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In a sodium-cooled fast reactor, inert gas (bubbles or dissolved gas) exists in the primary coolant
system. Such inert gas may cause disturbance in reactivity and/or degradation of IHX performance, and
therefore, the inert gas behaviors have to be investigated to ensure the stable operation of a fast reactor.
However, it is difficult to investigate the inert gas behaviors in liquid metal flows experimentally
because measurement techniques applicable to opaque liquid are quite limited.

The Japan Atomic Energy Agency has developed a plant dynamics code SYRENA to simulate the
concentration distributions of the dissolved gas and the bubbles in a fast reactor. In this study, the
models in SYRENA code are improved to achieve accurate simulations, e.g. rigorous mole conservation
of inert gas. Moreover, new models are introduced to simulate the various bubble behaviors in liquid
metal flows. To validate the improved models and the newly developed models, the inert gas behaviors
in the large-scale sodium-cooled reactor are simulated. As a result, it is confirmed that the complicated
bubble dynamics in each component, e.g. core or IHX, can be simulated appropriately by SYRENA

code.
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1. Introduction

In the Japanese large-scale sodium-cooled fast reactor (JSFR), inert gas (bubbles or dissolved
gas) is mixed in the primary coolant system due to cover gas (Ar) entrainment at free liquid level in the
reactor upper plenum and bubble (He) released from control rods. Reactivity disturbance and decreased
heat transfer performance in Intermediate Heat Exchanger (IHX) are concerned because of these
bubbles or dissolved gas transported in primary coolant system, hence understanding bubbles and
dissolved gas behavior in cooling system is important to ensure the stable operation of a fast reactor.
The authors implement the development and verification of SYRENA code to evaluate the behavior of
bubbles and dissolved gas in the primary coolant system of fast reactor. On the other hand, the inert gas
exists in various liquid metal flows, e.g. the mercury target system which generates neutron by proton
beam incident on mercury. Quantitative evaluation of the inert gas behaviors in such systems is
inevitable to design configuration however observing bubble behavior in liquid metal flow is difficult,
so bubble behavior evaluation using SYRENA code is considered effective.

In this study, the models in SYRENA code were improved to enhance accuracy of the analyses,
and evaluation on the JSFR was implemented as the verification. In addition, new models were
developed to apply SYRENA code to the evaluation of the inert gas behaviors in various liquid metal

flow systems.
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2. Brief Description of SYRENA Code

2.1 Inert Gas Behavior in Sodium-cooled Fast Reactor
Following is postulated as the source of inert gas contained in the primary coolant of the
sodium cooled fast reactor.
Ar cover gas dissolution from pressured free surface
Ar cover gas entrainment at free surface
Continuous He release generated at control rod
Gas entrainment in an over flow area (depend on design of reactor vessel)
Also, following is postulated as bubbles or dissolved gas behavior in primary coolant system
Bubble nucleation in the cooling area (IHX in fast reactor)
Deposition/dissolution of inert gas at bubble surface (dissolution of bubble and deposition of
dissolved gas)
Bubble breakup (breakup of bubbles with a radius beyond the critical value)
Transportation of bubble and dissolved gas by coolant flow
Bubble release at free surface by buoyancy
Bubble coalescence (can be ignored if no gas sump)
Hence, these phenomena must be modeled precisely to evaluate bubbles and dissolved gas behavior in

sodium fast reactor.

2.2 Basic Formula of SYRENA Code

SYRENA code has been developed on the basis of VIBUL code" which was developed in
France to evaluate dissolved Ar behavior in sodium cooled fast reactor and was only intended for the
Superphenix (SPX1) fast breeder reactor of France. In order to evaluate MONJU and JSFR, and to
achieve collaborative analyses with other codes, drastic modifications have been implemented on whole
VIBUL code such as program structure, phenomena model, discretization method, and analytical
algorithmz). As a result, SYRENA code uses multipoint approximation flow path model to analyze
bubble number density in primary coolant system of fast reactor. Fundamental equations are the
conservation equations of bubble mol count and dissolution mol count in a component. In those
equations, bubbles are classified into i groups based on the bubble radius, and then bubble generation
and collapse for each group are calculated. The fundamental equations of SYRENA code are shown

