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Abstract

Molten salt reactors (MSRs) are a class of next-generation nuclear reactors that have received recent industrial and research interest.
A generalized species transport solver was implemented in the Virtual Environment for Reactor Applications (VERA) computing
suite to extend this tool to analyze liquid-fueled MSRs. This core simulator has been extended to model the transport of fission
product gases into a collection of circulating gas bubbles with the purpose of removing the gases. This paper presents the govern-
ing species transport equation, along with various nuclear source terms. Development of the source term for phase migration is
discussed, along with a simplified interfacial area tracking method. Finally, a case study on a simplified MSR loop is presented in
which modeling parameters were varied to assess their impact on gas removal. The steady state results show that parameters such
as bubble diameter, gas injection rate and mass transfer coefficient have a low to moderate effect on the fraction of xenon in the
core region. Removal efficiency has the greatest effect on the fraction in the core region. After the pump bowl, bubble diameter has
a minor effect on the fraction of xenon in the gas void. These results point out that increasing parameters such as mass transfer co-
efficient, gas injection rate, and removal efficiency drives the xenon into the circulating gas void, while decreasing bubble diameter
also drives xenon into the gas void by increasing interfacial area.
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1. Introduction

Molten salt reactors (MSRs) are a next-generation nuclear
reactor technology of significant interest to commercial and re-
search communities. Some of the major features that make
MSRs so appealing include simplifications to the fuel cycle,
fuel handling, and waste disposal, as well as other versatili-
ties and economic benefits [1]. MSRs have two common de-
signs, the first of which provides for fissile material to be held
in place as in traditional nuclear reactors. In this design, the
molten salt simply acts as a heat transfer fluid, carrying the heat
away from the fuel elements. The second, more popular de-
sign provides for the fissile material to be dissolved into the
circulating salt, thus allowing for fission products to disperse
around the primary loop. Because fission products are allowed
to travel around the primary loop, it is important to understand
their chemical and transport behavior.

The Virtual Environment of Reactor Applications (VERA) is
a collection of software tools used for modeling light water re-
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actors (LWRs) [2]. VERA performs coupled multiphysics sim-
ulations involving reactor nuclear physics, thermal-hydraulics,
LWR chemistry, isotopic depletion, and fuel performance. To
address the industrys growing interest in advanced nuclear re-
actors, VERA is currently under development to extend its ca-
pabilities to model MSRs. In addition to the physics packages
already supported in VERA, two more are needed to meet this
challenge: species transport and thermochemical state.

For thermal-hydraulic calculations, VERA uses CTF, a mod-
ernized version of COBRA-TF which was originally developed
in the early 1980s by Pacific Northwest Laboratory [3]. CTF
uses a two-fluid (TF) model divided into three separate fluid
fields—liquid film, liquid droplets, and vapor—each with its
own set of conservation equations. By assuming that liquid and
droplet fields are in thermal equilibrium, two of the 9 governing
equations are combined into one energy equation, resulting in 8
governing equations. Discretization is done on a 3D finite vol-
ume Cartesian mesh with scalar and momentum cells staggered
on top of one another. The governing equations are formatted
either using the full 3D solution or using a subchannel approach
and are solved using the SIMPLE method [4].

MSRs present a unique challenge because they allow fission
products to flow throughout the system. Fission products exist
in gas, liquid, and solid phases, and each phase interacts with
various process equipment in the flow loop [S]. To improve re-
actor performance and economic feasibility, some fission prod-
ucts need to be removed via online processing [6]]. Xenon is of
particular importance because 33 Xe, has an large thermal neu-
tron absorption cross section of o, = 2.7 X 10° barns [7]. Be-
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cause of this high cross section, a very small amount of xenon
can have a significant effect on reactor reactivity.

The Molten Salt Reactor Experiment (MSRE) was an 8
MW™ nuclear reactor operated at the Oak Ridge National Lab-
oratory (ORNL) from 1965-1969. The goal of the MSRE was
to demonstrate the technical validity of such a reactor at a time
when the global supply of uranium was still unknown. This re-
actor was successfully operated with both 233U and **U using a
fluoride-based fuel salt: 7 LiF-BeF,-ZrF4-UF, (65.0-29.1-5.0-
0.9 mole%) [18]]. There are several factors to consider when se-
lecting a fuel salt. For a more detailed description of the MSRE
fuel salt, please refer to the document by Toth et al. [1].

Initially, it was theorized that no circulating gas voids would
be present in the MSRE [9]. However, a pressure release test in-
dicated that some circulating voids were present under normal
operations. Early data indicated that the void fractions where
as high as 2-3%. However, as more data were obtained, it
was found that during normal operating conditions, the nominal
void fraction range was 0.02-0.04% and 0.5-0.7% by volume
for 23U and 33U, respectively [10]. These circulating voids
(dispersed noncondensable gas bubbles) were generated by the
action of the gas removal mechanism in the pump bowl and are
outside the scope of this paper. For a more detailed description
of how circulating voids were introduced in the MSRE, please
refer to the 1970 document by Engel et al. [11]].

Removal of gaseous fission products via mass transfer to cir-
culating bubbles is not a new concept and was theorized during
MSRE operations to remove 135%e [[10}, 12, [13]. The process in
which gas bubbles are injected into a system with the purpose
of adding or removing dissolved gases to or from the liquid is
known as gas sparging. During MSR operation, fission prod-
uct gases are generated from nuclear reactions. These gases
will remain dissolved in the fuel salt until the saturation limit is
reached. Past this point, the solution is in a nonequilibrium state
and is deemed supersaturated. Henry’s law is used to determine
the amount of gas that can be dissolved in a liquid in thermo-
dynamic equilibrium. Because the system is in a nonequilib-
rium state, the gas will escape the fuel salt to move toward a
new equilibrium state. If no sparging bubbles are present, then
the dissolved gas can undergo nucleation and form gas bub-
bles. The presence of sparging bubbles provides a mechanism
by which the dissolved gases can leave the liquid. Once the
dissolved gas has transported into the sparging bubbles, it can
then be removed by removing the bubbles. The process of gas
sparging using an inert or cover gas provides a simple, mecha-
nistic way to removal xenon, krypton, and other volatile gases
from MSRs.

