at 0.6 m - Run No.31203
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Figure 3-42 Heater Rod Temperature at 1.2 m—- Run No.31203
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Figure 3-43 Heater Rod Temperature
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Figure 3-44 Heater Rod Temperature at 1.98 m— Run No.31203
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Figure 3-45 Heater Rod Temperature at 2.4 m- Run No.31203
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Figure 3-46 Heater Rod Temperature at 3.0 m— Run No.31203
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Figure 3-47 Heater Rod Temperature at 3.3 m—- Run No.31203
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Figure 3-48 Heater Rod Temperature at 3.5 m— Run No.31203
TRACE Calc. of FS Test 31203
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Figure 3-49 Quench Front Profile - Run No.31203

40



Differential Pressure (KPa)

TRACE Calc. of FS Test 31203

Differential Pressure for the Entire 12 ft. Core

L . L L L B L L ) B
oo TRACE cb561
- data BU-0-12

25 s-a TRACE with grid

20

15

10

Differential Pressure (KPa)

PR T T T S I TN N T T BT AN N S A A

Time (sec)

Figure 3-50 Differential Pressure for Entire 12 ft — Run No.31203
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Figure 3-51 Differential Pressure at 10~11 ft Elevation — Run No.31203
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TRACE Calc. of FS Test 31203

Vapor Temperatures at 6 ft. from Heated Bottom

LA L I I O L L I O A L N (LA L N

oo TRACE 6ft elevation cb151
2a data 6ft elevation SP10L-6
+v data 6ft elevation SP71-6

=a TRACE with grid

A S B eneicncei . 3
i L 2 [ ‘ L L1 ‘ 111 L | | I - 1 ‘ 1 L1l ‘ 11 1 1 ‘ | N | | 1 1 L1 I L 1 L1 I L M el | :
0 50 100 150 200 250 300 350 400 450 500

Time (sec)

Figure 3-52 Vapor Temperature at 1.8 m—- Run No.31203
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Figure 3-53 Vapor Temperature at 3.0 m- Run No.31203
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TRACE Calc. of FS Test 31203
HTC at 6.5ft from Heated Bottom
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Figure 3-54 Heat Transfer Coefficient at 1.98 m— Run No.31203
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Figure 3-55 Heat Transfer Coefficient at 2.4 m — Run No.31203
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TRACE Calc. of FS Test 31203
HTC at 10ft from Heated Bottom
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Figure 3-56 Heat Transfer Coefficient at 3.0 m— Run No.31203
3.2.1.3 Run No. 31302

Run No. 31302 was a testwith a flooding rate of 7.65 cm/sec at 0.28 MPa and 78 oC inlet subcooling
temperature as shown in Table 3-1. This was the same as Run No. 31805 except for increasing the
reflood rate. However, as described previously, the actual input conditions varied largely with time and
showed the big oscillations. So, the inlet flowrate and temperature were considered as time-
dependent variables as shown in Figures 3.57 ~ 3.58. Most initial conditions in the TRACE
assessmentmanual [6] were applied in this study.

The rod temperatures at various elevations were shown in Figures 3.59 ~ 3.66. These figures showed
fairly the reflood processthat the rod was heating up by the initiation of reflood, tum-over of rod
temperature and finally quenching. In the case without the spacer grid model, the predicted peak
temperatures under estimated at elevationz = 0.6 m with low power denstty. This test had three times
the reflood rate in Run No. 31504, that resulted in the low heat up at z = 0.6 m. However, the peak
temperatures were over predicted with the data above elevation z= 1.8 m. Those predictions were
reflected in the relatively high vapor temperature as shownin Figures 3.70 ~ 3.71. The maximum peak
clad temperature was predicted at elevation z= 1.98 m (6.5 ft). At elevations (z < 3.0 m), the
guenching times were reduced as compared to the experimental data, while it were predicted at the
later time at elevationz > 3.0 since TRACE did not predict the strong top-down quenching was
observed in the experiment. In the case with a spacer grid model, the effect of the spacer grid model
during a heat up period was not shown at all elevations, but the earlier turn-around of rod temperature
was predicted since the spacer grid enhanced the increase of collapsed liquid level. The peak
temperatures with the spacer grid model had the lower values at all elevations in comparison with
those without the spacer grid model. The maximum peak clad temperature at z=1.98 m was reduced
in case with the spacer grid model. At elevation z=1.98 with the maximum peak cladding temperature,
the decreasing temperature was ~ 2.4 K and the reduction of quenching time was ~ 4 sec due to the
spacer grid model.
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As shown in Figure 3-67, the quench front without the spacer grid model was predicted well withthe
data up to elevation z = 2.0 m. In this test, TRACE did not predict the top quenching at higher
elevations whichwas from the liquid de-entrainment from the upper partabove the active core. If the
spacer grid model was applied, the quench front was increasing faster than that without the spacer
grid model as the elevation was higher.

The differential pressure (DP) for entire 12 ft was plotted in Figure 3-68 and the differential pressure
between 11 ft and 12 ft was shown in Figure 3-69. The growth of DP for entire test section was
correspondto the injected water. The DP for entire 12 ft showed a good prediction with the trend of
data in spite of the difference of quenching behaviors at higher elevations (z= 3.0 m). It would result
from the top down quenching of test. If the spacer grid model was applied, the DP for entire 12 ft was
growing a little faster than that without the spacer grid model as shown in Figure 3-68. As shownwell
in Figure 3-69, the DP between 11 ft and 12 ft was increased largely due to the spacer grid.

The vapor temperatures at two elevations 1.8 m and 3.0 m were shown in Figures 3.70and 3.71,
respectively.As described in the rod temperature, the vapor temperatures at two elevations was over
predicted during all reflood processes. The calculation with the spacer grid model had the slightly
higher vapor temperature during the heat up and the faster quenching behaviors.

The heat transfer coefficients (HTCs) at several elevations is in Figure 3-72 through Figure 3-74.As
shown in Figures, the HTC was under predicted during the rod heat up and increased faster than the
experimental data. TRACE predicted a sharp increase of HTC much earlierthan experimental data
since the rod quenching occurred too early. When the spacer grid model was applied, the steep rise of
HTC was expedited because of the earlier quenching of rod.
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TRACE Calc. of FS Test 31302
Liquid Inlet Flow Rate
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Figure 3-57 Liquid Inlet Flowrate — Run No.31302
TRACE Calc. of FS Test 31302
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Figure 3-58 Liquid Inlet Temperature — Run No.31302
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Figure 3-59 Heater Rod Temperature at 0.6 m— Run No.31302
TRACE Calc. of FS Test 31302
Rod Clad Temperatures at 4 ft. from Heated Bottom
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Figure 3-60 Heater Rod Temperature at 1.2 m - Run No.31302
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Figure 3-61 Heater Rod Temperature at 1.8 m— Run No.31302
TRACE Calc. of FS Test 31302
Rod Clad Temperatures at 6.5 ft. from Heated Bottom
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Figure 3-62 Heater Rod Temperature at 1.98 m - Run No.31302
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Figure 3-63 Heater Rod Temperature at 2.4 m— Run No.31302
TRACE Calc. of FS Test 31302
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Figure 3-64 Heater Rod Temperature at 3.0 m - Run No.31302
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Figure 3-65 Heater Rod Temperature at 3.3 m— Run No.31302
TRACE Calc. of FS Test 31302
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Figure 3-66 Heater Rod Temperature at 3.5 m - Run No.31302
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Figure 3-67 Quench Front Profile — Run No.31302
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Figure 3-69 Differential Pressure at 10~11 ft Elevation — Run No.31302
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Figure 3-70 Vapor Temperature at 1.8 m - Run No.31302
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Figure 3-71 Vapor Temperature at 3.0 m—- Run No.31302
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Figure 3-72 Heat Transfer Coefficient at 1.98 m - Run No.31302
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TRACE Calc. of FS Test 31302
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Figure 3-73 Heat Transfer Coefficient at 2.4 m — Run No.31302
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Figure 3-74 Heat Transfer Coefficient at 3.0 m — Run No.31302

3.2.1.4 Run No. 31701
Run No. 31701 was a testwith a flooding rate of 15.5 cm/sec at 0.28 MPa and 77 oC inlet subcooling

temperature as shown in Table 3-1. This was the same conditions as Run No. 31805, except for
increasing of the flooding rate. Compared to the previous 4 tests, this had the largest reflooding rate.
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As described before, the actual input conditions changed largely with time and showed the big
oscillations. Therefore, the inlet flowrate and temperature were considered as time-dependent
variables as shown in Figures 3.75 ~ 3.76. Most initial conditions in the TRACE assessment manual
[6] were applied in this study.

