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Abstract

Three-dimensional analysis of thermal stratificatiphenomenon in the upper plenum of
MONJU is conducted using FLUENT ver.12.1. This pagiscusses the influence generated
by upper core structure, which affects the flonustire near the core outlet region, and
evaluates the thermal stratification phenomenorthigy mean of comparing the full sector
model built by the porous media approach with B&8@ model built by as-built geometry.

Although there is a difference of the flow pattérom the core outlet between two models,
the thermal stratification interface of 1/3 seatwwdel shows the same trend with that of the
full sector model.

1. Introduction

It is well known that the thermal stratificationtenface in the upper plenum is generated due
to that the flow coasts down after the turbine.t@ince the temperature gradient near the
thermal stratification interface would cause thdristeess in the reactor components, it is
important to understand the characteristics ofntiaérstratification. In order to predict the
temperature distribution after the turbine trip,ipaumerical analyses have been reported for
various conditions. leda et al. [1] conducted thalgsis of the thermal stratification for water
and sodium with 1/10 scaled models using a muitiedisional thermal hydraulic code,
AQUA. In 1996, Doi et al. [2] performed the turbitip test under the condition of 40%
power operation. Moreover, they carried out the emdcal analysis of the thermal
stratification caused by the turbine trip using AQSince it was complicated to model the
Upper Core Structure (UCS) between Upper IntertralcBire (UIS) and the core outlet, and
flow holes on the inner barrel accurately, the gues drop correlations were applied in the
numerical analysis. In 2008, Yoshikawa et al. sunwed the detailed engineering data of a
test as a benchmark problem of the Internationaidd¢ Energy Agency (IAEA) [3]. Honda et
al. [4] performed the numerical analysis of the epplenum of Japan prototype FBR,
MONJU, under the steady-state condition (40% powmgration) using commercial code,
FrontFlow/Red. In the numerical analysis, the UC& weconstructed by mesh arrangement.
The effect of buoyancy was also considered sineectiolant temperature of the outer region
of the core outlet (blanket subassembly) is lowantthat of the inner core region. On the
other hand, authors [5] have carried out the nuwakrsimulation of the dynamic flow
structure and thermal stratification phenomenahef apper plenum in MONJU using the
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commercial code, FLUENT ver.12.1 [6]. In the nuroatisimulation of the full sector model,
the UCS was assumed by a porous media approach, Thee flow rate of flow hole was
evaluated during the transient operation rangenh fés (trip start) to 600s. As the result of
numerical simulation, the flow structure changeahfrthe steady-state condition as the flow
rate and temperature of the core outlet decreasedtal the turbine trip. Moreover, the
interface of thermal stratification was influendeyl the flow pattern in the upper plenum of
MONJU. In this study, we discuss the influence gateal by the UCS, which affects the flow
structure near the core outlet region, and evatutite thermal stratification phenomenon by
the mean of comparing the full sector model buyitthe porous media approach with 1/3
sector model built by as-built geometry.

2. Analytical model

Figure 1 shows the analytical model in the numéeealysis. The full sector model of the
upper plenum in MONJU is composed of Upper Inter8alcture (UIS), TC-plug, core
barrel, H/L pips (three loops), Fuel Handling Maeh{FHM) and inner barrel with the flow
holes. The fuel transfer machine lower guide andelssel racks are neglected for simplifying
the full sector model. Moreover, since the UCS ®i8f complicated components such as
Flow Guide Tubes (FGTs), Honeycomb Structure (HS}, guide tubes and fingers, it is
modelled using a porous media model with the ptyadi0.5 in the full sector modeFigure