Much effort was placed on modeling the migration of '3>Xe
in molten salt reactors. Price et al. [14] summarizes past
and present efforts toward modeling xenon in molten salt re-
actors. Two significant works during the MSRE were pre-
sented by Kedl and Houtzeel at the start of operations and En-
gel and Stefty after the MSRE had operated some time. Kedl
and Houtzeel made a preliminary lumped steady state model
for the steady state distribution of 135X e in the molten salt [[15].
This model calculated xenon poisoning, by taking into account
xenon production from fission and iodine, sinks from decay

and neutron absorption as well as mass transport into the core
graphite as well as to the circulating gas void. Calculations
were made under the assumption that no circulating voids were
present and with the assumption that circulating voids were
present. Without the mass transfer of xenon into the circulat-
ing voids, it was found that the majority of xenon poisoning
came from xenon which migrated into the core graphite. This
resulted in a xenon poisoning of about 1.4%, without circulat-
ing bubbles. Calculations with circulating voids yielded a lower
value for xenon poisoning (below 1%). Because the prelimi-
nary measurements showed the reactor having xenon poisoning
of 0.3 to 0.4%, it was assumed that the xenon transfer to the cir-
culating voids have a significant impact on the xenon concentra-
tion in the reactor. After operational experience was obtained, a
second more detailed model was developed to understand tran-
sient observations [[10]. These calculations modeled xenon on
a macroscopic level, which divided the reactor loop into finite
volume regions, allowing xenon to migrate from the liquid to
the gas bubbles as well as the graphite, while taking into ac-
count the solubility of cover gas into the molten salt. While
their calculations yielded reasonable success with steady-state
xenon poisoning, it was not adequate to describe transient be-
havior. They concluded that cover gas solubility effects as well
as stripping processes occurring in the pump bowl played a key
role in determining xenon migration.

Recent efforts by Price et al. [14], shows great work in mod-
eling the dynamic behavior of xenon, which is bench-marked
against results from the MSRE. They developed a lumped vol-
ume model much like ORNL-TM-3464, and models graphite
behavior though a reaction diffusion equation. This model also
uses a novel approach to model system properties as a function
of temperature.

We present a key component which is required to model
xenon behavior in a high fidelity multi-physics environment.
This is a novel approach to model xenon transport from the lig-
uid salt into a circulating void, which follows the process of
gas sparging. Migration of xenon into the circulating gas void
was found to be an important process in calculating the distri-
bution of '¥3Xe in molten salt reactors. This work summarizes
and extends the Masters thesis of Zack Taylor [16], which im-
plements a transient gas sparging model into VERA for molten
salt reactor analysis.

This paper is organized as follows. In Section[I} an introduc-
tion is provided on MSRs, VERA, and the gas sparging process.
Section [2] discusses the general classification and behavior of
fission products from experience gained in the MSRE. Species
transport is presented in Section |3} along with various source
terms, a simplified interfacial area tracking method, as well as
boundary conditions for cover gas injection. In Section[d] a case
study is presented for a simplified MSR loop. The purpose of
the case study is to determine which modeling parameters have
the greatest impact on the overall gas behavior. This analysis
will be used to determine which physical phenomena should
be modeled and explored in greater detail. Finally, in Section 3]
conclusions are drawn from the case study. This paper describes
the development of the modeling capability to resolve interac-
tions between the liquid- and gas-phase species transport in a



gas sparging process. 2.3. Mechanisms of Xenon Transport in the MSRE

During the operation of the MSRE, the transport'&iXe

was described by separate 8 mechanismis [15]:
2. Behavior of Circulating Gas Voids in MSRs

1. Xenon generation from ssion.

Fission product noble gases Xe and Kr form no compounds 2- X€non generation from iodine decay.

in an MSR and are sparingly soluble in the carrier salt. Be- 3. Xenon decay.

cause of this, these noble gases tend to collect in any circulat-4. Xenon transmutation from neutron ux (burnup).

ing gas voids within the ow loop. Many MSR designs have 5. Dissolved xenon stripping eciency.

relied on this fact, so they include gas stripping processes to en-6. Xenon migration to the graphite in the core.

train bubbles in the carrier salt. Process equipment may also bez. xenon migration into the circulating bubbles.

permeable to ssion product gases. In the case of the MSRE,

moderator graphite was permeable and in uenced steady-state The focus on this work is the implementation of item 7 on

and transient noble gas behaviorl[17]. Xenon is of particular inthis list, the transport of xenon into the circulating helium bub-

terest due to its isotop€°Xe, which has a neutron absorption bles. Previous work was done to address items 1 through 4,

cross section many orders of magnitude higher than the ssil&hich focus on a generalized species transport solver however,

material dissolved in the fuel. Xenon robs the reactor of neumechanisms for generic nuclear reactions are also presented in

trons and will eventually shut down the reactor if not properlythe next sectiori |3]. During MSRE operation is was found that

handled. the migration of xenon into the graphite was a signi cant mech-

anism for xenon poisoning however, this mechanism is not in-

cluded in this analysis. One other mechanism which is de ned

di erently in this analysis is xenon stripping. Our work focuses

Transport of volatile gases to circulating bubbles is an attrac>"” the re”_‘o"a' of xenon Wh".:h IS t_rapped n the circulating gas
bubbles via a bubbled stripping eiency. Previous work dur-

tive mechanism for noble gas removal in MSRs. These circu: the MSRE d d the striopi te based on th t of
lating voids can then undergo gas removal operations, followed'd "€ € nedhe stripping rate based on the amount 0

by o -gas processing. Usually, egas removal systems use a xenon dissolved in the liquid being stripped in the pump bowl.