below.
Conservation equation for bubble count in each component

d

Vv _thi =-a VN, _QVNaNbi +QVNaerie +Si (2.1)

a
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Note: Vy,: Plenum volume (m3), Np;: bubble number density of i groups, N,,;: mol count for each bubble
in i groups, a;: gas release coefficient of bubbles in i groups, Qyn,: volumetric flow rate (m3/s), S;:

source term. Subscript e indicates upstream volume factor (inflow).

Conservation equation for dissolved mol count in each component

d d
VNaENd =—D (Nd_H plibre)_ QVNaNd +QVNa€Nd€_VNaZNbiEN' (22)

mi

Note: N;: dissolved mol concentration, H: Henry's constant, Pj.: cover gas pressure (Pa), and D:

effective diffusion coefficient determined by free surface liquid velocity.
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3. Improvement of Models in SYRENA Code

3.1 Explicit Discretization of Bubble Mole Conservation Equation

SYRENA code uses the conservation equation for bubble count and dissolved mol count to
calculate bubble number density N,, bubble mol count N,,; and dissolved mol concentration N,. This
calculation is completed originally with an implicit method however malfunction of algorithm of
implicit method (problem with bubble count determination) inhibits the strict conservations of bubble
mol count and dissolved mol count inside the system. Thus, the fundamental equations are discretized
explicitly (explicit method) to establish analytical algorithm satisfying the mol conservation.

Conservation equations for bubble mol count and dissolved mol count are shown in equations

2.1 and 2.2. Moreover, gas transport between bubble and sodium is shown in the equation below.

d];ml’ =—kd4zr? [N, -N,] 3.1)

Note: k: gas transport coefficient between bubble and sodium, r;: representative radius of bubbles in
group i, N’;: molar solubility. Explicit discretization is applied to the equations 2.1, 3.1 and 2.2 to obtain
the following equations 3.2, 3.4 and 3.6, respectively. In those equations, superscripts n and n+1

indicate the time.

Bubble number density N,

N 'n+1 -N n ; " n
VNa % = _al'VNa Nbi - QVNaNbi + QVNaerie (32)
NbinH _ At(—aVy, N, — QVNaNII;,-n + OywvaeNoie )+ VaalVpi' (3.3)
Na

Mol count for each bubble class N,,;

Nmn+1 _Nmn v , )
= kAT () [N,-N,/] (3.4)
N, =—k4x (") [Nz'i —Ndn]At—ermin (3.5
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Dissolved mol concentration N,

N n+l -N n " n n n d
VNa % =—D (Nd -H plibre)_QVNaNd +QVN”eNd€ _VNa ZNb;rl E m
(3.6)
d At
Ndn+l = [_D (Ndn —H Diipye )_QVNaNdn +QVNaeNdZ ~Via ZNZTI dt ml} T TN
dt VNa
(3.7)

Note: the temporal differentiation term at the right side of the equation 3.6 is calculated by substituting the

equation 3.4.

3.2 Initialization of Calculation Array for Nucleation

Volume of bubbles generated due to the nucleation in IHX is stored in the array nb_nu(), however
initialization of the array has not been done originally in SYRENA code. Thus, even in the condition
unsatisfying the nucleation generation, bubble generation could be calculated. To prevent this error,

initialization of nb_nu() is added.

3.3 Examination on Saturated Temperature Calculation of Inert Gas in Sodium
The equation below is used to calculate saturated temperature of gas Ty, in sodium when

calculating nucleation in IHX.

