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ABSTRACT

When inert gas is present in the primary coolarg ebdium cooled fast reactor (SFR), it may cause
a core power fluctuation or a reduction of heahdfar at an intermediate heat exchanger (IHX).
Therefore, it is necessary to clarify an allowat®esl| of the gas in the system design of SFR. In
Japanese Sodium Fast Reactor (JSFR), a dippedpi&ewill be installed at the upper plenum so
as to suppress a fluid fluctuation at the freeaigfand entrainment of argon (Ar) gas bubbles into
the piping system. In the present study, an infteenf the D/P on the gas behavior has been
investigated using the VIBUL code. In the analytig upper plenum region is segmented into two
parts through the D/P. The flow exchange rate isapwlated based on the one-tenth water
experiment. As a result, it is demonstrated thatatrainment of Ar gas is suppressed considerably
by the D/P although the background void fractionywhich no Ar entrainment from the free surface
is taken into account, increases comparing witht thehout D/P. The quantification of the
allowance level of Ar entrainment is also investighbased on the computation result.

1. INTRODUCTION

In a sodium-cooled fast reactor, inert gases wilste
in a primary coolant system either in a state efalived
gas or free gas bubbles. There are two sourcekeof t
inert gas in the system; one is argon (Ar) andather
is helium (He).

Ar gas, used as a reactor vessel cover gas, exisis
free surface of the coolant at an upper plenumhef t
reactor vessel. The usage of the free surface is
unavoidable because reservoir function is needed to
absorb a thermal expansion of liquid sodium. Sithee
Ar cover gas exists above the free surface, it doul
dissolve into the liquid sodium and is dispersedha
primary coolant system by diffusion and advectiéh.
the same time, free gas bubbles of Ar will flowoirthe
liquid sodium by an entrainment at the surface edus
by, such as, a break up surface wave due to fltiotua
and a surface vortex.

He gas is produced as a result of disintegration of
B4C control rod material and is emitted as small thebb

to the reactor core. Even if these gases are dgesoh
coolant at high temperatures, these are come out as
bubbles in cooler part in the intermediate heat
exchanger (IHX) (Winterton, 1972).

In Japanese Sodium-Cooled Fast Reactor (JSFR),
studied by Japan Atomic Energy Agency (JAEA), an
installation of a dipped-plate (D/P) is being pladrat
the upper plenum of the reactor vessel so as tpresp
the fluid fluctuation and the surface vortex at liggid
sodium surface (Kimura, et al., 2006). The D/P \wél
installed at the upper plenum as shown in Fig.1ekh
the D/P is installed, the upper plenum is dividedghly
into two volumes and exchange flow between the
volumes also be suppressed. Consequently, the Oi/P w
affect the inert gas behavior in terms of not otilg
suppression of the entrainment but also the diffusi
and the advection of gas.

When gas bubbles are transported to the primary
coolant system, they may cause a disturbance in
reactivity, a nucleation site for boiling and cation,
flow instability and so on. Therefore, the inveatigns



of inert gas behavior and its acceptance levelvarg
important from the viewpoint of design and safetyhe
SFR. In order to evaluate the inert gas behavior
numerically in the primary coolant piping system, a
computational code VIBUL was developed (Berton,
1991). The numerical models of the bubble behaator
the upper plenum and the nucleation in the IHX have
been modified to improve the prediction accuracy
(Tatsumi, et al.,, 2008). In the present paper, an
influence of the D/P on the inert gas behavior hesn
investigated numerically using the VIBUL code. An
acceptance level of the gas entrainment has also be
discussed based on a background concentrationsof ga
caused by the He emission from the control rodsthed
resolution of Ar gas at the free surface.
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Fig. 1 D/P at upper plenum

2.NUMERICAL METHOD
2.1 Numerical Method in VIBUL Code

The VIBUL code was originally developed for
dynamics of gas behavior in primary coolant systém
a pool-type SFR (Berton, 1991) and modified by the
authors for the loop-type JSFR design (Yamaguadhi, e
al., 2005). Important and key issues for predicting
gas bubble concentration in the SFR system are the
models of the bubble source and sink terms. In the
VIBUL code, the following models are implemented; a
diffusion from bubble surface and free surface et t
upper plenum, an entrainment and emission of gas
bubble at the free surface, a generation at theaaod
and a nucleation at the IHX.