Figure 3-77 through Figure 3-84 represented the rod temperatures at various elevations. These
figures also showed well the reflood processes such as the heat up, tumover of rod temperature and a
final quenching. In the calculation without the spacer grid model, the peak temperatures were under
predicted with the experimental data at low elevations (z < 1.2 m) and were over predicted at higher
elevations (z=1.98 m). Usually, for high flooding rates above 15 cm/sec (6in/sec), the dominant flow
regime would be an inverted annular regime in bundles and then the heat transfer was very high and
the turn-over of cladding temperature occurred immediately. As shown in Figure 3-85, the earlier
quenching from the middle elevation (z ~ 1.0 m) was observed in the experimental data as compared
to TRACE results. This might come from the under predictions for the lumps of liquid from the lower
elevations and the de-entrained liquid from the upper parts. It would resultin the over prediction of rod
temperature at higher elevations. Those predictions were also reflected as the relatively high vapor
temperature in Figure 3-88 and Figure 3-89. The maximum peak clad temperature was shown at
elevation z=1.98 m (6.5 ft) and had the lowest value due to higher reflood rate as compared to above
4 tests. The quenchingtimes were over-estimated at most elevations due to the under prediction for
the top-down quenching in test. The top-down quenching started to be observed from RunNo. 31203
and became more dominant as the reflood rateis higher. When the spacer model was applied, the rod
temperatures were reduced and the quenching time was expedited at most elevations. However,
because of the highest reflood rate, the differences of rod temperature and quenching time were the
smallest as compared to 4 tests above. During a heating up, the effect of the spacer grid model was
not shown at all elevations. The turn-over times of rod temperature were almost same as those
without the spacer grid at all elevations due to the high reflood rate. The quenching time was slightly
decreased because of the relatively faster rise of liquid level. In the case with the spacer grid model,
the decreasing temperature was ~ 2.5 K and the reduction of quenching time was ~ 2 sec due to the
spacer grid model at elevation z=1.98 with the maximum peak cladding temperature.

The quench front profile was shown in Figure 3-85. The quench front without the spacer grid model
was predicted well up to elevation z~ 1.0 m.At elevations z 2 1.0 m, TRACE would under-predict the
liquid chunks from lower part and/or the de-entrained liquid from upper part of the active core and this
might result in the significantly delayed quench frontin higher reflood rates. When the spacer grid
model was used, the increase of quench frontwas almost identical up to elevation z= 2.0 m and the
earlier rise of thatwas predicted at elevations z =2 2.0 m.

The differential pressure (DP)for entire 12 ft was shown in Figure 3-86 and the differential pressure
between 11 ft and 12 ft was illustrated in Figure 3-87. Therise of DP for entire test section
corresponded to the collapsed liquid level and the DP increased gradually with the injected water. The
DP for entire 12 ft agreed fairly with the data until ~ 100 sec, but slightly under predicted after ~ 100
sec. The DP between 11 ft and 12 ft under predicted for all times of test. It would result from the under
prediction of the liquid chunks from upper parts above the active core. If the spacer grid model was
applied, the fasterincrease of DP for entire 12 feetwas predicted and the DP between 11 ftand 12 ft
reflected well the larger pressure drop of the spacer grid model.

Figures 3.88 and 3.89represented the vapor temperatures at two elevations 1.8 mand 3.0 m,
respectively.As explained in the rod temperature, the vapor temperatures at two elevations was over
predicted during all times of test. As shown in other tests, the spacer grid model resulted in the higher
vapor temperature during the heat up and the faster quenching at high elevation, but the effect of the
spacer grid model would be less, as the reflood rate is higher.
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The heat transfer coefficients (HTCs) at several elevations is shown in Figure 3-90 through Figure 3-
92. During the heating up, the reduction or stagnant for HTC was not observed in the data due to the
high reflood rate and then the HTC was under predicted for this region. According to the over
prediction of rod temperature at higher elevations (z = 1.98 m), the under prediction of HTC was also
shown continuously during the reflood phase. TRACE predicted a sharp increase of HTC at the
delayed time as compared to experimental data due to the late rod quenching. In the case with the
spacer grid model, the relatively higher HTC during the reflood phase and the earlier sharp increase of
HTC were predicted.
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Figure 3-75 Liquid Inlet Flowrate — Run No.31701

56



TRACE Calc. of FS Test 31701

Liquid Inlet Temperature

330 : T T T T | T T T I T T T ‘ T T T ‘ T T :
- e+ TRACE tin-1A01 3
3291 oo data INJ-FL ]
328 o =a TRACE with grid B
= o E
s E
= ]
E. .
v =
o 4
£ =
[} i
e =
. S [ TR T S RV RE T M T T T

80 100 120 140

Time (sec)
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Figure 3-77 Heater Rod Temperature at 0.6 m - Run No.31701
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Figure 3-78 Heater Rod Temperature at 1.2 m— Run No.31701
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Figure 3-79 Heater Rod Temperature at 1.8 m - Run No.31701
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Figure 3-80 Heater Rod Temperature at 1.98 m— Run No.31701
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Figure 3-81 Heater Rod Temperature at 2.4 m- Run No.31701
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TRACE Calc. of FS Test 31701
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Figure 3-82 Heater Rod Temperature at 3.0 m— Run No.31701
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Figure 3-83 Heater Rod Temperature at 3.3 m—- Run No.31701
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Figure 3-84 Heater Rod Temperature at 3.5 m—- Run No.31701
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Figure 3-85 Quench Front Profile - Run No.31701

61

,_.
'S
(@]



Differential Pressure (KPa)

Differential Pressure {(KPa)

TRACE Calc. of FS Test 31701

Differential Pressure for the Entire 12 ft. Core

Wr————— 7 7 1 [ " T

I |ee TRACE cb561 T
- data BU-0-12
= TRACE with grid

w
(=)

~nN
o

10

Time (sec)

Figure 3-86 Differential Pressure for Entire 12 ft - Run No.31701
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Figure 3-87 Differential Pressure at 10~11 ft Elevation — Run No.31701
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Figure 3-88 Vapor Temperature at 1.8 m—- Run No.31701
TRACE Calc. of FS Test 31701
Vapor Temperatures at 10 ft. from Heated Bottom
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Figure 3-89 Vapor Temperature at 3.0 m- Run No.31701
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TRACE Calc. of FS Test 31701
HTC at 6.5ft from Heated Bottom
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Figure 3-90 Heat Transfer Coefficient at 1.98 m— Run No.31701
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Figure 3-91 Heat Transfer Coefficient at 2.4 m — Run No.31701
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Figure 3-92 Heat Transfer Coefficient at 3.0 m— Run No.31701

3.2.1.5 Run No. 31108

Run No. 31108 was a test with a flooding rate of 7.90 cm/sec at 0.13 MPa and 74 oC inlet subcooling
temperature as shown in Table 3-1. This was similar to Run No. 31302 except for decreasing the
pressure forthe upper plenum. However, as described previously, the actual input conditions varied
largely with time and showed the big oscillations. So, the inlet flowrate and temperature were
considered as time-dependent variables as shown in Figure 3-93 and 3.94, respectively. Most initial
conditions in the TRACE assessment manual [6] were applied in this study.