charcoal decay method to generate a holdup time, thus allowing

gases to decay into stable isotopes. As the noble gas concent@- Species Transport

tion increases in the circulating voids, gas removal should in-

crease. This eective removal process is assumed to be largely The governing species transport equations are implemented

controlled by the surface area of the circulating bubliles [13]. In @passive sense meaning that each species does not have its
Salt density is also @cted by circulating voids. As void OWN momentum equation—into a coding structure based on a

fractions in the reactor increase, the amount of ssile materialnite volume discretization. The momentum equation is based

decreases. This leads to a decrease in ssion reactivity. Dui@n the bulk uid properties. In the section below, the integral

ing MSRE operations, a 1% change in density would cause ¥olume formula}tion of the species transport equa_tion.is derivc_ad.

0.18% or 0.45% change in reactivity f8#U or 23U opera-  Next, volumetrlc source terms for isotopic species, |nterfaC|aI.

tions, respectively. Redox condition of the salt can also have afé2 tracking method, and phase coupling are discussed. Fi-

e ect on void behavior through changes in surface tension an@@lly, the boundary conditions for interfacial area are discussed.

viscosity [11].

2.1. E ect of Circulating Gas Voids

3.1. General Species Transport

Deriving the conservation of species relation, a species in
phasek for a xed control volumeV shown in Figur¢ [L. While

During MSRE operations, two cover gases, helium and arFigure[1 is for a 2D control volume, the computational mesh
gon, were used as a transfer medium for ssion product ga’$ 3D. The species transport equation is developed on the same
removal. A model was developed to descrif&e behavior; computational mesh that is used by the CTF model for volume
however, when argon was substituted for helium as the coveéiveraged scalar data. L@ be the conserved quantity of inter-
gas, variation of steady-state xenon poisoning was observegPt in @mount per unit volume in phaseand letJ be the ux,

[10]. This was due to the relative dérences in cover gas sol- &mount per unit area per ime passing through the unit normal
ubility; argon is less soluble in the MSRE carrier salt than he Surface ofV. Volume fraction is denoted byx and represents
lium. the volume fraction of phadein volumeV. If the quantityCy is

Bubble life can widely vary, depending on liquid pressurebeing generated in control volunwe then let its generation rate

and cover gas solubility. When system pressure increases, voRf denoted bfvy. Equation [ represents the conservation of
fractions decrease due to compressibility and gas solubility. IfPECIES INa xed control volumeé [16].

these high-pressure regions, gas can transfer from the bubblesZZZ

into the solution, and then it can transfer back into the bubbles @ «Cx
in low-pressure zones. v @

2.2. Cover Gas Solubility

ZZ 2727
dv = n J.dsS+ kCV,k dv (l)
S \




Figure 1: 2D control volume

The concentration can also be averaged over the phase volu
k[18]:
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v
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The fraction of cell volume occupied by phdses the volume
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Table 1: Source and sink terms for chemical species and elemental isotopes.
SourcedSink Mechanisms involved
Generation from ssion Neutron ux, ssion yield,
cross section

Generatiorfdepletion
from decay

Decay constant

Transmutation Neutron ux, cross section

Removaladdition system Removal rate, addition rate

Phasématerial migration mass transfer, dision
theory
Chemical reaction Reaction rate, thermody-

namic equilibrium

of interest. For a general reactor design, these terms are repre-
sented in Table 1[15].

To understand the fate of volatile ssion products in an MSR,
a rate balance must be derived for each species of interest.
r{\]/Ieolten salts are characterized by having a melting point with
reactors operating well above liquid temperatures. Because of
this, it is assumed that all chemical reactions occurring in the
salt occur instantaneously [19][20]. This also leads to the as-
sumption that the salt is in a pseudo equilibrium state at almost
all times.

3.2.1. Fission Source

Generation rate from ssion is a function of neutron ux and
ssion yield as shown in Eq.: (7) [15],

rate=

(7)

where i, fand are ssion yield, macroscopic ssion cross
section and neutron ux. The major contribution from this term
will be in the liquid salt phase. Fission yields and macroscopic
Cross sections are not constant, whereby the ssion yield is de-

fs

Combining Egs. (2), (3), and (4) gives the relations betweerpendent on the nuclear fuel used, and the macroscopic cross

averaged concentrations:

Cy = Iy« %)

section is a function of temperature, material composition and
density, and neutron energy.

The valuelC,i represents the species concentration if all of3.2.2. Decay Source

the cell volume were occupied by_phasék is the species con-
centration of interest. Multiplyingy by V returns the amount
of species in phask occupied by the total cell volume. Ap-

plying the volume averaged properties to Eq. (1) for a given

species, gives the nal equation implemented into VERA, Eq.
(6):
ZZ X

1
= n Ji dS+
S

@i
@

=y Cui: (6)

3.2. Species Source Terms

To understand the behavior for ssion products, itis rst nec-

essary to understand the source and sink terms for each prod
4

Generation and loss rates due to decay are a function of decay
constant and isotope number density, as shown in Eq. (8) [15]:

o\
rate= +
=1

X
i iNj it jiNi;

=1

(8)

where is the decay constant, aftlis the atomic number den-
sity. The decay constant is a natural constant and only depen-
dent on the isotope of interest. As noted above, nuclear decay
can be both a source and sink term. If the isotope of intérest
is not stable, then it will decay into another isotopenaking

it a sink. Alternatively, if isotope is being generated from the
wlcay of its parent, then it becomes a source term.