The plant system is represented as a network of

dissolved state in a component of the system is
expressed as:

S d d
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Where N, is the number density of bubblds,, is the
molar mass of the gas in one bubble, Bigds the mol
concentration of the dissolved gas,, is the coolant
volume in the volume an@ is the volumetric flow rate
of the coolant. The tilde (~) means the upstrealneva
D, W, L, Hand p:s are the diffusion coefficient of the
gas in the sodium, the horizontal velocity at theef
surface, the length of free surface, Henry's cortséad
the pressure of the cover gas shouldPpg respectively.
The diffusion coefficient D is given in (Reed, dt, a
1970). S is the solubilitypy, is the coolant density,
Mna is the mol concentration of coolant. The firstnier
of the right side in Eq(2) reveals the diffusion of
dissolved gas from the free surface.

The conservation of the number of density itf
group gas bubbles is shown in the following:

d ~
VNaa Np; =—aVnaNpi ~QNp; + QNp; +S (4)

The first term of the right side means the emission
from the free surfacey; is the degassing constant and is
calculated as:

ai - A\lavt,i
VNa
Here, Aya is an area of the free surface, ands the
terminal rising velocity of the bubble.

As concerns the source ter® in Eq.(4), the
entrainment from the free surface, the generaticthea
control rods, and the nucleation at the IHX. Thstfi
two sources are considered as input parameters.

Let us describe the nucleation model briefly.c8in
the primary coolant temperature decreases at the IH
due to a heat exchange towards the secondary ¢palan
nucleation of gas appears on the heat transfer tube
surface. The initial bubble radius R is describedhie
following equation:

®)

N
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(6)

volumes and paths. The bubble number density as a Ps, P, andoare the intrinsic bubble pressure, the flow

function of the bubble size and the total amounthef

pressure around the bubble, and surface tension.

gas are evaluated in each volume. The bubble radius When the initial gas bubble grows larger, the flow

range is divided
logarithmic scale as:

intoK groups according to a

rmax

(1)

Wherer; is the median radius of a bubble in groupnd

Fmin @Nd rmax @are minimum and maximum radii of the
bubble size, respectively.

The total mass conservation of the gas bubble and

P 1
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resistance increases. After that, when the gas léubb
become certain size, the force balance, surfacgoen
and lift force acting on bubble, is lost and thélble is
detached from tube surface (Hibiki, et al., 2006)the
VIBUL code, the radius of nucleation bubble
approximately 8am with for Ar gas, 10@am for He gas.
As the reason, He gas have more intrinsic pressure.

Then the mass conservation equation for a single
bubble is given as:

is



dN,,
dt @
where, K = ShD (8)
r

k is the coefficient of transporting gas between gad
sodium and Sh is Strouhal number (Crift, et al78)9
N’4 is the molar gas of saturation solubility per uimte.
Since saturatiol’'y depends on the temperature and the
pressure, these are to be parameters in Eq.(6).

= _4k”2[Né - Nd]

2.2 Numerical Condition

Fig. 2 shows the node configuration of the JSFR
primary piping system without the D/P. Each compiipe
such as the upper plenum, the hot leg piping armhs@s
modeled as a volume and is connected with patingeSi
the He emission from the control rods appears at th
inner core region, the core region is divided itim
volumes.

With regard to the free surface, it exists in tipper
plenum and the pumpt is noted that the dissolution of
He at the free surface is ignored in the preseatyais
because the concentration of He in the cover gaddvo
be negligibly-small.

In the D/P installation case, the upper plenwm i
segmented into two values as shown in Fig.3. Theae
why “Upper plenuml” and “Upper plenum2” aren't
connected paths, only two paths can be connectezhto
volume in VIBUL code. So, Numerical condition is
necessary to set up as Fig.3. In the analysignthence
of the D/P is considered by a flow exchange ratevben
the upper plenum volumes. The flow rate exchangetis
to approximately 0.7% of the total flow rate based
one-tenth water experiment carried out by JAEA.
(Kimura, et al.,, 2003) In the VIBUL code, the
temperature and the pressure distributions in thag
system are treated as an input parameter as wéftleas
flow rate. The rated operating condition is appliedhe
present analysis. The Ar and He sources are afadt in
variables. The He emission rate from the contrdsris
set to be constant (0.4cc/sec with ug0 in radii,
Yamaguchi et al., 2005). As concerns the Ar as laubb
entrainment, the entrainment rate and its radiitegated
as a sensitivity parameter in the present study.