The rod temperatures at various elevations were plotted in Figures 3.95 ~ 3.102. These figures
showed fairly the reflood processes including the initiating heating up, the turn-over of rod temperature
and finally quenching. When the spacer grid model was not applied, the predicted peak temperatures
were reasonably agreed with the data at elevation z < 1.8 m. The peak temperatures were over
predicted with the data at elevations z = 1.8 m. This over prediction of rod temperature corresponded
to the relatively high vapor temperature as shown in Figures 3.106 ~ 3.107. The maximum peak clad
temperature was showed at elevation z = 1.98 m (6.5 ft). At elevations (z < 1.98 m), TRACE predicted
fairly the quenching time, but the quenching times became shorten up to elevationz = 3.0 m. At
elevation z = 3.0 m above, the quenching were predicted at the later time since the strong top-down
quenching was observed in the experiment as shown in Figure 3-103. This test had the half of the
upper plenum pressure of Run No. 31302 and the similar trends for the rod temperatures were shown
with Run No. 31302. The rod temperatures at all elevations were slightly higher than those of Run No.
31302 since the saturation temperature would be relatively low due to the lower pressure, but the
difference of the rod temperatures would be not significant because of the high reflood rate. When the
spacer grid model was applied, the differences of the rod temperatures was not shown well at all
elevations during the heat-up phase, but the earlier turn-around of rod temperature was predicted
since the spacer grid would enhance the heat transfer. The peak temperatures with the spacer grid
model had the lower values at all elevations. The maximum peak clad temperature at z=1.98 m was
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decreased in case with the spacer grid model. At elevation z=1.98 with the maximum peak cladding
temperature, the temperature reduction was ~ 16.3 K and the quenching time was decreased with ~ 8
sec due to the spacer grid model.

As shown in Figure 3-103, the quench front without the spacer grid model was predicted well with the
data up to elevation z = 1.8 m. In this test, TRACE did not predict the top quenching at higher
elevations (z= 3.0 m)which was from the liquid de-entrainment from the upper part above the active
core. The transition of quench front for the top quench could be identified in the experimentat around z
= 3.0 m. If the spacer grid model was applied, the quench front was increasing faster than that without
the spacer grid model as the elevation was higher.

The differential pressure (DP)for entire 12 ft was plotted in Figure 3-104 and the differential pressure
between 11 ft and 12 ft was shown in Figure 3-105. The growth of DP for entire test sectionwas
correspondto the collapsed water level. The DP for entire 12 ft was over predicted at all times of test
despite of the top down quenchingin test. TRACE predicted more water inventory in the test section. If
the spacer grid model was applied, the DP for entire 12 ft was rising slightly earlier than that without
the spacer grid model. As shown well in Figure 3-105, the DP between 11 ft and 12 ft was increasing
due to the spacer grid.

The vapor temperatures at two elevations 1.8 m and 3.0 m were shown in Figures 3.106 and 3.107,
respectively. As described in the rod temperature, the vapor temperatures at two elevations was over
predicted during testing. The calculation with the spacer grid model had the slightly higher vapor
temperature during the heat up and the quick quenching behaviors.

The heat transfer coefficients (HTCs) at several elevations is in Figure 3-108 through Figure 3-110. As
shown in Figures, the HTC was under predicted during the rod heat up and increased faster than the
experimental data. TRACE predicted a steep increase of HTC earlier than experimental data because
of the earlier prediction of the rod quenching. When the spacer grid model was applied, the steep rise
of HTC was expedited because of the earlier quenching of rod.
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Figure 3-93 Liquid Inlet Flowrate — Run No.31108
TRACE Calc. of FS Test 31108
Liguid Inlet Temperature
320 T T T T T ‘ T T T T ‘ T T T T I T T T T | T T T T | T T T
I e TRACE tIn-1A01 1
i oo data INJ-FL ]
| == TRACE with grid |
315+ —

o .

7 i

= | |

3 |

[

- .

E i

@

[ |
305 |- S =
300 1 1 1 ‘ L 1 L | 1 1 1 ‘ Il 1 1 | ‘ 1 L I 1 1 1 | L 1 1 L | 1 1 1

0 50 100 150 200 250 300 350 400

Time (sec)

Figure 3-94 Liquid Inlet Temperature — Run No.31108
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Figure 3-95 Heater Rod Temperature at 0.6 m— Run No.31108
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Figure 3-96 Heater Rod Temperature at 1.2 m- Run No.31108
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Figure 3-97 Heater Rod Temperature at 1.8 m— Run No.31108
TRACE Calc. of FS Test 31108
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Figure 3-98 Heater Rod Temperature at 1.98 m- Run No.31108
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Figure 3-99 Heater Rod Temperature at 2.4 m—- Run No.31108
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Figure 3-100 Heater Rod Temperature at 3.0 m— Run No.31108
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Figure 3-101 Heater Rod Temperature at 3.3 m— Run No.31108
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Figure 3-102 Heater Rod Temperature at 3.5 m—- Run No.31108
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Figure 3-103 Quench Front Profile — Run No.31108
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Figure 3-104 Differential Pressure for Entire 12 ft - Run No.31108
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Figure 3-105 Differential Pressure at 10~11 ft Elevation — Run No.31108
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Figure 3-106 Vapor Temperature at 1.8 m— Run No0.31108
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Figure 3-107 Vapor Temperature at 3.0 m— Run No.31108
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Figure 3-108 Heat Transfer Coefficient at 1.98 m - Run No.31108
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Figure 3-109 Heat Transfer Coefficient at 2.4 m— Run No.31108
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Figure 3-110 Heat Transfer Coefficient at 3.0 m- Run No.31108

3.2.1.6 Run No. 32013

Run No. 32013 was a testwith a flooding rate of 2.64 cm/sec at 0.41 MPa and 79 oC inlet subcooling
temperature as shown in Table 3-1. This was the same conditions as Run No. 31504, except forone
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and a half times the pressure of the upper plenum. As described before, the actual input conditions
changed largely with time and showed the big oscillations. Therefore, the inlet flowrate and
temperature were considered as time-dependent variables as shown in Figures 3.111 ~ 3.112. Most
initial conditions in the TRACE assessment manual [6] were applied in this study.

Figure 3-113 through Figure 3-120 plotted the rod temperatures at various elevations. These figures
showed well the processes such as the heat up, turn-over of rod temperature during a refloodand a
final quenching. In the case without the spacer grid model, the peak temperatures were reasonably
predicted with the data at low elevations (z < 2.4 m), but were over predicted at higher elevations (3.0
m ~ 3.3 m). The maximum peak clad temperature was shown at elevation z=1.98 m (6.5 ft). The
guenching times were fairly agreed with the data beside of higher elevations (z > 3.3 m). This test had
1.5 times the upper plenum pressure of Run No. 31504 and showed a similar trend with Run No.
31504. The lower rod temperatures and the earlier rod quench at all elevations were predicted as
compared to Run No. 31504 since the saturation temperature would be relatively high due to the
higher pressure. When the spacer model was applied, the rod temperatures were reduced and the
quenching time was expedited at most elevations. During a heating up, the effect of the spacer grid
model did not show at lower elevations (z < 2.4 m), but the rod temperatures at higher elevations were
increased faster than the case without the spacer grid model. The turn-over time of rod temperature
were predicted earlier than those without the spacer grid at all elevations since the spacer grid
enhanced the increase of collapsed water level. The peak temperatures with the spacer grid model
had the lower values at low elevations (z < 3.0 m)in comparison with those without the spacer grid
model, while the peak temperature with the spacer grid model was a little higher than thatatz = 3.3
elevation as shown in Figure 3-119. This might be resulted from the earlier rise of rod temperature
during a heat up region. In the case with the spacer grid model, the decreasing temperaturewas ~ 2.7
K and the reduction of quenching time was ~ 5 sec due to the spacer grid model at elevation z=1.98
with the maximum peak cladding temperature.

As shown in Figure 3-121, the quench front without the spacer grid model showed the slightly under
prediction results except for the upper region at all elevations, but it was reasonable. With the spacer
grid model, the quench front was increasing slightly faster than that without the spacer grid model as
the elevation was higher.