3.2.3. Transmutation Source whereky is the mass transfer coeient on the gas phase side,
Generation from transmutation is a function of neutron ux, pix IS the partial pressure of speciesit the phase interface
number density, and microscopic cross section, as shown in EQl.) and pi; is the partial pressure of species the bulk gas

(9) [15]: phase If). In practice the partial pressures are often converted
to equivalent mole or mass fractions using an equation of state.
W n For the liquid side, the species ux can be expressed as:
rate= + it iNj it jNi; )
. = . e Ji=k Ciy Cip; (12)
where ; j, is the microscopic cross sections for the transmu-

tation of isotopei into j, or vice versaN is atomic number Wherek is the liquid side mass transfer coeient, C;; is the
density and is scalar neutron ux. As in the generation from SPecies concentration at phase interfadg4ndCi, is the con-
decay, a summation is needed to account for all isotopes th&entration of speciesin the bulk uid (b). Concentrations of

can transmute into isotoper that can transmute from isotope the gas and liquid phase species are not equal at the interface
i into another isotopg. Note that the macroscopic cross sec-Put can be related if it is assumed that a thermodynamic equi-
tion is the product of a number density and a microscopic crosdbrium is reached at the interface. For dilute systems such as

section; thus, microscopic or macroscopic cross sections aféble gases dissolved in a molten salt, Henry's law can be used
functions of temperature and neutron energy. to relate this thermodynamic equilibrium. At the interface the

partial pressure is related to the concentration by:
3.2.4. Phase Migration
Within each nite volume gaseouse ssion products are born pi; = HiGiy: (13)

from ssion, decay and transmutation _of various i_sot(_)pes: An'Henry‘s law is applicable in situations where the the gas being
other source term fpr these products include their m'grat'on Qissolved is not reactive in the the solvent, dilute in the solvent,
a gaseous bubble in a process known as gas sparging. Phygy e gas phase can be assumed to be ideal [22]. Applying

ically this process is governed by.the d_'siorfconvection o_f 'Eq. (13) to Egs. (11) and (12) gives the relation to the gas side
a gaseous species through a moving uid up to the gas'l'qu'%pecies UX:

interface of the sparging bubble. The gaseous species then mi-
grates through the interface and into the gas bubble where it Ji =Ko Pin P (14)
di uses to equilibrate the concentration of the gas inside the gl = Te b o

bubble. One can further simplify this phenomena by choosingvherep, = H;Ci;, andKg is the overall gas-side mass transfer
a reference velocity for the liquid and gas phase which makeoe cient. The liquid side is expressed as:

the gas-liquid phase velocities equal to one another. This re-

duces the problem to dusion transport. In reality this process Ji=K G Cip; (15)

is much harder to model. Instead of a single bubble, there CallhereC. = piv=H: andK; is the overall liquid side mass trans-
) . X i ,
be few to hundreds of bubbles in your solution domain eac er coe cient. The overall liquid and gas mass transfer coef-

with their own velocity and bubple shape. Because of th's’. It 'Scients are related to a combination of the liquid and gas side
common to model the phase migration process to apprommatﬁfr*h,jlsS transfer coecients by [21]:

algebraic relation which simpli es the more fundamental Fick's '
law of di usion. 1

The amount of matter that is expected to transport at the in- Kg = W—HFkl (16)
terface barrier of each phase is proportional to theeténce in
concentration of the species at the interface and the build uid K, = 1 : 17)
average concentration [21]: 1= + 19kgH;)
In certain cases the mass transfer can be dominated by either
\]}qi = k}<;i E QA E SEVERN (10)  the liquid side resistancé] or the gas side resistandg) de-
HZ, Kz o pending on the thermodynamic properties of the sddotgent
Species ux  Proportionality Average Average . .
atinterface  (mass transfer) concentration concentration system. If for example, the solute gas is not very soluble in the

constant at the interface in bulk uid

solvent therC; ! O andH; ! 1 . Plugging in this limit to
where subscriptk represents the phases the species index, Egs. 16 and 17:
A is the area averaged concentration &hi$ the volume av-

erage bulk concentration. When each of the bulk phases are K.= lim -0 (18)

considered well mixed, the ux can either be de ned from the 9 Hn 14 + Hi=k '

left hand-side of the interface or from the right hand-side of the 1

interface. In the case of a two-phase liquid-gas system where Ki= lm ——— =k; (29)

gas is migrating from the liquid into the gas, the species ux at Hi 13k + 1(kgHi)

the gas side can be expressed as: therefor, the system is controlled by the liquid side. This is a

common approximation used with insoluble gases [23]. The

Jgi = kg Pin Py s (11) rate at which mass is leaving the liquid phase is equal to the



mass ux multiplied by the interfacial area concentratiangf  corresponding to the viscus dision rate over the mass di-
the gas phase in the control volume: sion rate.

rate= Kia pi=Hi; Cip : (20) Re= Iﬁert|al forces (23)
. . . . Viscous forces
The rate of which mass is entering the gas phase is:

Sc= Viscous di usion (24)
rate= KiaCip pi=H; : (21) Mass di usion
When deriving these model for mass transport coupling in For example, single small bubbles (modeled as solid spheres)
molten salt reactors a number of assumptions were made: ~ Of gas in diluted liquid systems, the Sherwood correlation is
. . given by [23]
1. Gas phase is treated as ideal.