2 illustrates the cross section of computationamaio. In the present paper, two
computational domains are calculated. The onesisbove full sector modedndthe other is
1/3 sector model which is a trisection of the fdttor model including the H/L pipe (C-loop),
as shown in Fig.2. The 1/3 sector model is repteseby as-built geometry, where the
geometry of the UCS includes the figures, the CRaytubes, the HS and the FGTs.
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Figure 3 shows the mesh arrangement of (a) crats®sef H/L pipe (C-loop) and (b) flow
holes in the full sector model. The mesh number&ilbfsector model are approximately 5.1
million. To analyse the flow distribution in theoW holes, the fine mesh in the flow holes is
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arranged, as shown in Fig.3(b). Figure 4 showsriesh arrangement of (a) cross section of
H/L pipe (C-loop) and (b) the UCS in the 1/3 sectwdel. The mesh numbers of 1/3 sector
model is approximately 11.4 million. The UCS iscateconstructed by mesh arrangement as
shown in Fig.4(b). The flow rate and the sodium gerature at the inlet (core outlet) are
based on the IAEA bench mark condition [3]. Thecteastructures such as FHM, UIS, core
barrel, support plate, H/L pipes, T/C plug, HS, @Rde tubes, fingers, FGTs and inner barrel
are all adiabatic in this numerical solution. Thutlet of H/L pipe is bounded with satisfying a
constant pressure condition. In the lateral fadethe 1/3 sector model, symmetry boundary
conditions are applied. Additionally, the physipmbperties of sodium are depended on the
temperature [7]. Since the buoyancy force wouldvibeked for the stratified flow, the effect
of gravity is considered. In the analysis, the QKIi&theme is applied for convective terms so
as to reduce numerical diffusion [8], and the tima&rching term is calculated by the second
order Euler implicit method. Also, the SIMPLE methand the standard &-model are
applied in FLUENT, ver.12.1.
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3. Result and discussion

Figure 5 shows the typical flow patterns by commguthe 1/3 sector model on the left side
with the full sector model on the right side randeaim Os (trip start) to 1200s. Figure 5(a)
illustrates the velocity profile at the trip sté®s). For the 1/3 sector model, a jet ascends from
the core outlet through the HS, and impinges on. Ul& jet flows obliquely upward to the
inner barrel and impinges the inner barrel, ana the flow branches off into two directions;
upward flow and downward flow. The upward flow ajathe inner barrel overflows the top of
the inner barrel, and then it descends througlatimellar gap between the inner barrel and the
reactor vessel wall. The oblique flow from the cotlet to the inner barrel accounts for the
main part in both models. And then, it can be deam Fig.5(b) - (f) that the flow pattern has
changed from the trip start condition due to tlesvfcoasting down. As shown in Fig.5(b), the
jet spreads to the upper plenum horizontally aftdows between the UIS and the core outlet.
Then, the jet flows to the support plate. It is sidered that the inertial force of jet becomes
smaller than that of buoyancy effect. Due to theyamcy, the hot sodium acts as the plug.
After the coolant flow on the support plate, itvit® to the lower flow holes. For the 1/3 sector
model, the jet is divided into the upward flow thgh the HS and the transverse flow after
impinging the HS. Since the fingers, the CR guidees, the FGTs, and the HS including flow
holes of 36 and 32 mm dia. are represented exXplitit3 sector model shows a different flow
pathway compared with the full sector model. Fertitansient operation ranged from 240s to
600s shown in Fig.5 (c) - (e), the jet impinges tH& since the total flow rate of the core
outlet increases compared with that of 120s. Fumbee, the flow pattern has not changed
since the plugging effect is greater than the iakforce. After 600s, as shown in Fig.5(f), the
flow pattern has changed from the downward flovth® upward one since the temperature
distribution of the lower region in the upper plenbecomes uniform. Thus, the inertial force
of jet becomes bigger than the plugging effecttduae buoyancy.

Figure 6 shows the typical temperature profilectmnparing the 1/3 sector model on the left
side with the full sector model on the right sidaged from Os (trip start) to 1200s. As shown
in Fig.6(a), the temperature profile indicates ndfarm at the trip start (0s). This is because
the coolant temperature of the blanket subassemmlibyver than that of the inner core region,
so that the colder fluid descends along the coreeband accumulates between the support
plate and the lower flow holes. On the other hahdan be seen from Fig.6(b)-(f) that the
coolant penetrates the upper plenum since the mattet temperature has reduced rapidly.
The temperature variations result in density chartigat affect the flow conditions. As shown
in Fig.6(b), the thermal stratification interface formed near the upper flow holes as the
coolant is filled with lower part of the upper plen. The buoyancy effect causes thermal
stratification characterized by fluid distributioAfter 120s, as shown in Fig.6(c)-(f), the
interface of thermal stratification ascends dubdtiom-up flow from the core outlet. In other
words, the position of thermal stratification irffitere has been lifted with time. With the
comparison between two models, it is understootlittteatemperature profiles of two models
show the same trend, even if the flow pattern mWCS is different between two models as
shown in Fig.5. As a result, the thermal stratifma interface of the upper plenum has a
subtle influence of the flow pattern in the UCS.