The differential pressure (DP) for entire 12 ft was shown in Figure 3-122 and the differential pressure
between 11 ft and 12 ft was illustrated in Figure 3-123. The rise of DP for entire test section was
related to the collapsed liquid level and the DP increased gradually with the injected water. The DP for
entire 12 ft agreed fairly with the data and the DP between 11 ft and 12 ft was slightly over predicted
for all times of test. If the spacer grid model was applied, the fasterincrease of DP for entire 12 feet
was predicted which is similarto Run No. 31504. As shown well in Figure 124, the DP between 11 ft
and 12 ft rose at elevation with the spacer grid and the pressure drop was predicted well.

Figures 3.124 and 3.125 represented the vapor temperatures at two elevations 1.8 m and 3.0m,
respectively. The vaportemperature at higher elevation 3.0 m was predicted well at the initial heat up
period as comparedto Run No. 31504 and it would be related to the lower rod temperature and the
earlier quenchtime. The calculation with the spacer grid model showed the higher vapor temperature
during the heat up and the faster quenching at high elevation.

The heat transfer coefficients (HTCs) at several elevations is shown in Figure 3-126 through Figure 3-
128. As shown in Figures, the HTC was reducing or stagnant during the rod heat up, but TRACE did
not predict wellthe experimental data for the heating up. However, the HTCs were fairly predicted
during the reflood phase and the time of steep increase of HTC was agreed reasonably with the
experimental data, especially at elevation z = 2.4. This would correspond with the behaviors of rod
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temperature. With the spacer grid model, the earlier sharp rise of HTC was predicted due to the earlier
rod quench.

TRACE Calc. of FS Test 32013
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Figure 3-111 Liquid Inlet Flowrate — Run No.32013
TRACE Calc. of FS Test 32013
Liguid Inlet Temperature
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Figure 3-112 Liquid Inlet Temperature — Run No.32013
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TRACE Calc. of FS Test 32013
Rod Clad Temperatures at 2 ft. from Heated Bottom
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Figure 3-113 Heater Rod Temperature at 0.6 m— Run No.32013
TRACE Calc. of FS Test 32013
Rod Clad Temperatures at 4 ft. from Heated Bottom
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Figure 3-114 Heater Rod Temperature at 1.2 m- Run No.32013
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Figure 3-115 Heater Rod Temperature at 1.8 m— Run No.32013
TRACE Calc. of FS Test 32013
Rod Clad Temperatures at 6.5 ft. from Heated Bottom
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Figure 3-116 Heater Rod Temperature at 1.98 m — Run No.32013
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TRACE Calc. of FS Test 32013
Rod Clad Temperatures at 8 ft. from Heated Bottom
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Figure 3-117 Heater Rod Temperature at 2.4 m - Run No.32013

TRACE Calc. of FS Test 32013
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Figure 3-118 Heater Rod Temperature at 3.0 m- Run No.32013
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Figure 3-119 Heater Rod Temperature at 3.3 m— Run No.32013
TRACE Calc. of FS Test 32013
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Figure 3-120 Heater Rod Temperature at 3.5 m- Run No.32013
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Figure 3-121 Quench Front Profile — Run No.32013
TRACE Calc. of FS Test 32013
Differential Pressure for the Entire 12 ft. Core
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Figure 3-122 Differential Pressure for Entire 12 ft — Run No.32013
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Figure 3-123 Differential Pressure at 10~11 ft Elevation — Run No.32013
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TRACE Calc. of FS Test 32013
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Figure 3-124 Vapor Temperature at 1.8 m— Run No.32013
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Vapor Temperatures at 10 ft. from Heated Bottom
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Figure 3-125 Vapor Temperature at 3.0 m— Run No.32013
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Figure 3-126 Heat Transfer Coefficient at 1.98 m - Run No.31701
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TRACE Calc. of FS Test 32013
HTC at 8ft from Heated Bottom
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Figure 3-127 Heat Transfer Coefficient at 2.4 m— Run No.31701
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Figure 3-128 Heat Transfer Coefficient at 3.0 m—- Run No.31701

3.2.1.7 RunNo. 32114

Run No. 32114 was a test with a flooding rate of 2.5 ~ 3.1 cm/sec at 0.28 MPa and 5 oC inlet
subcooling temperature as shown in Table 3-1. This was similar to Run No. 31504, except for a large
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decrease of a subcodling degree. There was only test which used the low subcooling rate in Table 3-1.
As described previously, the actual input conditions changed largely with time and showed the big
oscillations. Therefore, the inlet flowrate and temperature were considered as time-dependent
variables as shown in Figures 3.129 ~ 3.130. Most initial conditions in the TRACE assessment manual
[6] were applied in this study.

The rod temperatures at various elevations were shown in Figures 3.131 ~ 3.138. These figures
showed well the processes such as the heat up, turn-over of rod temperature during a refloodand a
final quenching as in other tests. In the calculation without the spacer grid model, the peak
temperatures were fairly predicted with the experimental data up to middle elevations (z< 1.98 m)and
the calculated temperatures were located within the data spread range. However, the rod
temperatures were over predicted at higher elevations (2.4 m ~ 3.3 m). The maximum peak clad
temperature was shown at elevationz=1.98 m (6.5 ft) and increased largely due to a relatively higher
inlet temperature as compared to Run No. 31504. Those predictions could be also induced wellin
Figures 3.142 ~ 3.143 with the relatively high vapor temperature. The quenching times were
reasonably agreed with the data up to middle elevations (z < 1.8 m), but they were over predicted at
higher elevations (z = 1.98 m). The quenching times were delayed due to the higherinlet temperature
than Run No. 31805. When the spacer model was used, the rod temperatures were reduced and the
quenching time was expedited at most elevations. During a heating up, the effect of the spacer grid
model was notshown at all times of test. The tum-overtime of rod temperature were estimated earlier
than those without the spacer grid at all elevations since the spacer grid model enhanced the heat
transfer. In the case with the spacer grid model, the decreasing temperature was ~ 20.2K and the
reduction of quenching time was ~ 27 sec due to the spacer grid model at elevation z=1.98 with the
maximum peak cladding temperature.

As shown in Figure 3-139, the quench front without the spacer grid model showed a very good
agreement results up to elevation z~ 1.5 m, but it started deviating from the data above this elevation
and over predicted due to the delayed prediction of rod quenching. With the spacer grid model, the
quench front was increasing slightly faster than that without the spacer grid model as the elevation
was higher.

The differential pressure (DP) for entire 12 ft was plotted in Figure 3-140 and the differential pressure
between 11 ft and 12 ft was shown in Figure 3-141. The DP for entire test section was increased
gradually with the injected water. The DP for entire 12 ft showed the over-prediction withthe
experimental data and TRACE predicted more water inventory in the test section compared to the
data. The large oscillations of the DP, as in vapor temperatures, might be estimated due to the
oscillation of upper plenum pressures. The slightly faster increase of DP for entire 12 feet was
predicted as the spacer grid model was applied. As shown well in Figure 3-141, the DP between 11 ft
and 12 ft was increased at elevation with the spacer grid and the pressure drop was predicted well.

The vapor temperatures were shown at two elevations 1.8 mand 3.0 m in Figures 3.142 and 3.143,
respectively. The vaportemperature at higher elevation 3.0 m was largely over predicted during all
times of test period and it would be related to the higher the rod temperature and the earlier tum-over
time. The calculation with the spacer grid model showed well the faster quenching at high elevation.