2. Gas p_hage ssion products and sparging gases have low Sh= @ = 1:.0(Re Sc}3 dy < O:lcm (25)
solubility in the molten salt. D;
3. Mass transfer of ssion products in the molten salt can be K,
treated as pseudo binary. Sh= D - 1:13(Re Sc¥?  dp > 0:5cm (26)
4. Thermodynamic equilibrium is reached as the liquid-gas :
interface. whered, is the bubble diameter arg; is the di usion coe -
cient for specie$ in the liquid. Based on these relations, the
3.3. Mass Transfer Coecients mass transfer coecient can be increased by decreasing the

Mass transfer coecients are of great importance to the un- Pubble diameter or increasing the dsion coe cient, Re or

derstanding of interface mass transport. There are many difC
ferent ways in which mass transfer cogients can be derived. . )
For simple situations, mass transfer cagents can be derived 3-4- Interfacial Area Tracking
using rst principles [23]. However, in industrial applications  The interfacial area plays a critical role in the calculation of
most of these coecients are empirically de ned from experi- species migration between two phases and thus it is important
mental data. In many situations, a number of corrections mato properly track. One of the most robust and experimentally
exist and one must be careful to use the appropriate cmts.  proven methods for tracking interfacial area and gas volume is
The Perry's Chemical Engineers' Handbook [23] states the folthe interfacial area transport equation [24, 25]. In this formu-
lowing heuristics to aid in choosing the appropriate coents.  lation, the amount of bubbles change due to breakup, coales-
) , cence, phase change and wake entertainment. Bubble volume
1. Mass-transfer coecients are derived from models. They g 555 ajiowed to change as a function of pressure temperature
must be emplgyed in a'S|m|Iar modgl. qu instance, i and mass. Typically, this equation is applied to steady state adi-
de ned _for adi erence in concentrgtmn,_ it should only be abatic conditions where the major change in interfacial area is
used with an arithmetic concentration érence. with pressure. While this formulation can be applied for this
2. Sem_l-_emplrlcal correlatlons are often_ better than purelxNork, it is vastly complex and may not be necessary for our
empirical or purely theoretical correlations. modeling regime. The void fraction which was found during
3. Correlations with broader data bases are often preferred.the MSRE was so low and the bubbles are so small that is as-
4. The analogy between heat and mass transfers holds ovelimed that there are no major changes in interfacial area from

wider ranges than mass and momentum transfer. bubble collision and coalescence. Instead, changes in interfa-
5. More recent data is preferred over older data. cial area come from changes in temperature, pressure and mass
6. Complicated geometries require the use of volumetridransfer. To account for these changes a simpli ed interfacial
mass transfer coecients. area tracking method was implemented for the species trans-
port package. In this tracking method, bubble interactions are
3.3.1. Mass transfer correlations ignored because of the low gas void fractions seen in the MSRE.

The rate of mass transfer is often described by the SheAnother consequence of this assumption is that the velocity of
wood number which is analogous to the Nusselt number fothe gas phase is equal to the velocity of the bulk uid in the
heat transfer. The Sherwood numb8&ity is a dimensionless control volume.

number de ned as the convective mass ux over theuwtiion Equations of state (EOSs) describe thees that four vari-
ux at the interface. ables have on a gas phase substance. These variables include
) pressure, temperature, volume, and mass or moles. One of
gh= Convective mass transfer (22)  the most widely used EOSs is the ideal gas law, shown in Eq.
Di usive mass transfer (27). The ideal gas law is valid for systems with low pressure,

In terms of dimensionless numbers, the Sherwood numbédrigh speci ¢ volume, and no molecular interactions. There are
can also be de ned as a function of Reynolds numik Gnd  other EOSs that can be used, such as Van der Waals and Peng-
Schmidt number$ §. The Reynolds number represents the in-Robinson, which account for molecular interactions and other
ertial forces over the viscus forces, with the Schmidt numbesituations for which the ideal gas law falls short. In this work,
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the ideal gas law was chosen for its simplicity and relative va- Two solution methods are employed to solve for bubble di-

lidity. ameter. The rst involves solving the nonlinear Eq. (31) using
The volume of a bubble suspended in solution is calculatedNewton's method. The second involves making the assump-
using the ideal gas law: tion thatP, P;, which allows for direct calculation of bubble
diameter:
PV = nRT; (27)
) . ) . 6nRT, 3
whereP is pressureV is volume,n is number of molesT is dp = P : (33)

temperature, anR is the universal gas constant. Pertaining to _ o
the bubbleT andP are the temperature and pressure inside the Assuming that the pressuring inside the bubble follows the

bubble. Young-Laplace equation or the simple assumption that the bub-
Assuming the bubble is small and of spherical shape, the vobles pressure equals the liquid pressure change the way in
ume of a single bubble is calculated by: which the gas migration source term will behave. Looking at

Egs. (21) or (20), the equilibrium concentration of gas dis-
v=_b (28) solved in the liquid solution is a function of the partial pres-
6’ sure of the gas inside the bubbles. So as the pressure inside
whered, is bubble diameter. Plugging into the ideal gas law: the bubble increases the partial pressure also increases, driving
the equilibrium concentration that is dissolved in the liquid up.
g This will change the rate at which the dissolved gas transports
P? = nRT. (29)  into the bubbles. From the Young-Laplace equation Eq. (30),

. ) . I | inni
In static bubbles for which the forces are uniform across theanb ! 0P, !'1 soas the bubbles getin nitely small the

surface, the Young-Laplace equation shown in Eq. (30) is use! ressure inside of them increases,.thlljs driving the gas into the
to calculate the pressure inside the gas bubble, assuming t gwd. Assuming that the pressure inside the bubble equals the

bubbles are in mechanical equilibrium [26]: pressure in the liquid does not capture thiget.

d.