Free surface

—'—I Hot leg piping

Upper plenum

!

9,

IHX

Core

bypas Core

Free surface +
\A

U7

Pump

!

Lower plenum—0—| Cold leg piping

Mixing
point
Fig. 2 Analytical nodeswithout D/P

Volume e path ©

Free surface
Upper plenum 2

+ Hot leg pipin;}

Upper plenum

IHX
Core
Core
bypass Free surface
Pump
Lower plenunt ° old leg piping—
Mixing
D Volume e path point

Fig. 3 Analytical nodeswith D/P
3.RESULT AND DISCUSSION
3.1 Background Level of Gas Concentration

When the D/P is installed, a fluctuation of freeface
at the upper plenum is suppressed. Thus the emteain
of gas bubbles will be reduced. Furthermore, tHe will
protect an inflow of gas bubbles inside the pipsygtem
because of its small flow exchange rate. At theestime,
it also protects a release of gas generated ingide
piping system (He at the control rod). Therefore, a
background level of the gas concentration is ingagtd
firstly. In the background level analyses, no Ar
entrainment in a bubble form at the free surfacehef
upper plenum is assumed.



Fig. 4 shows the bubble number density of (a) Ad a

(b) He at the core inlet, respectively. Figs. 5 &ndlso

show the bubble concentration at the upper plemiet i

and the hot leg piping inlet, respectively.

As shown in Fig.4, the bubble number density

increases when the D/P is installed. This is aitet to
the fact that the bubble emission from the uppenyin
free surface is suppressed by the D/P. The pealsrad
the bubble is approximately fith in Ar and 7@im in He
that comes from the nucleation at the IHX. On ttieenp
hand, it is described these bubble radii argn8Cand

10Qum, respectively, in chapter 2. For the reason, gas
bubbles are shrinked around sodium pressure at low

place.

In the background condition, the void fraction la¢ t

core inlet is evaluated to 2.91x1@QAr: 3.58x10% , He:
2.56x10") without the D/P and 6.64xF0(Ar: 1.68x10,

He: 6.47x10)with D/P. It can be concluded that the He

gas is dominant in case of the background condition

In the plenum inlet, the distribution of the numbe
density spreads widely comparing with that at thesc
inlet as seen in Fig. 5 because of the total pressu
decrease. When the coolant flows into the upperyste

with the free surface (Upper plenum without the Bfl

Upper plenum2 with the D/P, see Figs. 2 and 3), the
number density in case of the D/P is smaller thaat t

without the D/P as shown in Fig. 6. This is atttdzlito

the fact that the characteristic height,J becomes low
of the volume segmentation. Thus more bubbles are
released from the free surface in case of the D/P

installation.

Since the He bubble is emitted at the core (0.4cc/s
with 50um in radius), the He bubble number density has

two local peaks as shown in Fig. 6 (b).
Table 1 shows the proportion of the bubble redease
from the free surfaces at the upper plenum angbtinep.

As summarized in Table 1, the most of the bubbles a
emitted from the upper plenum free surface when the

D/P is not implemented.

Table.1 Release bubble proportion from free surfaces
in background condition

Argon gas Helium ga
upper plenu]l  pump [upper plenul  pump
with D/P 84% 16% 31% 69%
without D/P 99% 1% 97% 3%

When the D/P is installed, the Ar bubble is emitted
dominantly from the upper plenum free surface same
that without the D/P case. On the contrary, the He
bubbles are emitted mainly from the pump free wgrfa

because the He is emitted to the core and it hdlallys
to the free surface region of the upper plenumugino
the D/P. As mentioned above, the void fraction &iss

of the He bubble mostly (97% of the void fraction).
Consequently, it is concluded that the bubble sdea