The heat transfer coefficients (HTCs) at several elevations is illustrated in Figure 3-144 through Figure
3-146. As shownin Figures, TRACE under predicted the experimental data for the heating up, but the
HTCs were fairly predicted during the reflood phase. The time of steepincrease of HTC was delayed
as the late prediction of rod quench in comparison with the experimental data at elevations z = 1.98.
When the spacer grid model was applied, the earlier sharp rise of HTC was predicted due to the
earlier rod quench.
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Figure 3-129 Liquid Inlet Flowrate — Run No.32114
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Figure 3-130 Liquid Inlet Temperature — Run No.32114
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TRACE Calc. of FS Test 32114

Rod Clad Temperatures at 2 ft. from Heated Bottom
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Figure 3-131 Heater Rod Temperature at 0.6 m— Run No.32114
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Figure 3-132 Heater Rod Temperature at 1.2 m—- Run No.32114
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TRACE Calc. of FS5 Test 32114
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Figure 3-133 Heater Rod Temperature at 1.8 m— Run No.32114
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Figure 3-134 Heater Rod Temperature at 1.98 m—- Run No.32114
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Figure 3-138 Heater Rod Temperature at 3.5 m—- Run No.32114
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3.2.1.8 Summary

In general, the spacer grid would enhance the convective heat transfer due to the flow acceleration
and the turbulence increase downstream of grid. Currently, among 4 sub-models, the droplet breakup
model is not activated and the grid re-wetting model is not fully implemented in TRACE. Therefore, the
enhancement of convective heat transfer and the pressure drop due to the spacer grid could be only
evaluated in this study.

As would be expected, the rod temperatures were decreased and the rods were quenched at the
earlier time in most tests as the spacer grid model was used. From upper 5 tests of Table 3-2that the
reflood rate was only changed, it could be identified that the lower of the peak rod temperature and the
earlier quenching time were predicted as the reflood rate was increased. For highreflood rate as Run
No. 31701, the inlet flow is bigger than the quenching rate of rods and the heat transfer became very
high. In tests with high reflood rate, the change of peak temperature due to the spacer grid was not
large, which resulted from the short heat up period and the faster increase of liquid level by the high
reflooding rate.

When the test pressure was lower, the higherrod temperature and the later rod quench were
predicted since the liquid approached faster to the relatively lower saturation temperature. The use of
spacer grid model predicted relatively larger differences for rod temperature, not for quenching time at
lower pressure condition. Also, as the subcooling degree was higher, the decrease amount of
guenching time due to the spacer grid was reduced since the high subcooling degree could enhance
the heat transfer rate.

In all tests, Run No. 31805 with the lowest reflood rate was affected most significantly for the peak

temperature and the quenching time by using the spacer grid model as shown in Table 3-2 and
Figures 3.147 ~3.148.
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Table 3-2 Peak Temperature and Quenching Time at Elevation z = 1.98

Peak Temperature (K)

Quenching Time (sec)

Run No. (at time)
W/O grid | With grid | A Temp | W/O grid | With grid | A Time
1440.9 1383.9
31805 57.0 379 347 32
(113 sec) | (65 sec)
1371.4 1360.6
31504 10.8 330 321 9
(80 sec) (77 sec)
1270.6 1264.7
31203 5.9 252 248 4
(57 sec) (37 sec)
1196.4 1194.0
31302 24 156 152 4
(24 sec) (19 sec)
1153.5 1151.0
31701 25 85 83 2
(7 sec) (7 sec)
1202.8 1186.5
31108 16.3 200 192 8
(50 sec) (25 sec)
1359.2 1356.5
32013 2.7 273 268 5
(60 sec) (58 sec)
1406.6 1386.4
32114 20.2 461 434 27
(99 sec) (85 sec)
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4 SENSITIVITY ANALYSIS

4.1 Effect of the Grid Location

From the input manual[2], the spacer grid input for the core regionin the PIPE, CHAN, or VESSEL
component would be intemally considered in the core fuel rod HTSTR models (i.e., enhanced wall
heat transfer due to the spacer grid) and in the fluid solution (i.e., additional additive flow loss due to
the spacer grid). The HTSTR component could have only one spacer grid located withina given
coarse mesh axiallevel, and then the renoding of a fuel HTSTR component might be required if the
core region included a number of spacer grids.

Therefore, the selection of the proper grid location would be very significantin modeling the nodes for
separate effect tests and actual plantanalyses. Eight spacer grids were installed along 3.6 m heated
length in FLECHT-SEASET. In chapter 2, each grid was modeled to locate in the bottom of every
other node, and the first grid was located at the bottom of second node, which was justunderthe
heated section. In this study, in orderto perform the sensitivity study for the grid location, the locations
of spacer grids would change to the top of every other node as shown in Figure 4-1. The first gridwas
located at the top of first node of test section, and then the lengths of firstand last nodes were
changed.

- Case-1:Each grid was located in the bottom of every other node
- Case-2: Each grid was located in the top of every other node

Among 8 tests in Table 3-1, Run No. 31805 and 31302 were selected for the sensitivity calculations for
the grid location in low and highreflood test, respectively.

4.1.1 Run No. 31805

Run No. 31805 was a testwith a flooding rate of 2.1 cm/sec at 0.28 MPa and 79 oC inlet subcooling
temperature. This is a test with the lowestreflood rate in Table 3-1, and it could be identified that the
effect of the spacer grid model was most dominant as described in previous chapter.

When the locations of spacer grids were varied (Case-1 > Case-2), the rod temperatures at various
elevations were shown in Figure 4-2 through Figure 4-5. The effect of the grid locations would not be
shown at lower elevation (z < 1.2 m) with low power density. However, the rod temperature of Case-2
had higher values at elevation z = 1.98 with the maximum peak cladding temperature as compared to
Case-1. At elevationz=1.98, the temperature reduction for Case-2 was ~ 22.9 K, and the quenching
time was decreased with~ 13 sec in comparison to the case without the spacer grid modelas shown
in Table 4-1. It would be more reasonable to predict the experimental data and showed more
conservative results. In TRACE, the heat transfer enhancement effects by the spacer grid were
integrated over the downstream axial cells for 50 hydraulic diameters to consider the exponential
decay of the enhancement downstream of a spacer grid [3]. The spacer grid enhancement effects for
a given cell as well as design factors are multiplied by the original heat transfer coefficient predicted by
TRACE for the given cell. Therefore, the HTSTR component had the effect of only one spacer grid
located withina given coarse mesh. When the spacer grid was located at the top of node, the original
heat transfer coefficient could be evaluated by the heat flux upstream of a spacer grid. The low heat
flux upstream of a spacer grid would decrease the enhancement of heat transfer, and then it resulted
in the relatively high rod temperature up to the elevation with the peak power. The delayed quenching
was predicted due to high rod temperatures for Case-2. However, the difference for the rod
temperatures was reduced, and the quenching time was just a little changed for the grid locations at
higher elevations (z > 2.4 m). The effect of the grid location could depend on the power shape, the
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reflood rate, and the node modeling, and then the detailed sensitivity studies was required for various
tests.

As shown in Figure 4-6, the quench frontfor Case-2 was increased rather late, but its difference was
not big. Because the number of spacer grids was not changed, the pressure losses due to the spacer
grids would be unchanged. The relatively high rod temperature could delay the rise of the quench
front.

The heat transfer coefficients (HTCs) at elevationz = 1.98 m is presented in Figure 4-7. The average
HTC for Case-2 during the reflood was under-predicted in comparison with Case-1. Those predictions
were reflected in the relatively high rod temperatures. The steep increase of HTC for Case-2 was
delayed since the rod was quenched late due to the high rod temperatures.

Table 4-1 Peak Temperature and Quenching Time at Elevation z = 1.98 for Run No. 31805

Peak Temperature (K)

Quenching Time (sec)
Case (at time)

W/O grid Withgrid | ATemp | W/O grid With grid | A Time

1383.9
Case 1 57.0 347 32
1440.9 (65 sec)
379
(113 sec) 1418.0
Case 2 22.9 366 13

(85 sec)
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4.1.2 Run No. 31302

Run No. 31302 was a testwith a flooding rate of 7.65 cm/sec at 0.28 MPa and 78 oC inlet subcooling
temperature as shown in Table 3-1. This was the same as Run No. 31805 exceptthat it had three
times over the reflood rate.