4 oy
P, = P + d_s; (30) 3.5. Boundary Conditions

b A number of boundary conditions are required to solve the
wherePy, P, s, andd, are bubble pressure, liquid pressure, interfacial area, including inlet temperature, pressure, gas molar
surface tension, and bubble diameter, respectively. The bubblegw rate, and bubble diameter. Inlet temperature, pressure, and
are considered to be in thermal equilibrium with the surroundbubble diameter are used to calculate the number of moles in a
ing uid, meaning Ty = T,. Plugging Eq. (30) into EQ. (29) single bubble by rearranging Eq. (33) for a direct bubble solve:
yields:

Picg
45 % _ et "R
P+ i nRT: (31) [
) ) ° ) For a solution using the Laplace pressure, Eq. (31) is rearranged
.quau_on (31) is used to solve for bubble d|amet9r. To do[0 give the number of moles in a single bubble:
this, liquid pressure, temperature, and surface tension are ac-
quired from the CTF solution domain. To calculate the number 4 dg
of moles in a single gas bubble, a mole balance is preformed n= P+ N GR_T:
across each nite volume. b !
The number of moles, representedrpys the summation of The number of bubbles is calculated by dividing the molar ow
all chemicalelemental species in a the bubble. For a system iriate of gas being injected by the number of moles in a single
which the objective is to remove xenon gas using helium as theubble.
sparging gasn can be a collection of helium and xenon gas. Once the ssion gas has migrated to the gas bubbles, gas re-
The number of moles in a single bubble is calculated by dividmoval is accomplished by de ning bubble removal @ency
ing the total moles of gas in the nite volume by the number of (Ref1) at the removal location. This process separates the gas

(34)

(39)

bubbles: phase from the liquid phase. During the MSRE, this process
occured in the pump bowl. For gas phase spegitise mass
1 X ow rate entering the cell is calculated via the ux entering the
Moubble = = Srhubbles. V- (32)  cell multiplied by the face surface area. This mass ow rate
]:

! is represented byn,. Once the ow rate entering the cell is

The number of bubbles is determined by tracking the bubblesbtained, it is adjusted to account for removal of bubbles from
as a conserved species and using the species transport soltee system. The adjusted mass ow raterig,. Because the
Because the void faction in the MSRE is so lowd (0 %) [10], composition inside the bubbles is uniform, removing a percent-
bubble interactions are neglected. Bubble diameter is solvedge of the bubbles removes the same percentage of mass for
using the assumption that all bubbles in the volume are the saneach gas phase species. Equation (36) shows the removal of
size. bubbles or species from the system. For removal of bubbies,



is the ow rate of bubbles into the cell. For speciesijs the

. L . Table 2: Gas sparging test parameters.
typical mass ow rate of a species into the removal location: ==

Parameter Value Unit
Channel length 3.048 m
=1 : 36
Mecwal = (1 Rert)Mn (36) Channel width 0.0762 m
3.6. Solution of Equations TemperatureX) 340 K
After a CTF solves its governing set of mass, momentum, PressureR) 120.5 kPa
and energy equations, the temperature, pressure, and velocit§|uid velocity () 0.4 m's
elds are known, so these values are then utilized in species \15ss transfer coecient K) 1.69E-4 nis
tranqurt. Tem.perature and pressure elds are requqed for t.WO_Henry's Law coe cient (H) 36954 kPand/mol
phase interfacial area calculations. The uid velocity eld is . .
used in the convection ux contribution for species transport Nterfacial area cgncentraﬂoa)( 95.5 Im
and is described in more detail in the literature [3]. Once Gas volume fraction (g) 0.00202 -
the CTF solution has been obtained, the species transport subMass density of liquid
package is called. Because the species are transported after gyecies A (.4 atx = 0) 3.59E-11 k¢m®

CTF solve, they have no impact on the uid properties.

CTF has two methods for solving the species transport equa-
tion: a steady state solve, and a rst-order forward Euler
method explicit in time. The transported gas model has been
implemented in both solvers. In the explicit solver, all source
terms are calculated using the previous time step's solution, dia_ Ka
making for a straightforward evaluation of the solution. How- ax = Ve Pa=H 1
ever, this method is prone to numerical instability, and small o )
time steps are required. When calculating a steady-state so-FOr simplicity, the pressure drop across the pipe was set to
lution, iterations must be completed on the gas—liquid interfaZéro, and the temperature along the pipe was constant. The
cial area because of the nonlinear relation between the intef?terfacial area was calculated based on Eq. (33). However,
facial area and the number of moles, solving for the area of $Mmperature and pressure were both constant, and the amount
sphere knowing the volume raises the number of moles to th@f gas transferred into the bubbles was so small thgt the interfa-
2/3 power. At the beginning of a steady-state solve, the interfa¢i@l area remained constant. The mass transfer cnt was
cial area is estimated by running a species transport solve onf§0sen to be a small enough value to prevent an equilibrium
on the injected sparging gas. Phase migration source terms dfe P& established between two phases along the length of the
then set, and the full number of transported species are solvegiannel. Two boundary conditions were needed for the bottom
After the new distribution of gas phase species is known, the in(inlet atx = 0) of the channel; these are also listed in Table 2.
terfacial area is calculated again, and the process repeats itselfThe solutions to Egs. (37) and (38) were accomplished with

until the change in interfacial area approaches zero between {#€ NumPy library in Python [27]. This solution provided an
erations. axial distribution of gas dissolved in the liquid and gas in the

bubbles. In CTF, a steady-state solution is calculated for a num-
ber of axial discretizations. A comparison is made between the
two solutions using normalized L-in nity norm of the dér-

gnce between the calculated and analytical solutions. Figure
dshows that the problem behaves as expected, demonstrating
inear convergence with changes in axial meshes.

Mass density of gas
species A (ga atx = 0) 0.0 kgm?®

(38)

4. Results and Discussion

Throughout the course of this study, a number of tests an
case studies were performed to assess the code's capability
performance. Single-phase species transport and order of co
vergence were previously assessed [3]. For two-phase trans- L
port, gas sparging was tested using a single vertical pipe wit 2. S'mp“ ed MSR loop )
gas injected into the bottom of the pipe, followed by a case The simple loop is a scaled down version of an MSR model

study on a simpli ed ctitious MSR loop. shown in Figure 3. This model was divided into six sections,
each with its own color code. Red indicates the core region,
4.1. 1-D Vertical Pipe and gold indicates the upper plenum which houses the pump.