— 4542
= (3-8)

log[MN”M] +2.13

LpNa

sat

Note: My,: molar mass in coolant sodium, N,.: dissolved mol concentration at IHX inlet, P;: fluid
pressure, py,: sodium concentration. It is determined that nucleation is generated if Ty, > Ty, in VIBUL.
However, T; is outlet temperature of sodium in IHX. Since volumetric flow rate and dissolved mol
concentration vary with temperature change in IHX, IHX inlet value should be used for the calculation
of py, to handle the equation 3.8 accurately. Originally, the dissolved mol concentration at IHX inlet is
used in the calculation even though the density at the calculation point in the IHX is used as pu,.
Therefore, the saturated temperature of sodium is not calculated accurately. As a consequence, the
nucleation may not occur even in the condition it should occur, and temporal fluctuation is seen for the
volume of bubble generation as shown in Fig 3.1 (and Fig. 3.2). To resolve this problem, SYRENA code
is modified to use the sodium density at IHX inlet as py,. As a result, the temporal fluctuation for the

volume of bubble generation is inhibited as shown in Fig. 3.3 (and Fig. 3.4).
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3.4 Derivation of Appropriate Pressure Calculation in IHX
In the IHX, bubble generation (reduction of the dissolved mol concentration) by the nucleation

is calculated using the equation below.

ANd = QVNaeNde - QVNa Ndsat

(3.9)
= QVNaeNde - QVNa (Hs Ps)

Originally, the outlet pressure is calculated as P; = Py + pn,gh without consideration of pressure loss in
IHX. Here, P, is cover gas pressure and /2 is IHX height. Hence, dissolved mol concentration (molar
solubility) at the IHX outlet and also generated bubble diameter may not be calculated accurately
because they are sensitive to pressure. Therefore, the pressure calculation is improved to use the fluid
pressure P, in the equation below to calculate gas saturated temperature in sodium to consider influence

of pressure 1oss Py;.

1)14 = ])0+pNagh_1)loss (310)

Pressure loss is hypothetically consistent throughout IHX in calculating pressure at a point in IHX.
3.5 Correction of Dissolved Mol Concentration Calculation at Mixing Point

The bubble number density N;; .., and dissolved mol concentration N, ,,, in the outflow at a

mixing point are calculated originally as below.

20, (k)N i (K)

N.. = 3.
bi _out ZQm(k) ( 11)
20, (K)Ny_i (k)
_ _ 3.
d _out z:Qin (k) ( 12)

Here, Oin « Npiin ~ Na in are flow rate, bubble number density and dissolved mol concentration of each
inflow pass at the mixing point, respectively and & is the index number of the each flow path. The
equations 3.11 and 3.12 use total inflow at the joint £0;,(k) for the calculation, however if the inflow
temperatures are different, the outlet (mixed) flow rate is not the same as the total inlet flow rate. In
such cases, the molar conservation of bubble and dissolved gas is not satisfied. Thus the equations 3.11

and 3.12 are modified as below.
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_ z:Qin (k)Nbi_in (k)

Noi out (3.13)

1_ou Qout
20. (k)N, . (k

Nd out — Q’”( ) dﬁm( ) (3.14)

B Qout
Note: O, is total outlet flow rate at the mixing point and calculated as below.
2p, (k k
Qom — pNa ( )'QVNae( ) (3 1 5)
pNa

Note: pwn.(k) is the density of inflow at each flow path, and p’y, is the coolant density of outflow at the

mixing point.
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4. Simulation of Inert Gas Behavior in Sodium-cooled Fast Reactor

To verify the improved models in SYRENA code, bubble/ dissolved gas behavior in the
primary coolant system of sodium cooled fast reactor is evaluated. Note that in addition to the
improvement shown in chapter three, SYRENA code here uses an accurate evaluation approach for the
bubble behavior in the upper plenum region® (based on three dimensional numerical simulation, release
ratio of the inflow bubble from the reactor core to the cover gas region, outflow ratio to the hot leg pipe,
and dissolved ratio into the coolant are modeled as the correlating formula with dimensionless
parameters). Furthermore, bubble generation/ separation model at the heat exchanging surface of IHX",
in which the balance of surface tension, growing force and lift force is considered to provide the bubble

separation condition, are adopted.