The rod temperatures at various elevations were shown in Figure 4-8 through Figure 4-11. The rod
temperatures for Case-2 were similar to those for Case-1 at elevation z < 1.98 m (6.5 ft). The effect of
the grid locations would be weakened by the high reflood rate which did not largely change the original
heat transfer coefficient with time. However, the rod temperatures for Case-2 were predicted higher
than those for Case-1 at elevation z= 2.4 m. This reflected the behavior of HTC as shown in Figure 4-
13. The effect of the grid locations was not showed well for the rod temperature and the quenching
time at elevation z = 3.3 m with low power density. At elevation z=1.98 with the maximum peak
cladding temperature, the temperature reduction for Case-2was ~ 7.8 K, and the quenching time was
decreased with ~ 5 sec in comparison to the case without the spacer grid model as shown in Table 4-
2.

As shown in Figure 4-12, in Case-2 that the spacer grid was at the top of node, the quench front
increased with almost same speed as Case-1. Because of the high reflood rate, the effect of the grid
locations was not predicted for this test. The heat transfer coefficients (HTCs) at elevationz =2.4 m
was plotted in Figure 4-13. As shownin Figure, the HTC for Case-2 was under-predicted during the
reflood phase as compared to Case-1. This might result from the use of the low original heat transfer
coefficientsince the spacer grid was modeled at the top of node. The steep increase of HTC for two
cases occurred almost simultaneously since the rod quenching time was the same due to the high
reflood rate.

Table 4-2 Peak Temperature and Quenching Time at Elevation z = 1.98 for Run No. 31302

Peak Temperature (K)
Quenching Time (sec)
Case (at time)

W/O grid With grid | ATemp | W/O grid With grid | A Time

1194.0
Case 1 24 152 4
1196.4 (19 sec)
156
(24 sec) 1188.6
Case 2 7.8 151 5

(18 sec)
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Figure 4-8 Heater Rod Temperature at 1.2 m - Run No.31302
TRACE Calc, of FS Test 31302
Rod Clad Temperatures at 6.5 ft. from Heated Bottom
1500 [ T T T T T T T T I T T T T | T T T T I T T T T { T T T T ]
1400 |- == TRACE rftn-6A01R07@1.9812 | 1
B - data 10D-078 ]
1300 data 13G-078 E
1200 F- - data 141-078 E
# - data 3L-078 E
1100 data 6F-078 E
1000 [ data 7B-078 3
E - data 7D-078 ]
BED data 8H-078 E
800 data 8K-078 3
- - data 8N-078 ]
o E > TRACE with grid (Case-1) | -
600 | — TRACE with grid (Case-2) 4
500 |- =
400 | ~
00—+ 4 L P IO U ST NN S S R T I S R T ‘ r
0 50 100 150 200 250 300
Time (sec)

Figure 4-9 Heater Rod Temperature at 1.98 m - Run No.31302
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Figure 4-11 Heater Rod Temperature at 3.3 m- No0.31302
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Figure 4-13 Heat Transfer Coefficient at 2.4 m — Run No.31302
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4.2 Comparison with Spacer Grid Model of RELAP5

Currently, the RELAPS [15] was updated as version 3.3jy by implementing the KNF (KEPCO Nuclear
Fuel Co.) reflood model and the spacer grid model [16]. These models were theoretically based on the
research was conducted by T.S. Choi [14]. Especially, the spacer grid model could be divided into
three sub-models: Single-phase heat transfer enhancement, Grid rewet, and Droplet breakup.

The spacer grid model of RELAPS is somewhat different from that of TRACE. For the convective heat
transfer enhancement, the enhancement due to the acceleration of the flow (Part 1 of Eq. (1)) was
only considered in RELAPS5 thatit has been used also in COBRA-TF [17]. The convective heat
transfer enhancement could be under-estimatedin tests with mixing vanes since Part 2 of Eq. (1)
could be large enough to influence to downstream near to spacer grid. For fuel bundles with typical
mixing vane, the enhancement for mixing vanes could be below ~ 20% of the enhancement due to the
flow acceleration up to ~ 0.4 m downstream of the spacer grid. However, the effect for mixing vanes
might be not shown in FLECHT-SEASET since the spacer grid without mixing vanes was installed in
it. The laminar enhancement factor, F was used in TRACE, butit was not in RELAPS.

For the grid re-wetting model, the similar heat balance equationto Eq. (5) of TRACE was also
implemented in RELAPS, but there were some differences in the detailed modelling. The radiation
heat flux from the rods to the grid was obtained by using an electrical circuit analogy [3] in TRACE, but
it was calculated explicitly in RELAPS5 [14]. The correlation for the rewetting temperature in RELAP5
was also different from that in TRACE. The rewetting temperature in RELAP5 was selected as the
maximum value between the homogeneous nucleation temperature and two other minimum film
boiling temperatures, while it in TRACE was determined by the minimum film boiling temperature.

For the droplet breakup model, the suggested model by Yao, Hochreiter,and Cai [11] was used in
TRACE, but the KAIST model [18] was used in RELAPS since it could cover a wider range of the
droplet Weber number, including Yao, Hochreiter, and Cai's data. As the droplet Weber numberwas
larger, the smaller shattered droplets occurred. In the upper region where the droplet dispersed flow
regime was long maintained in which the droplet velocity and the number of entrained droplet were
large, the droplet Weber number was large, and then the vapor temperature could be reduced
because of the higher interfacial heattransfer between the droplets and the vapor phase. This could
decrease the rod temperature and expedite the quenching time at that region.

Currently, the droplet breakup model and the grid re-wetting model were not fully implemented in
TRACE. Therefore, it was very difficult to compare directly to the effect of the spacer grid model
between RELAPS and TRACE. In this study, the results by RELAPS could provide insights into the
implementation and the modification associated with the spacer grid model.

The RELAP5 nodalization for the FLECHT-SEASET was shown in Figure 4-14 and was almost similar
to the previous study [19]. The test section including a heater with 3.66 m length was divided into 20
nodes, and the upper and lower time-dependent volumes were modeled to define the fluid conditions,
which represented the upper and lower plenums, respectively. Seven spacer grids were considered
except for afirstgrid below the heater. Some initial conditions could be modified to use the same
conditions as TRACE calculations in Chapter 3. Therefore, the actual inlet flow rate, temperature, and
the upper plenum pressure were used as input with a function of time. The rod power was considered
as a function of time.

Among 8 tests in Table 3-1, Run No. 31805 and 31302 were selected as low and high reflood test for
the assessment for the spacer grid model of RELAPS, respectively.
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Figure 4-14 RELAP5 Nodalization for the FLECHT-SEASET Test

4.2.1.1 Effectof the new reflood modelin RELAP5

RELAPS5 has been broadly used in licensing LBLOCAanalyses such as Westinghouse, OPR1000,
and APR1400 plants in Korea. The KNF reflood model [14] was developed to improve the potential
problems of RELAP5 Mod3.3 that the peak cladding temperature were under-predicted and the rod
quenching occurred too early in FLECHT-SEASET tests. Therefore, the dry wall selection logic, the
droplet size and inverted slug size, the post-dryoutinterfacial, film boiling heat transfer, and transition
boiling models, etc. were modifiedin RELAPS. The effect of the new reflood model for Run. No 31805
was shown in Figure 4-15 through Figure 4-17. The developmental code version of KNF
(r5m33p03rev0-F6.exe) was used in this calculation. As mentionedin previous study [14], it could be
identified that the rod temperatures were increased and the rod quenches were delayed, especially at
high elevations. It was confirmed that the KNF reflood model could show the more improved results in
Run. No 31805 although the rod quenching time was over-predicted in elevation z =3.0 m.