from the pump will affect the background void fiaat
strongly.
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& 2.8E+04 , On the other hand, the number density increasesalbve
3 —o— Without D/ ; . ;
= o With DIP and an obvious density peak due to the entrainchess
? 2 1E+04 | not appear when the D/P is installed. As a resh#,
5 increase of the void fraction caused by Ar gas is
= Latros evaluated to 9.77x10in case of no D/P and 4.03x1th
27 case of the D/P installation.
2 Fig. 8 shows the Ar bubble number density at the
L 7.0E+03 upper plenum. Since the flow exchange rate is toalls
= in case of the D/P installation, the number density
@ 0.0E+00 ——o— distribution changes quite a bit. As seen in Figthe
0 30 60 % 120 150 number density of large radius (%88@) decreases
Bubble radiusym) dramatically caused by the emitting from the fregace.
(a) Ar When the D/P is installed, the entrained Ar dawd$
& 20E+04 [~ 7\ vihout DR hardly into the hot leg piping system in a bubldent
= —&— With D/P because of the small flow exchange rate via the BIP
2 L6E+04T the same time, the more dissolution of Ar gas tike
5 place at the upper plenum between the D/P andréfee f
T 1.2E+04 | . . ..
5 surface. The dissolved gas can flow into the piping
= 8.0E+03 | system. Once it flows inside the D/P, it is notye&s
2 release to the cover gas of the upper plenum.
2 Joe+03) Consequently, the void fraction becomes higherasec
§ of the D/P installation than that without the DA’shown
0.0E+00 in Figs. 7 and 8.
0 30 60 1) 120 150 It is concluded that the D/P installation incesmshe
Bubble radiusi{m) void fraction in the primary coolant piping systevhen
(b) He the same amount of the gas entrainment is assurhed.
Fig. 6 Bubble number density at upper plenum is why the emission of gas bubbles from the fraéase
in background condition decrease. However, it is also carefully mentiored the
D/P plays an important role for suppressing the w@arho
3.2 Influence of Argon Bubble Entrainment of the entrainment.
In order to investigate an influence of Ar bubble %2-5906 o Without D/F
entrainment at the upper plenum free surface on the ;205 -~ With D/P
bubble concentration behavior in the piping system, @ ™ +08
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constant entrainment rate of Ar (4cc/s), which is &
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et al., 2005) is assumed 4cc/s and the radius ef th g
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In the case of no D/P installation (Without D/f)e Fig. 8 Ar bubble number density at upper plenum
bubble number density has two local peaks as in Fig (Ar: 4.0cc/s, S0um in radius)
Comparing with that in the background conditiong(Fi
4(a)), it is apparent that the first peak (appraatity Fig. 9 shows the Ar number density at the coretinle

40um) comes from the entrainment at the upper plenum. when the entrained bubble size becomes largep(h0
5



Comparing with that in case of gt (Fig. 7), the
number density decreases as in Fig. 9. The increhse
the Ar gas void fraction is 1.61xfeand 7.51x16 from
the background level in case of no D/P installatonl
D/P installation, respectively.
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As the entrained Ar gas is 0@ in radius, the local
peak due to the entrainment shift from aroun@grbQo
80um in case of no D/P installation. On the other hand
almost no number density is appeared am8Qvhen the
D/P is installed. This is attributed to the facatththe
large bubble is emitted easily from the upper ptenu
surface as mentioned before.

8.0E+05 -
% —— Without D/R
- —— With D/P
2
% 6.0E+05
c
)
°
2 4.0E+05
€
]
c
@ 2.0E+05
Q
Qo
>
m

0.0E+00

0 30 90

60
Bubble radius{m)
(@) Upper plenum inlet

120 150

& 8.0E+05 -
e —o— Without D/R
_ —&— With D/P
2
% 6.0E+05
c
()
©
& 4.0E+05 T
IS
>
c
@© 20E+05 1
Qo
Q
>
0 5.0E+00
0 30 120 150

60 90
Bubble radius{m)
(b) Hot leg piping inlet
Fig. 10 Ar bubble number density at upper plenum
(Ar: 4.0ccls, 100um in radius)

The number density of Ar bubble at the upper plenum
is indicated in Fig. 10. The bubble behavior frome t
upper plenum inlet to the hot leg piping inlet &@re

with that in 5um condition as seen in Fig. 8. When the
entrained bubble size becomes large, the emitéeg r
from the free surface increases because of thefige
terminal velocity. Furthermore, the amount of
dissolution gas to the coolant is decreased becdgse
bubble inner pressure decreases. Accordingly, the v
fraction will decrease when the entrained bubbie si
enlarges. In other words, the void fraction wiltiease
more as the entrained bubble size becomes smabar e
when the total amount of the entrainment is same.