A 1D vertical pipe was modeled in CTF and set up with theWhite designates the heat_ ex_changer, and blue represents the
parameters listed in Table 2. In this model, an arbitrary disfurn-around elbow. Purple indicates the downcomer, and black
solved gas was injected into the bottom of the channel, amn%epresents the core inlet. The core region and the downcomer
with gas bubbles. As the uid traveled up the channel, the disPOth have 16 axial levels. Channels 1, 2, 8, 9 10, 11, 14, 15,

solved gas migrated into the gas bubbles according to Egs. (3§\j1d 16 each _have a single axial level, whereas Channels 12 and
and (38). 13 have 4 axial levels.

Helium gas was injected into the pump at the second axial
dga Ka |a P, 37 level, and the gas bubbles were removed in the rst level just
vy 1 9 A (37) before the injection point. The gas injection rate was kept low




The decay constants, absorption rates , and ssion
yields ; were not calculated by CTF. To supply these val-
ues, the neutron transport code MPACT [28] was used to gen-
erate the values. MPACT can solve 3D neutron transport prob-
lems for a variety of reactors, calculating the 3D neutron ux
throughout the reactor.

For the species transport calculations, code was added to
MPACT to write the relevant species data to a le. For each
CTF cell, the ssion yield was calculated as follows:

R R
ti (x.E)  (x E)dEdV.

1
VvV 0
vadv

where subscript denotes the isotope of intere$t,is the CTF
cell volume E is the neutron energy,is the number of neutrons
produced per ssion, ¢ is the ssion cross section, and is
the fraction of ssion products that are isotopd_ikewise, the
absorption rates were calculated as follows:

Figure 2: Relative error of species in gas bubbles as a function of axial mesh R Rl

size. _ Vo a;i(xi?E) (x;E)dEdV;

L av

where , is the microscopic absorption cross section. The
cross sections and decay constants are taken from cross section
data libraries. The ssion yields, absorption rates, and decay
constants for each isotope were then written to a text le by
MPACT to be read and used by CTF.

The simple MSR loop is modeled after the MSRE. The nom-
inal ow velocity was taken from Kedl [20]. Information about
the core and loop geometry were taken from the MSRE Design
Data Sheets [29]. Material properties for LiF-Bekiere taken
from Richard et al. [30]. Linear power density was adjusted
in CTF to achieve a core temperature rise found in Reference
[31]. When modeling in CTF, the key features to get correct for
species transport were total length of the system and the average
velocity. The simulation was conducted with the steady-state
species transport solver and with the bubble pressure calculated
with Eq. (30).
enough to mimic conditions in the MSRE. Test parameters are Figure 4 Shows pertinent variables for the case study in the
shown in Table 3. Equations (39)—(43) are the governing sebase case. Temperature linearly increases in the core, followed
of partial di erential equations representing species concentraby a small reduction in the pump bowl and a large reduction

(44)

f = i

(45)

Figure 3: Simple MSR loop.

tions about the loop: in the heat exchanger. Pressure linearly decreases up the core
and pump bowl, remains constant through the heat exhanger
Mye Mye then gradually increases as the uid ows back down the come
F(ixev) = m xe f ¥+ M, P xe I:Xe around region. This is total pressure, which is dominated by the
g h Ixe | (39)  gravitational head. The pump is there to overcome the friction
a xetKa yo 1— and from losses. TheP across the pump is washed out by the

g gravitational e ect. The void fraction and bubble diameter gen-

h i erally follow the temperature trend. This is especially true in
r( gxeV)= Xe gxe a gxetKa 1 liXe xe (40) the core region. Both void fraction and interfacial area reduce
9 in the gas removal location and increase at the gas addition lo-
He i cation. The gas removal and addition locations are denoted by
He (41)  the dashed line and solid line, respectively. Helium in the gas
i phase remains a relatively constant value in the core, followed
_lHe (42) by the removal from the gas sparger then addition by gas injec-
1 tion in the pump bowl. After this, a constant downward slope
M, is observed due to helium dissolving in the molten salt. Helium
m bt L “43)  inthe liquid decreases in the core region due to the temperature

r( grev) = Ka 1|

h
r( rheV) = Ka e

g

r( V)=



Figure 4: Base case results for pertinent variables.
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for a 75% decrease in injected bubble diameter. As the size of

Table 3: Base MSR loop test parameters. .. . . .
P=F the injected bubbles is increased, the fraction of xenon in the

Parameter Value Unit bubbles decreases
Molar massMye 135.0 gmol )
Molar massM, 135.0 gmol
Molar massMye 4.0 gmol

Mass transferixe) 1.69E-4 [15] nfs
Mass transferye) 3.39E-4[10] nis

Henry's law Hxe) 3.69E+4 [15] kPa ni/mol
Henry's law Hpe) 80.6 [10] kPa rmol
Inlet bubble Sizede;) 0.317% mm

He injection rate 4.0E-5 molés
Removal e ciency 0.40 Fraction
Average void fraction 1.59 %

& This value is the average for the range of bubbles considered
in the MSRE [10]

of the salt increasing. This is due to a combination of the
pressur_e _de_creasmg and the tempe_zrature _rlsmg in the Cor.e' AFIi-gure 5: Fraction of xenon in gas bubbles for changes in inlet gas bubble
though it is important to note the derence in scale for Heliq i3 meter.

and HeGas, the changes are not as large as the plots present.