At that time, the spacer grid model was implemented together with this reflood model. It was modeled
that the KNF reflood model could be invoked without the spacer grid input, but the spacer grid input
could not be activated without the KNF reflood model. Figure 4-18 through Figure 4-20 plotted the
relations between the KNF reflood model and the spacer grid input. As shownin Figures, if the KNF
reflood model was not used, the calculation results were not changed with or without the spacer grid
input. It could be found that the KNF reflood model should be required to activate the spacer grid input.
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Figure 4-15 Heater Rod Temperature at 1.2 m— Run No.31805
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Figure 4-16 Heater Rod Temperature at 1.98 m— Run No.31805
RELAPS Calc. of FS Test 31805 with No option40 (Dr.Choi)
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Figure 4-17 Heater Rod Temperature at 3.0 m — Run No.31805
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RELAPS Calc. of FS Test 31805 with No option40 (Dr.Choi)
Rod Clad Temperatures at 10 ft (3.05 m) from Heated Bottom
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Figure 4-20 Heater Rod Temperature at 3.0 m— Run No.31805

4.2.1.2 Effect of the spacer grid model in RELAPS

In order to identify the effect of the spacer grid model of RELAP5 for Run No.31805, the rod
temperatures at various elevations were shown in Figures 4.21~ 4.26. The typical reflood process
was shown well that the rod was heating up in the initiation of reflood, turning to reduce during the
reflood, and finally quenching. In the RELAP5 calculation without the spacer grid model, the predicted
peak temperature along elevation agreed reasonably with the experimental data. Especially, the peak
rod temperature at higher elevations (z = 3.0 m) had better prediction results as compared to those in
TRACE. The maximum peak rod temperature was also shown at elevation z=1.98 m (6.5 ft).
However, the quenching time was over-predicted even at the low elevation. This would show well the
characteristics of new KNF reflood model such as the increase of rod temperature, the delay of
guenching time as described in Figure 4-15 through Figure 4-17. When the spacer grid model was
applied, the effect of mixing vane was not considered since the egg-crate grid was installed in the
FLECHT-SEASET. As shown Figures 4.21 ~4.26, the effect of the spacer grid model did not show
significantly up to elevation z = 2.4 m, but the peak temperatures with the spacer grid model had the
lower values at higher elevations (z = 3.0 m) and were under-predicted the experimental data in
comparison with those without the spacer grid model. The earier rod quenches were also predicted in
the case with a spacer grid model.

For the effect of the spacer grid model, it is difficult to find the meaningful comparison results between
TRACE and RELAPS in a quantitative perspective since they were different in the nodalization, the
numerical scheme, and the applied thermal-hydraulic models. Therefore, several potential causes for
differences of two codes could be considered in a qualitative point of view.

When the results of RELAP5 were compared with those of TRACE, the effect of the spacer grid model
was more significantly shown in TRACE although the convective heat transfer enhancement was only
considered in TRACE. Therod temperatures of TRACE started to reduce due to the spacer grid even
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at elevation z = 1.2 m as shown in Figure 3-6. However, the rod temperatures of RELAP5 did not
changed at elevationz < 1.98 m except for the earlier quenching at elevation z=1.98 m. As the
elevation was higher overz = 1.98 m, the effect of the spacer gridin RELAP5 became larger as
shown in Figure 4-27.

The axial temperature profile at 150 sec was shown in Figure 4-28 to identify the effect of sub-models
in RELAPS. The droplet breakup model gave the biggest effect on the rod temperatures among three
models takinginto account the effect of spacer grids. The effect of the droplet breakup modelwas
more significantat the higher elevation since the droplet velocity and the number of entrained droplet
could be larger at the higher elevation. The rod temperature was locally decreased because of the
increase of convective heat transferimmediately downstream of a spacer grid (z~ 2.1 m), but the
convective heat transfer enhancement did not have a significant effect on the rod temperatures during
the entire transient as shown in Figure 4-28. This was the biggest difference between TRACE and
RELAPS. For the spacer grid heat transfer enhancement, the effect of the convective heat transferin
TRACE was much larger than thatin RELAPS5.

This might be come from the modeling characteristics in TRACE and the use of the laminar
enhancement factor. As explained above, the convective heattransfer enhancement effects in TRACE
were integrated over the downstream axial cells for 50 hydraulic diameters to consider the exponential
decay of the enhancement downstream of a spacer grid. In this test, 50 hydraulic diameters is about
0.5 m, and this effect could be considered for longer downstream cells in comparison with that of
RELAPS. The distance from the grid location to the cell center was only considered in RELAP5 with
an assumption being far enough apart between the spacer grids.

Secondly, the laminar enhancement factor was implemented in TRACE to take account for the
additional enhancement effects that were observed for high void fraction, laminar flows. This factor can
vary from 1.0 to 1.75 with Reynolds number, and the convective heat transfer enhancement of TRACE
could be varied as shown Figure 4-29. Therefore, these differences between two codes could result in
the more significant enhancement for the convective heat transfer in TRACE. As shown in Figure 3-6
~ 3.12, the effect of the convective heat transfer enhancementin TRACE could be shown in the entire
heated rod, but its effect in RELAP5 could be limited immediately downstream of a spacer grid.
Actually, the convective heattransfer enhancement had a significant effectimmediately downstream of
a spacer grid, and its effect may be evaluated too much in TRACE. The detailed further studies would
need to be performed to evaluate the effect of sub-models. The convective heat transfer enhancement
ought to be also modified since the spacer grid could influence upstream convective heat transfer.
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Figure 4-21 Heater Rod Temperature at 1.2 m— Run No.31805
RELAPS Calc. of FS Test 31805 (Dr.Choi)
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Figure 4-22 Heater Rod Temperature at 1.98 m- Run No.31805
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Figure 4-23 Heater Rod Temperature at 2.4 m— Run No.31805
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Figure 4-24 Heater Rod Temperature at 3.0 m — Run No.31805
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Figure 4-25 Heater Rod Temperature at 3.3 m— Run No.31805
RELAPS Calc, of FS Test 31805
Rod Clad Temperatures at 11.5 ft (3.505 m) from Heated Bottom
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Figure 4-26 Heater Rod Temperature at 3.5 m - Run No.31805
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Figure 4-27 Axial Rod Temperature Profile at 150 sec — Run No.31805
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Figure 4-29 Variation of Heat Transfer Enhancement for Laminar Enhancement Factor

Figure 4-30 through Figure 4-35 represent the rod temperatures at various elevations for Run
No.31302 with relatively high flooding rate. In the RELAPS5 calculation without the spacer grid model,
the rod temperatures along elevation were predicted well the experimental data. Especially, the peak
rod temperature at higher elevations (z =2 2.4 m) had better prediction results as compared to those in
TRACE. The maximum peak rod temperature was also shown at elevation z=1.98 m (6.5 ft). The
stepwise behaviors of the rod temperature could be showed at elevations z = 2.4 m due to the use of a
coarse node and the relatively high reflood rate. The quenching time also showed a good agreement
with the experimental data except for earlier quenching at some elevations. When the spacer grid
model was applied, the rod temperatures did not changed significantly up to elevationz=1.98 m. The
peak temperatures with the spacer grid model had the lower values at higher elevations (z= 3.0 m),
but they were not largely deviated from the experimental data in comparison with those without the
spacer grid model. The rod quenches were also occurred at earlier time as a result of the heat transfer
enhancement due to a spacer grid.