The 14™ International Topical Meeting on Nuclear Reactor Thermal hydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

Full sector moel 1/3 sector mod ' Full sector modit

1/3 sector mode

(b) 120s

(c) 240s (d) 480s

(e) 600s (f) 1200s

Figure 5 Comparison of velocity profiles betweee thll sector and 1/3 sector model
ranged from the trip start (0s) to 1200s
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Figure 6 Comparison of temperature profiles betwéerfull sector and 1/3 sector model
ranged from the trip start (0s) to 1200s
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Figure 7 shows the comparison of the axial tempegadistributions between the analysis and
the experimental data at the TC-plug [2]. The syimlshow the experimental data after the
turbine trip under the 40% power operation while #olid and dashed lines show numerical
results of the full sector model and 1/3 sector ehodespectively. As shown in Fig.7, the
numerical results of two models show good agreemthtthe experimental data except for the
depth lower than -6000 mm at the trip start (O$)is considered that the thermocouple lower
than -6000 mm is affected by the temperature ofsingport plate [4]With the comparison
between the numerical result of 1/3 sector moddl thiat of full sector model, the numerical
result of 1/3 sector model accords with that of file sector model except for the steady-state
condition. Figure 8 shows the velocity distributionder the steady-state condition for the 1/3
sector model on the left side and the full sectodet on the right side. As shown in Fig.it8an
be observed that flow structures of the lower negiothe upper plenum are different between
two models. Since the higher resolution mesh igl iisehe 1/3 sector model, the junction of the
downward flow from the inner barrel and the vortaxvection above the support plate is lower
than that of the full sector model. The downwamflafter impinging on the inner barrel is
therefore mixed with colder coolant from neutronekling and blanket subassemblies at the
lower region of the upper plenum. Furthermore sitalso considered that the coolant of the
neutron shielding and the blanket subassembliesmaxed with hotter transverse flow after
impinging on the HS. Since liquid sodium has a htggrmal conductivity, the temperature of the
lower side of upper plenum in 1/3 sector modelighér than that of full sector model. With
regard to the flow structure of the full sector rahca vortex flow generated by the neutron
shielding and blanket subassembly also appearseatih@ support plate in the upper plenum,
however, the junction between downward flow frora thner barrel and the vortex convection
above the support plate is higher than that os&(or model sinche mesh arrangement of the
full sector model is not finer than that of 1/3teeenodel. Thus, the vortex at the lower region in
the upper plenum is generated without mixing with downward flow from the inner barrel, and
the flow returns to the upper core barrel diredyentually, it is understood that the temperature
at the lower region in the upper plenum becomesiatvan that of 1/3 sector model. In the
transient analysis, the temperature at the flovedalccords with the experimental data after the
turbine trip, however, the lower temperature reguwlls rapidly both in the analyses rather than
in the experiment after 240s. Thus, the temperaititee position higher than upper flow holes
is underestimated. Figure 9 shows the elevatioth@fthermal stratification interface after the
turbine trip. The solid and dashed lines show thmerical result of the full sector model and
that of the 1/3 sector model, respectively. In ortte evaluate the elevation of the thermal
stratification interface, the non-dimensional tenapare T* is defined as following equation;

=1l (1)

T, -T¢

where, T is minimum temperature, and, Ts maximum temperature. When the value of T*
become 0.5 both in the numerical analysis and xperanent, the position will be defined as the
interface of thermal stratification. As shown irg/, it is understood that the interface of the
thermal stratification is raised as the coolanivBdan the upper plenum. The trend of numerical
values follows the experimental data at the eamhetranged from the trip start (0s) to 240s.
Thus, the rise of the interface in the experimsrguppressed comparing with that of numerical
analysis during 240s-1200s. In other words, thegygihg effect by the hot sodium is not
weakening in the experiment during that period.Aite comparison between the 1/3 sector and
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the full sector model, the thermal stratificatiorierface of 1/3 sector model shows the same
trend with that of the full sector model in the renmoal analysis, even though the flow pattern
from the core outlet is different between two msded shown in Fig.5.