4.1 Simulation Condition

In this report, bubble/ dissolved gas behavior in normal operating condition in sodium cooled
fast reactor system is simulated. The unsteady calculation is from initiating condition with “0” bubble
and dissolved gas in all the components to the steady state when the temporal variations become

sufficiently small.

Simulation cases

Inert gas generation volume and inert gas types (Ar, He) are used as the parameters to simulate
four cases in table 4.1. Case-Ar(1/10) and Case-He(1/10) are the simulation cases with one tenth bubble

source of those in Case-Ar-ref and Case-He-ref, respectively.

Simulation model

The simulation model is constructed based on the primary cooling system of sodium cool fast
reactor as shown in Fig. 4.1. This model consists of 1) upper plenum, 2) hot leg piping, 3) IHX, 4) pump,
5) cold leg piping, 6) lower plenum, 7) core bypath, 8) core. Liquid sodium, the coolant is released from
the reactor vessel and goes through hot leg piping (1-pipe x 2-loops), integrated pump-IHX, cold leg
piping (2-pipes x 2-loop) then return to the reactor vessel. Source of the inert gas mixed in the coolant
considers entrained Ar gas and the dissolution at free surface of the upper plenum and He bubble release

from the control rod (B4C).
4.2  Simulation Result

Based on the simulation results, molar balance in each component, distribution of bubble

number density in each evaluation point and the calculated void fraction are studied.

Ar gas behavior

Molar balance in each component, distribution of bubble number density at each calculation

7107
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poins, void fraction in each component, nucleation parameter in IHX are shown in table 4.2 and 4.3, Fig.
4.2and 4.3, table 4.6, and table 4.7 respectively.

In the upper plenum, the dissolved mol count rapidly increases due to the bubble dissolution.
On the other hand, at the IHX outlet, bubble mol count reaches the maximum value while dissolved mol
count being the smallest value due to the deposition of dissolved gas as bubbles. Diameter of the
bubbles generated in the IHX decreases due to the pressure rise in the pump. At the downstream of the
pump, the diameter increases gradually due to the gradual pressure decrease. In the core, sodium
solubility increases due to the coolant temperature rise hence bubble mol count decreases and dissolved
mol count increases.

To investigate the influence on Ar gas behavior from bubble source, simulation results of
Case-Ar-ref and Case-Ar(1/10) are compared. Since they both share same conditions of coolant flow,
temperature, and pressure, no significant difference in bubble diameter distribution is seen in each
component. Also, dissolved mol counts of inflow and outflow in each component between IHX outlet to
upper plenum inlet substantially coincides. Difference in bubble source influences distribution of bubble
number density and the void fraction; they are proportional to bubble source, that is, the bubble number

density and the void fraction in Case-Ar(1/10) are about one tenth of those in Case-Ar-ref.

He gas behavior

Molar balance in each component, distribution of bubble number density at each evaluation
point, void fraction in each component, and nucleation parameter in IHX are shown in table 4.4 and 4.5,
Fig. 4.4 and 4.5, table 4.8, and table 4.9 respectively.

He gas bubble source from control rod released in core gradually dissolves in coolant in the
core and upper plenum. At the IHX outlet, the bubble mol count is the maximum value while the
dissolved mol count being the smallest value due to the deposition of the dissolved gas as bubbles. The
bubbles generated in IHX loose the diameter due to pressure rise in the pump and at the downstream of
the pump, gradually gain the diameter due to gradual pressure drop.

Simulation results of Case-He-ref and Case-He(1/10) are compared to study the influence of
bubble source on He gas behavior. Both share all the condition except for bubble source, no significant
difference is seen in the distribution of bubble diameter. Also, inflow and outflow dissolved mol count
in each component substantially coincide. As a result bubble source difference only influence the
distribution of bubble number density and the calculated void fracture, they becomes about one tenth of

those in Case-He(1/10), proportional to bubble source.