The importance of scales is also important when observing the . o .

concentration of iodine in the system. Over the heat exchanger €hanges in xenon fraction in the helium bubbles are shown
region, it appears that the concentration of iodine greatly inin Figure 6 for changes in the sparging gas injection rate. As
creases. While it does increase over this region, it is becaug&Pected, the fraction of xenon that was in the gas bubbles in-
the uid velocity decreases due to a decrease in uid density.?reased as the injected gas rate increased. This was due to the

This same trend can be seen in Helig, HeGas, and XeGas. 1§1crease in interfacial area added by the gas. It is interesting to
dine decreases in the core region due to the rate at which iff0te how the 75% decrease was slightly below all other cases
converting to xenon being larger than the rate that it is beind" the reactor core. After the heat exchanger, all injection rates
produced. Xenon in the gas phase slightly increases in the co t the 75% decrease reached about the same fraction before

and then spikes once xenon in the liquid ceases to be producdefy recirculated into the bottom of the core. The rate at which
by ssion in the pump region. Xenon in the gas then increasedN® @mount of gas was picked up past the heat exchanger was
until recirculating back into the core. Xenon in the liquid in- 9reater for the 75% decreased injection rate than for the other

creases in the core and then reduces by migration to the g&8S€S-
bubbles throughout the rest of the loop. Figure 7 shows how the system behaved with changes in the
A study was conducted to understand theet that injected mMass transfer coecient for xenon migration into the bubbles.
bubble size, gas injection rate, mass transfer avent (Kxe) In the reactor core, each of the cases followed close to one an-
and removal e ciency have on the fraction of xenon trapped other, meaning that the rate of xenon generation must have been
inside the gas bubbles. This value is denoted as the fraction &r greater than the rate of gas migration. Unlike the changes
xenon in the bubbles, xenon in the bubbles divided by xenon ifin the bubble diameter case, the migration rate into the bub-
the bubbles plus xenon in the liquidgxe= gxe + I:xe). FOr bles was not as greatly acted by relatively small changes in
each of these variables separately, the base parameter valiiBg mass transfer coecient. After the gas removal location, a
from Table 3 were increased and decreased by 25%, 50% arsmilar trend was seen with changes in gas injection rates. Start-
75%, except for the removal rate. The removakjﬁncy was |ng from the 75% decrease and moving up in value, the rate at
varied from 99% down to 1%. which the gas migrated into the bubbles increased for each case.
Changes in the fraction of xenon in the gas bubbles due to It can be concluded that removal eiency will have an ob-
the injected bubble diameter are shown in Figure 5. Whilevious e ect on the fraction of xenon in the gas bubbles. Figure
the size of the bubbles changed, the gas injection rate did nd8, shows the changes in xenon trapped in the gas bubbles for
which means that the number of bubbles injected increased amarious removal e ciencies. As the removal eciency is in-
decreased. When the injected bubble diameter decreased, mareased from 1 to 99%, the fraction of xenon in the gas bubbles
interfacial area was added to the system, thus increasing thiecreases and approaches 1. However, this does not mean that
rate of mass transfer from the liquid to the gas bubbles. In thishere is not a large amount of xenon in the liquid. As the amount
model, relatively small changes in inlet bubble diameter carof time the bubbles are exposed to the fuel salt increases, the
lead to large changes in interfacial area. This is seen in Figuramount of xenon gas that migrates into the bubbles also in-
5, in which the fraction of xenon in the gas bubbles is highestreases.
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Figure 6: Fraction of xenon in gas bubbles for changes in inlet gas injectiorFigure 8: Fraction of xenon in gas bubbles for changes in bubble removal e
rate. ciency

major assumptions made while deriving this method may not be
suitable for all ow regimes or gas void fractions. The major
assumptions made include: neglecting bubble interactions and
treating the bubbles as conserved quantities. These assump-
tions will break down in situations for large void fractions or
turbulent ows where the bubbles interact with internal walls,
moderators or each other.
This study also points out many of the key variables which
a ect the fraction of xenon trapped in the circulating voids. In-
terfacial area and bubble diameter play a major role in this pro-
cess. Results shown here indicate that exploring various model-
ing methods for these two variables might lead to a more accu-
rate representation of the xenon in the system. The mass trans-
fer coe cient was also assumed to be constant in these results.
In reality this is untrue and is a function of the uid mechanics
Figure 7: Fraction of xenon in gas bubbles for changes in xenon's mass transfép the system. This value will change as a function of the local
coe cient. Reynolds number.

Not all of the physical phenomena which govern the track-
ing of gaseous ssion products in MSRs were modeling in this
report. Other notable phenomena which were excluded include

Atwo-phase ssion product gas migration model was impIe-XenO” migratiqn into the graphite moderator. This a}nd other
mented into the VERA environment to extend its capability tophenomenz.;\.wnl be explored in future work. For more informa-
model MSRs. The removal d85Xe from nuclear reactors js 10N on additional tests and the gas transport model, please refer

key for fuel performance, and the capability to remove it is anf© Taylor's “Implementation of Multi-Phase Species Transport

advantage for MSR designs. Modeling and simulation softwartjznto VERA-CS for Molten Salt Reactor Analysis” [16].

provides insights into the optimization of these reactors. As Future work will involve exploring other methods for inter-
shown in Egs. 7?) and ¢?), the phase migration rate is directly facial area traf:kmg, addlng_ in functions to compute the mass
proportional to the interfacial area concentration and the maslé"ijfer coe cient and .a}ddlng .temperature variable Henrys
transfer coe cient. Optimizing the removal of xenon from the -@W Coe cient. In addition, this model will be added into a

system is accomplished by increasing the amount of xenon irf;oupled mu'lti—physics environment to produce amore accurate
side the bubbles, which increases theciency at which the representation of the gaseous ssion products in the MSRE.

bubbles are removed. This is accomplished by increasing the
interfacial area and mass transfer caéent. 6. Acknowledgments
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