Figure 10 shows the (a) velocity and (b) tempeeaprofiles at the horizontal cross section of
(A-A’) and (B-B’) in the UCS at the trip start (Ogjor the cross section of (A-A’) and (B-B’),
the upper region of the UCS and the HS are indicateFig.10, respectively. As shown in
Fig.10(a), it seems that the jet impinged the U@&ads through the fingers at the cross
section of (A-A’). On the other hand, at the crgsstion of (B-B’), the jet from the flow
guide tubes flows through the HS. Furthermore,vilecity distribution appears around the
HS. This is because the jet without flowing theaflguide tube impinges on the HS, then it
ascends around the HS. With regard to temperatofédgs at the cross section of (A-A’) and
(B-B’) as shown in Fig.10(b), it is considered thia¢ temperature distributions in the UCS
depend on the above flow profiles.
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Figure 9 Elevation of thermal stratification ineec€ after the turbine trip

------------- ®)

Honeycomb
structure

| (a) Velocity profile
£ Flow guide tubes

Schemati of the UCS Iigg (A-A)

I?OO
530

(K]

e
(b) Temperature profi

Figure 10 Velocity and temperature profiles in theS at the trip start (0s)
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Figure 11 shows the (a) velocity and (b) tempeeaprofiles at the cross section of (A-A),
and (B-B’) at 240s. As shown in Fig.11(a), it isdenstood that the velocity in the UCS
decreases comparing with that of the trip start. ©@s the other hand, as shown in Fig.11(b),
it can be seen the uniform temperature distribuitiothe UCS. Also, almost no oscillation of
the thermal stratification interface in the UCSosserved in the circumferential direction. It
seems that the temperature in the UCS is mixedhasdolant flows through the HS and
fingers after the turbine trip. At 240s after tharbine trip, the elevation of thermal
stratification interface is higher than that of th€S. In other words, the thermal stratification
interface has already been lifted. Consequenté/téimperature in the UCS becomes uniform
at 240s although the coolant in the UCS flows thtothe HS and figures.
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Figure 11 Velocity and temperature profiles in theS at 240s after the turbine trip

4. Conclusion

Three-dimensional analysis of thermal stratificatiphenomenon in the upper plenum of
MONJU) was conducted using the commercial CFD c&d&IENT ver. 12.1. In this study,
two computational domains were calculated. One twadull sector model in which internal
structures (UIS, FHM, TC-plug, core barrel and mbarrel with flow holes) were directly
modelled except the UCS. Because the UCS was coatgdi which includes CR guide tubes,
flow guide tubes, HS and fingers, a porous medidehaas applied to simplify the full sector
model. The other was the 1/3 sector model wheregé@metry of the UCS was also
reconstructed by mesh arrangement. As the refdtflow pattern changed from obliquely
flow beyond the top of inner barrel to downwardaflthrough the flow holes. In other words,

10
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the flow path of flow holes accounted for main partler the transient condition, since the hot
sodium acted as the plug due to the buoyancy. &umtbre, the thermal stratification
phenomenon was well simulated under the benchmarkliton and compared with the
experimental result until 240s from the trip staifter 240s, the thermal stratification
interface was overestimated in these analysesdditian, we discussed the influence of the
UCS on the flow structure near the core outletaegind evaluated the thermal stratification
phenomenon by the mean of comparing the full satimdel by the porous media approach
with 1/3 sector model by as-built geometry. Althbutipere was a difference of the flow
pattern from the core outlet between two models, tttermal stratification interface of 1/3
sector model showed the same trend with that ofutheector model.
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