Comparison of Ar gas behavior and He gas behavior

Behaviors of Ar gas and He gas are compared in the same simulation models and the bubble
source condition (e.g. Case-Ar-ref and Case-He-ref). Solubility of Ar gas to sodium is smaller than that
of He gas, and therefore, dissolved mol count of Ar gas in each component is about one order smaller

than that of He gas. Contrary, Ar gas bubble source is larger than that of He gas so bubble mol count of

,ll,
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Ar gas in each component is about one order larger. However, when comparing bubble/dissolved gas in
primary coolant system, they match qualitatively in tendencies of bubble deposition in IHX and bubble
dissolution in core and upper plenum.

These simulation results represent bubble/dissolved gas behaviors in primary coolant system of

fast reactor qualitatively correct to conclude evaluation using SYRENA code is valid.

Table 4.1 Simulation condition for bubble and dissolved gas behavior in fast reactor

Case Inert Gas Gas Source (mol/s)
Case-Ar-ref Ar 1.7x10™*
Case-Ar(1/10) Ar 1.7x107
Case-He-ref He 1.08x107
Case-He(1/10) He 1.08x10°°

,12,
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Table 4.6  Ar gas void fraction in each component

Component Case-Ar-ref Case3-Ar(1/10)

(DUpper Plenum 2.41E-05 2.59E-06

@Hot Leg Pipe 2.40E-05 2.58E-06

GIHX 2.89E-05 3.16E-06

@OPump 2.88E-05 3.14E-06

(®Cold Leg Pipe 2.88E-05 3.14E-06

®Lower Plenum 2.87E-05 3.13E-06

(DCore 2.66E-05 2.90E-06

(®Core Bypass 2.83E-05 2.99E-06

Table 4.7 Ar gas nucleation parameter
Case Nupleation Minimum Nu_cleation Maximum chleation
Height (m) Bubble Radius (m) Bubble Radius (m)

Case-Ar-ref 1.73 4.78E-05 5.56E-05
Case-Ar(1/10) 0.295 4.78E-05 5.14E-05

Table 4.8 He gas void fraction in each component

Component Case-He-ref Case3-He(1/10)

(DUpper Plenum 1.04E-06 9.79E-08

(@Hot Leg Pipe 9.80E-07 9.25E-08

GIHX 4.28E-06 4.07E-07

@Pump 4.16E-06 3.96E-07

(®Cold Leg Pipe 4.13E-06 3.93E-07

®Lower Plenum 3.59E-06 3.41E-07

(DCore 2.72E-06 2.59E-07

(®Core Bypass 1.17E-06 1.00E-07

Table 4.9 He gas nucleation parameter
Case Nupleation Minimum Nupleation Maximum chleation
Height (m) Bubble Radius (m) Bubble Radius (m)

Case-He-ref 0.115 6.63E-05 7.27E-05
Case-He(1/10) 0.011 6.63E-05 7.22E-05
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5. Model Development for Simulation of Various Liquid Metal Flows

In this chapter new models are developed to evaluate the inert gas behaviors in various liquid

metal flows using SYRENA code.

5.1 Introduction of Physical Property Function
To evaluate mercury systems, physical property values of mercury are introduced to SYRENA
code as the functions of temperature 7 by polynomial approximation of the discrete values in

literature”.

Density p

P =5.85714285714189x107*-T* —2.83071428571419-T

(5.1)
+1.43235714285714x10*

Viscosity coefficient 7

n=727272727276616x107"* - T* -1.51919191919784x107"° . T*
+1.21696969697336x107 -T* —4.52180375181325%107° - T (5.2)
+7.64757575758196x107°

Surface tension o

o =-1.06666666665376x107" - T° +2.13939393942393x10°"* . T*
—1.68303030312010x1077 -7 +6.45863636420736x107° - T>  (5.3)
—1.22364545467927x107 - T +1.39866233778113

Helium solubility 3.89x107 (mol-He/mol-Hg) at 0.1 (MPa), 300 (K) from literature® is used
without considering the dependence on temperature since existence of temperature-dependent solubility
data is uncertain. Moreover, diffusion coefficient D (m?/s) is calculated by the Stokes-Einstein equation

below.