As compared to TRACE results in Figures 3.59 ~ 3.66, the effect of the spacer grid model in TRACE
was more significantly shown, and it was also similar to the Run No.31805. As described above, these
results may be come from the modeling characteristics in TRACE and the use of the laminar
enhancement factor. The convective heat transfer enhancement may be excessively large if the
laminar enhancement factor will be large.
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Figure 4-30 Heater Rod Temperature at 1.2 m— Run No.31302
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RELAPS Calc, of FS Test 31302 (Dr.Choi)
Rod Clad Temperatures at 10 ft (3.05 m) from Heated Bottom

T T T I T T T I T ]

- data 12L-120
-~ data 141-120

-~ data 4D-120
-~ data 5H-120
- data 8K-120

e Relap5 httemp@3.02 On KNFmodel-No grid
| == Relap5 httemp@3.02 On KNFmodel-With grid

data 2H-120

data 7B-120
data 8H-120

data 8N-120

T T T

o
wi
o

100 150

N
o
o
N
wu
o
w
o
o

Time (sec)

Figure 4-33 Heater Rod Temperature at 3.0 m - Run No.31302

122



Temperature (K)

Temperature (K)

1500

RELAPS Calc, of FS Test 31302
Rod Clad Temperatures at 11 ft (3.353 m) from Heated Bottom

1400
1300
1200
1100
1000
900
800
700

600
500
400
300

T T T T I T T T I T

- data 11E-132
-~ data 111-132
data 11K-132
- data 5E-132
- data 7E-132
data 9G-132
o Relap5 httemp@3.3 On KNFmodel-No grid
== Relap5 httemp@3.3 On KNFmodel-With grid

o o

150 200 250

g b b b bern biens
(=]

Time (sec)

Figure 4-34 Heater Rod Temperature at 3.3 m— Run No.31302

RELAPS Calc, of FS Test 31302
Rod Clad Temperatures at 11.5 ft (3.505 m) from Heated Bottom

1500 —
1400
1300
1200
1100
1000
200
800
700
600
500

400

T T T T T [T T T T [T T [T T [T T[T T [T [T I [T T [ ToTT

T T T T I T T T I T

- data 5J)-138
- data 7B-138
data 8H-138
oo Relap5 httemp@3.5 On KNFmodel-No grid
o Relap5 httemp@3.5 On KNFmodel-With grid

300 —

o

150 200 250

w
o
o

Time (sec)

Figure 4-35 Heater Rod Temperature at 3.5 m - Run No.31302
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Based on the theoretical study [14] and the developmental version of KNF, the KNF reflood model and
the spacer grid model were initially implemented to RELAP5/MOD3.3 patch4 Version 3.3jy in October
2014, and they has been modeled in the latest developmental Version 3.3km (February 2016).
According to RELAP5 input manual, the KNF reflood model could be used by Option 40 of Card 1 and
invoked regardless of the KNF grid input (43000000 cards). However, the spacer grid model could be
applied only when the option 40 was usedin Card 1. This could be identified in the calculations of
Figures 4.18 ~ 4.20.

In this study, the calculations for various FLECHT-SEASET tests were performed by the latest
distributed RELAPS versions (Version 3.3jz & 3.3kl), and two codes actually produced same resullts for
this tests. The used input decks were the same as the calculations for a developmental version of
KNF. The rod temperatures at various elevations for Run No.31805 were shown in Figures 4.36 ~
4.38. When the spacer grid model was applied, the peak rod temperature had the higher values up to
elevation z = 1.98 m. The peak rod temperature especially at elevation z = 1.98 m was largely
increased due to the spacergrid. It is not the expected result. When the spacer grid was applied, the
flow area is reduced and the convective heat transferis promoted due to the flow acceleration and the
turbulence increases and then the rod temperature would be usually decreased and the rod quenches
were expedited. However, this decrease of the rod temperature was notshown in Figures 4.36 ~ 4.38.
The results was contrary to those in Figures 4.21 ~4.24 using the same input decks.

Figure 4-39 through 4.41 showed the results for the use of KNF reflood model (Option 40) and spacer
grid input (43000000 cards). The results with a spacer grid and no Option 40 (Green line) were
completely in accord with those with a spacer grid and Option40 (Cyanline). It was also an unusual
thing that the effect of spacer grid model was significantly shown in Figures 4.39 ~ 4.41 even though
Option 40 was notusedin Card 1. Forexample, in the case with a spacer grid model (Greenline), the
growth of rod temperature and the delay of quenching time were predicted as compared with the case
without it (Red line). It was also contrary to what we expected.

Consequently, as these results were compared to those in Figures 4.15 ~4.26, the current RELAP5
version (Version 3.3z ~ 3.3kl) including the KNF reflood and spacer grid models may have some
troubles to implement these models. Therefore, the detailed errors should be found and corrected in
the further study.
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Figure 4-37 Heater Rod Temperature at 1.98 m- Run No.31805
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Figure 4-38 Heater Rod Temperature at 3.0 m— Run No.31805
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5 CONCLUSIONS

The Full-Length Emergency Core Heat Transfer Separate Effects and Systems Effects Tests
(FLECHT-SEASET) was conducted to identify the thermal hydraulic phenomena of forced and gravity
reflooding in a 161-rod bundle without flow blockage. In this study, the spacer grid model of TRACE
was evaluated forthe FLECHT-SEASET test by the TRACE V5.0 patch4. The FLECHT-SEASET test
section was modeled in the VESSEL component of TRACE. The test section was divided into 16 axial
nodes; one node for lower plenum, fourteen nodes for heated section and one node for upper plenum
and there were two cells between each gird. The 161 heated rods in 17x17 assemblies were modeled
as a single HTSTR component. The injected flow rates and temperatures was provided as a function
of time by FILL component connecting to the bottom of the lower plenum. The BREAK component
was used to set the pressure boundary at the top of the test section. The egg-crate grids without the
mixing vane were located in the bottom of every other node. The grid parameters were determined by
the experimental design data [5,7] and the general fuel data.

Eight tests were chosen in this study and tests were covering a range of flooding rate from 2.10
cm/sec to 15.50 cm/sec, subcooling temperature from 5 °C to 79 °C and upper plenum pressure from
0.13 MPato 0.41 MPa. The initial rod power at the peak location is 2.3 KW/m (0.7 KW/tt) in all tests.
As would be expected, the rod temperatures were decreased and the rods were quenched at the
earlier time in most tests if the spacer grid model was used. In addition, as the reflood rate was
increased, the lower of the peak rod temperature and the earlier quenching time were predicted. In
tests with high reflood rate, the change of peak temperature due to the spacer grid was not large,
which resulted from the short heat up period and the fasterincrease of liquid level by the high
reflooding rate. As the test pressure was lower, the higher rod temperature and the later rod quench
were predicted since the liquid approached faster to the relatively lower saturation temperature. The
use of spacer grid model showed relatively bigger differences for rod temperature, not for quenching
time at lower pressure condition. As the subcooling degree was higher, the decrease amount of
quenching time due to the spacer grid was reduced since the high subcoadling degree could enhance
the heat transfer rate.

The sensitivity studies were performed to identify the effect of the grid locations and the difference
from the spacer grid model of RELAP5. When the locations of spacer grids were changed into the top
of every other node, the rod temperature had higher values and the rod quenching was delayed at
elevation with a high power as compared to the case which the spacer grids were locatedin the
bottom of the node. It would be more reasonable to predict the experimental dataand showed more
conservative results. The RELAPS code currently implemented the KNF reflood model and the spacer
grid model. This reflood model considered three sub-models such as single-phase heat transfer
enhancement, grid rewet, and droplet breakup. However, the current RELAPS version (Version 3.3z ~
3.3kl) may have some errorto implement the KNF reflood & spacer grid model. It may be because
there are some troubles in the use of KNF reflood model (Option 40) and spacer grid input (43000000
cards). Therefore, the developmental version of KNF (r5m33p03rev0-F6.exe) was used to identify the
effect of sub-models and then the droplet breakup model gave the biggest effect on the rod
temperatures among three models. The effect of the droplet breakup model was more significant at
the higher elevation since the droplet velocity and the number of entrained droplet could be larger at
the higher elevation. When the RELAPS5 results were compared with the TRACE results, the effect of
the spacer grid model in TRACE was more significantly shown even though the single-phase heat
transfer enhancement was only implemented in TRACE. These results may be come from the
modeling characteristics and the use of the laminar enhancement factor in TRACE. The convective
heat transfer enhancement may be excessively large if the laminar enhancement factor will be large.
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In conclusion, the effect of the spacer grid modelin TRACE was shown well to simulate the FLECHT-
SEASET reflood heat transfer experiments. However, there are some limitations to quantitatively
predict the effect of the droplet breakup and the grid rewetting models. From the comparison with the
RELAPS, it may be found that the current RELAPS version had some errors to implement the spacer
grid model, and the effect of the spacer grid of TRACE could be over-estimated for the rod
temperature behaviors. Therefore, the current RELAP5 needs to be modified to correct their errors for
the spacer grid model and the TRACE code should be improved to implement the droplet breakup
and the grid rewetting models in the future study.
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