3.3 Consideration of Acceptable Bubble Entrainment

As mentioned in Sec. 3.2, the void fraction in the
coolant will increase when the D/P is installed emthe
same amount of Ar bubble entrainment. At the same,t
the D/P suppresses a coolant velocity and a fltictuat
the free surface resulting in a considerable deered
the bubble entrainment (Ezure, et al, 2008).
Consequently, an applicability of the D/P instadlatis
investigated numerically by comparing the accepgtabl
bubble entrainment rate. In the investigation, wsuae
5% of the background condition with the D/P (3.3%)10
as an acceptance level tentatively. In the analybis
entrainment rate is varied until the void fractiahthe
core inlet exceeds the acceptance level in eaclhlbéub
size (30, 50 and 1@@n). The acceptable entrainment rate
is shown in Fig. 11.

As shown in Fig. 11, it is apparent that the ataiele
entrainment rate in case of the D/P is smaller tha
without the D/P. However, it is also concluded that
remarkable reduction of the entrainment is not iregu
in case of the D/P installation to achieve the same
acceptance level as seen in Fig. 11. For instaace,
smaller void fraction can be achieved when the
entrainment rate reduces to lower than approximatel
one-fourth by the D/P in case of bubble withuf0in
radius. From the viewpoint of the control of bubble
entrainment at the free surface of the upper pleritim
could be concluded that the D/P has the appli¢gkidi
reduce the void fraction in the primary coolantteys
although the background void fraction will increatte
is again mentioned that an effective bubble engttin
system at such as the IHX and the pump has a jtent
to reduce the background void fraction significgntl
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from upper plenum free surface



4. CONCLUSION

In the present study, we investigate the effecthef
D/P on the bubble behavior using VIBUL code. As a
result, it is demonstrated that the background void
fraction rises in case of the D/P installation. cgirthe
D/P suppresses the flow exchange, the bubble amissi
from the upper plenum free surface is also supptkess
At the same time, it is found that the bubble retea
from the pump free surface will affect the backgrdu
void fraction strongly when the D/P is implemented.

When the same amount of the gas entrainment is
assumed at the upper plenum, the D/P installation
increases the void fraction in the primary coolaiping
system comparing with that without the D/P. As the
entrained bubble size becomes large, the emittiteg r
from the free surface increases due to the riséhef
terminal velocity and the dissolution rate decrsase
because the bubble inner pressure is reduced.
Consequently, the increase of the void fraction is
suppressed when the bubble size becomes larghisin t
time, bubbles nucleated at IHX are majority and the
amount of bubbles entrained from the free surface i
negligibly small at the core inlet. Therefore, & i
important to release the nucleation bubbles froarfithe
surface of pump so that much bubble does not ¢nger
core inlet in D/P installation case.

In the consideration of the acceptable bubble
entrainment at the upper plenum where 5% of the
background condition with the D/P is assumed, &s th
acceptable level, it is concluded that the accéptab
entrainment rate decreases to approximately orik-for
caused by the D/P installation. However, the
entrainment rate can be reduced remarkably by tRe D
Consequently, it can be said that the D/P instahat
still has a potential to reduce the void fractionthe
primary cooling system.

NOMENCLATURE

Ana area of free surface ﬁ]n
D diffusion coefficient of the gas

Hy Henry constant [mol/s/Pa]
k  mas transfer coefficient [m/s]
L the length of free surface [m]
Mya molar mass of sodium [ka]
N, number density of bubbles [17n
Ng molar concentration of the dissolved gas [md}/m

N’y molar gas of saturation solubility per unit time

[mol]
Nn molar mass of the gas in a bubble [mol]
Ps intrinsic bubble pressure [Pas]
P_ the flow pressure [Pas]
Prs presser of cover gas [Pas]
Q volumetric flow rate of the coolant fifs]
r median radius [m]
S solubility [Pa]
Sh  Strouhal number [
S volume ofinsert gases [Ph
Vi, horizontal velocity at the free surface [m/s]
v; terminal velocity [m/s]

Vna Sodium volume in the plenum fin
Greek Letters

a; degassing constant fra]

o surface tension [kofls

Prs coolant density [kg/f)
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