RT

D=——"— (5.4)
Noénnr,

Note: R is the gas constant = 8.3144 (J/mol*K), N is the Avogadro number (= 6.02x 1023), rq is particle

radius of gas (m), which is 0.93x10" (m) for Helium atom’).
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5.2 Extension to Open-loop System

Since SYRENA code is developed for the simulations of closed loop systems (such as JSFR), it
is not applicable to an open loop system. In this report, an open loop model is developed.

Bubble number density and dissolved mol concentration in each component refer to the outflow
value from their upstream components since liquid circulate inside the loop in a closed system. On the
other hand liquid does not circulate in an open loop system hence inflow value in first component
cannot be calculated. Hence, SYRENA code is modified to refer to the input values as the inflow data at
the first component. Three variables (iflgoplp: selection of open/close loop, nbinp and ndinp: dissolved
mol concentration and bubble number density of each bubble class flowing into the first component in

open loop) are added for this modification.

5.3 Development of Large Bubble Release Model

In some liquid metal flow systems, a degassing device, e.g. vertical tube, is installed to release
large bubbles. Bubble release phenomenon from the vertical tube is shown in Fig. 5.1. It is postulated
that large bubbles receives the influence of buoyancy force to be released outside the pipe through the
degassing tube before reaching pipe outlet. On the other hand, small bubbles have smaller buoyancy
force so it is postulated to be transported to the pipe outlet.

To model large bubble release, the bubble number density is set to “0” when the bubble
diameter is larger than the specified input value. This process of making bubble number density “0” is
implemented after bubble redistribution and bubble breakup processes. Two variables (iflgbubrel:
selection of model, rrel: minimum radius of released bubble) are introduced as new input.

As verification of large bubble release model, SYRENA simulation is implemented by
arranging two components parallel, injecting bubbles in upstream component and activating the large

bubble release model in downstream component. Main simulation conditions are shown below.

Component volume : 1.0 (m’)

Component temperature : 20 (°C)

Pressure 1.0 x 10° (Pa)
Fluid : water

Gas : air

Flux : 10 (kg/s)

Loop type : open loop

Five simulations with rrel = oo (w/o large bubble release model), 3.5 x 10'3, 3.0 x 10’3, 2.5 % 10’3, 2.0 x
107 (m), are implemented. Simulation results are shown in Fig. 5.2. In every case, bubble number
density exceeding the specified release radius is being “0” showing that large bubble release model

functions correctly.

,20,
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5.4 Modeling of Bubble Release in Surge Tank

A surgetank is installed to remove bubbles in some liquid metal flow systems. An example of
the surgetank is shown in Fig. 5.3. In this surge tank, bubbles are released by buoyancy force. Moreover,
elbow pipe at the surgetank inlet creates swirl flow in the surgetank so the duration of the bubble
staying inside the surgetank increases to accelerate bubble release from the surface. Modeling of bubble
release phenomenon is implemented considering this flow field.

To evaluate the swirl flow and structural influences correctly, 3D thermal-hydraulics simulation
code (FLUENT) is used to simulate bubble behavior in the surgetank then modeling of bubble release
ratio based on the simulation result is implemented. Bubble release ratio is formulated with
dimensionless number representing characteristics of bubble and dipped plate (D/P) configuration, that
is, formulating with dimensionless number (F3/Fp), representing ratio of buoyancy and drag forces, and

(I/D), ratio of the surgetank inner diameter D and gap / between surgetank wall and D/P.

Ratio of buoyancy force and drag force (Fp/Fp)

FB Srg .pl_pg

FD B 3(jDI/in2 p/

(5.5)

Note: po; and p, are density of fluid and gas respectively. Cp is drag coefficient and V;, is inlet flow

velocity. Here, below is used for drag coefficient Cp, based on the literature®.

C, = max{min ﬁ(1+0.15Re°"’87),7—2 ,§ Eo (5.6)
Re Re | 3 EFo+4

Note: Re is Reynolds number and Eo is E6tvos number defined in below.

Re =2zl V28 (5.7
H
— 27)?
Ep = 8P =P )2r) 5.8)
O

4 1s liquid viscosity coefficient.

Ratio of gap / and inside diameter D (/D)
If there is no D/P, I=D is used. Thus /D =1 in such a case and the influence of D/P on bubble

release ratio diminishes (see Eq. 5.10 below).

,21,
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As shown in Fig 5.4, bubble release ratio f,, based on the result of the numerical simulation is

written as below.
fr =1-exp(—450.5X"1 —0.035) (5.9)

where

0.1
Y- {i)[i) (5.10)
F, \D

Bubble release ratio in Eq. 5.9 is determined based on the simulation results in water-air system
hence the applicability for mercury-helium system has to be confirmed. 3D numerical simulations in
mercury-helium system are implemented and the results are compared to the bubble release ratio
evaluated by Eq. 5.9 as shown in Fig. 5.5. Evaluation result by Eq. 5.9 generally reproduces simulation
results thus bubble release ratio is considered applicable to the mercury-helium system.

As introduction of bubble release model in surgetank, four variables are introduced as new
inputs (iflgstrel: selection of model, stVin: inflow velocity into the surgetank, dpl: Gap between D/P and
surgetank wall, stD: inner diameter of surgetank).

To confirm the model performance in SYRENA code, two connected components are employed,
bubbles are injected in upstream component and the bubble release model is activated in downstream
component. Simulation conditions are similar to those in section 5.3. Two types of simulation with and
without D/P (I = 0.002 (m)) are considered. Since bubble dissolution is not considered in the 3D
numerical simulation, two cases are analyzed: one with no bubble dissolution, the other with zero
inflow dissolved mol concentration. SYRENA simulation results (comparison of bubble release ratio
through the surgetank outlet) of no D/P and / = 0.002 (m) are shown in Fig. 5.6 and 5.7. When bubble
dissolution is neglected, bubble release ratio agrees with that evaluated by Eq. 3.9. On the other hand,
when dissolved gas density is “0” in the surgetank, bubble dissolution becomes dominant and release
ratio becomes less than 0.2. In the case with no bubble dissolution, SYRENA code provides the bubble
release ratio coincident with Eq. 3.9 showing that the bubble release model works properly in SYRENA

code.
5.5 Modeling of Bubble Coalescence and Accumulation

In a plenum structure, gas layer can be formed gradually by accumulation of the released

bubble as shown in Fig. 5.8. To model this phenomenon new calculation function is developed.
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Variation of gas accumulation volume (D)

D

glyr

=V

rls

- Vdsslm (5 1 1)

Note: Viygsin (m3 ) is volume of gas dissolution from the surface, V, (m3) is gas release volume at the

surface.

Gas accumulation volume (V)

Vn+1 — Vn +Dn

glyr ghyr glyr

(5.12)

Note: if the gas accumulation volume is negative the gas accumulation volume is 0.

Modified bubble release coefficient (a';)

Bubble release coefficient varies with liquid volume. Therefore, modification is made with gas

accumulation volume.

' _ple
a'=q x—=2 (5.13)
-V

glyr

Note: V e (m’) is the volume of a plenum structure.

Liquid volume (V,,)

I/na = V_ple _V

ghyr

(5.14)

Note: when V,,, becomes less than 0, the calculation is stopped.

Gas layer thickness (Hy,)

%
_ &b
Hglyr - S (515)

na

2\ -
Note: S,, (m”) is surface area.
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Cover gas pressure (P pie)

])libiple =Iog(H7ple+Hglyr) (516)

Note: H_, is height of a plenum, that is height from the baseline of static pressure calculation to the top

of the plenum structure.

Due to introduction of gas accumulation model in a plenum structure, three new variables are
utilized (iflgbubacc: model selection, v_ple: plenum volume, h_ple: plenum height).

To confirm the performance of the gas accumulation model in SYRENA code, bubble behavior
is simulated in two connected components with bubble injection in upstream component and activated
gas accumulation model in downstream component. Simulation conditions are basically same as section
5.3. Two simulation cases with different heat exchanger height (/_,. = 1.0 and 15.0 (m)) are considered.
In general, bubble release volume is larger than that of dissolved volume from liquid surface hence
utilization of gas accumulation model alone (without carry-under model described in the next section)
can make liquid volume in the plenum “0”. As a matter of fact, in the case of H_,. = 1.0 (m), gas
accumulation volume linearly increase with time until liquid volume becomes zero as shown in Fig. 5.9.
On the other hand, in the case of H ,, = 15.0 (m), extremely increased gas pressure accelerate gas
dissolution to make gas accumulation volume converge to the fixed value (1.2x107 (m?)) as shown in
Fig. 5.10. From these simulation results, gas accumulation is considered to be qualitatively reproduced

by the developed model in heat exchanger.

5.6 Modeling of Carry-under (Gas Entrainment)

As implementation of modeling in section 5.5, gas layer is formed in a plenum structure due to
bubble release. When the gas layer exists, it is postulated liquid jet injected vertically to the surface
through the gas layer causes carry-under (gas entrainment). New calculation function below is

developed to model carry-under.

Gas entrainment rate (Q4)

Gas entrainment rate Q4 (m’/s) is calculated with the equation below based on the reference

literature”.

0.4
H
=0.04F 2| & 5.17
0, p [pleDm Oy (5.17)

Note: pleD;, (m) is inlet pipe diameter of a plenum, Qy (m’/s) is volumetric flow rate. Also, F,;is

Froude number and defined as below.
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2
rj_& (518)

- gxpleD,
Note: pleV;, (m/s) is inlet flow velocity to a plenum.

Entrained gas volume (V)

Vi = 0,A (5.19)

Gas accumulation volume (V)

Vn+1 — Vn

glyr glyr

-V, (5.20)

Note: in the case gas accumulation is negative, the volume is “0”.

Entrained bubble number density (N o4)
Radius of the entrained bubble is given as input and bubble number density added to the

designated bubble group is calculated with the equation below.

v, 1
Ny o1 = 1 QA3 - (5.21)
g?[l"QA na

Note: rp4 (m) is radius of the entrained bubble.

As introduction of carry-under model in a plenum, four variables are introduced as new inputs
(iflgcrryudr: model selection, pleVin: inlet flow velocity, pleDin: inlet pipe diameter, rcrryudr: entrained
bubble radius).

To confirm the performance of carry-under model in SYRENA code, simulation is
implemented by arranging two connected components with bubble injection in upstream component and
carry-under model activation in downstream component. Basic simulation conditions are same as
section 5.3. Note, initial gas accumulation volume at the downstream component is 0.1 (m’). In this
simulation, the carry-under model is utilized individually and bubble release from the liquid surface is
not added to the gas layer. As a matter of fact, accumulated gas volume decreases monotonically with

time as shown in Fig. 5.11, showing the carry-under model operate correctly.
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6. Concluding Remarks

Knowledge below was accumulated by developing the models in SYRENA code and applying
the improved models to the numerical simulations to evaluate bubble and dissolved gas behavior of

inert gas (Ar, He) in primary cooling system of sodium cooled fast reactor.

(1) Improvement of models in SYRENA code

Several code modifications, i.e. explicitly discretization to the conservation equation of bubble
mol count, initialization of nucleation calculation, saturated temperature calculation in sodium, pressure
calculation in IHX and calculation of dissolved mol concentration at mixing point, are achieved and

correct calculation of bubble behavior (mol conservation) was confirmed.

(2) Simulation of JSFR system
Bubble/ dissolved gas behaviors in each component of JSFR are simulated and influence of

bubble source is evaluated. In addition, behavioral difference between Ar gas and He gas are confirmed.

(3) New model development

Liquid property of mercury, open loop calculation method, large bubble release model, bubble
release model in surge tank, gas accumulation model and carry-under (gas entrainment) model in a
plenum are developed and introduced into SYRENA code. Applicability confirmations of each model

were implemented to show bubble behavior calculation in each component is appropriate.
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