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1 Executive Summary

This report describes the Consortium for Advanced Simulation of Light Water Reactors
(CASL) work conducted for completion of the Thermal Hydraulics Methods (THM) Level
3 Milestone THM.CFD.P11.02: Hydra-TH Extensions for Multispecies and Thermosolutal
Convection.

A critical requirement for modeling reactor thermal hydraulics is to account for species
transport within the fluid. In particular, this capability is needed for modeling transport and
diffusion of boric acid within water for emergency, reactivity-control scenarios. To support
this need, a species transport capability has been implemented in Hydra-TH for binary
systems (for example, solute within a solvent). A species transport equation is solved for the
species (solute) mass fraction, and both thermal and solutal buoyancy effects are handled
with specification of a Boussinesq body force. Species boundary conditions can be specified
with a Dirichlet condition on mass fraction or a Neumann condition on diffusion flux. To
enable enhanced species/fluid mixing in turbulent flow, the molecular diffusivity for the
binary system is augmented with a turbulent diffusivity in the species transport calculation.

2 Introduction

The primary objective of this miletone is to implement a species transport capability within
Hydra-TH, accounting for solutal and thermal buoyancy effects with specification of a Boussi-
nesq force. Other objectives include verification of this capability with comparison of calcu-
lations to analytic solutions and documentation of the work and results.

The requirements specified at the project outset were:

e Species transport solver should provide expected diffusion solution in limit of no flow.

e Species transport solver without specification of Boussinesq force should provide scalar
passive transport (tracer) solution.

e Mixing of two fluids with identical reference densities should result in zero buoyant
force.



Specification of Dirichlet species mass fraction or Neumann diffusion flux boundary
conditions.

Specification of species mass fraction initial condition by global definition.

Parallel

Functional in both semi- and fully-implicit projection
e Enhanced species mixing in turbulent flow.

These requirements steered the design and subsequent implementation.
The milestone required completion of the following tasks:

e Development of a scalar passive transport capability for species mass fraction.

e Specification of species parameters in a manner consistent with existing material data
structures.

e Implementation of a solutal buoyant force based on species mass fraction and consistent
with existing thermal buoyant force.

e Selection and development of a thermosolutal test problem with addition to the re-
gression test suite

e Development and application of user-defined species mass fraction boundary conditions
for analytic test problem.

e User manual documentation
e Submission of this report

Some of these tasks are briefly discussed in §3, and a summary is given in §4.

3 Milestone Accomplishments

A species transport capability for binary systems has been developed in Hydra-TH for mod-
eling the diffusional mixing and transport of a single species within a specified medium, e.g.,
boric acid within water. The following mass conservation equation is solved for a single
species
07,
ot
where Z; is the species mass fraction and J; is the species diffusion flux. Fick’s law of diffusion
is utilized with J; = —pDV Z;, where p is fluid density and D is the scalar diffusivity for the
binary system. In this implementation, species mass fraction and diffusion flux boundary
conditions can be applied. In addition, user-defined or preprogrammed boundary conditions
can be utilized for species mass fraction, and a global initial condition can be specified as
well.
Activation of species transport in the control file is illustrated in Figure 1. In this example,
an additional material block is used to prescribe species information. Note that this species
material is not specified in the materialset block. In the case of scalar passive transport,

+pv-VZ =-VJ, (1)



the only species information required is the diffusivity for the binary system. For output of
species mass fraction, both element and node centering are available as shown.

Solutal transport is enabled by adding a Boussinesq force to the species transport case
as illustrated in Figure 2. The force term requires the species reference density (pure ma-
terial), solutal expansion coefficient (f35), and species reference concentration, which have
been added to the species material in the example. The species reference density and local
mass fraction are used to calculate the local species concentration, and where this calculated
species concentration is greater or less than the species reference concentration, a negative
or positive buoyant force results.

Additionally, if the energy equation is activated, then thermosolutal effects are modeled.
The sign conventions for the thermal expansion coefficient (/) and the solutal expansion
coefficient (f3;) are consistent, with

1,0p
B = _;(8_T)P’C (2)
1. 0p
Bs = _;(%)RT (3)

where [ and f, are the thermal and solutal expansion coefficients, and P, T, and C are
pressure, temperature, and species concentration (species mass divided by mixture volume),
respectively. With this definition, the solutal expansion coefficient is positive when addition
of species (solute) to background material (solvent) results in decreasing mixture density.
When heavy solute is added to light solvent, the solutal expansion coefficient must be spec-
ified as negative.

For turbulent flow, the binary system diffusivity that appears in the species mass frac-
tion transport equation is augmented by adding a turbulent diffusivity D; to the molecular
diffusivity D,,. The effective diffusivity is defined as D = D,, + D;, where D, = S”—Ctt, and vy
and S¢; are the eddy viscosity and turbulent Schmidt number, respectively. This approach is
equivalent to a gradient diffusion approximation. The construction of the effective diffusivity
is automatic when a turbulence model is activated, and control file activation is not required.

In addition, the augmentation of turbulent kinetic energy due to solutal (and thermal)
effects is automatically handled when the RNG k-¢ model is utilized. The added thermal
and solutal turbulent kinetic energy source terms are given by

oT

Gb,thermal = ﬁgzplu—;t Oz (4)
oC

Gb,solutal - 55925—; O (5)
t 7

Note that turbulent kinetic energy is augmented in unstable stratification (G . > 0).
Implemented capabilities are demonstrated with comparison to a problem with analytical
solution. The thermosolutal convection example is based on a natural convection similarity
solution for steady, laminar flow induced by a vertical, heated, flat plate [1, 2]. The plate
is immersed in an infinitely large body of fluid of constant properties, with only density
variations considered in the body force terms. The equations of motion are cast in similarity
form as
F" +3FF" —2(F')?+60=0 (6)

0" +3PrFY =0 (7)



with boundary conditions of

where the similarity variable is
n=ac/y"! (9)

and the stream function ¢ and forcing function 6 are given by

¢ = dvey® F(n) (10)
Poo — P

= ——"— (11)
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= 12
c 2 (12)

where z is the coordinate normal to the plate, y is the coordinate along the plate (vertical
direction), and gravity acts in the negative y direction. The velocity components are obtained
from

u=ve/ytt nF' — 3F)
v = dvcty?F'(n) (13)
The forcing function 6 can be generated by a density dependence on temperature, a

density dependence on species concentration, or a combination of both. For the thermal
problem,

T-T
= __ "~ 14
’ T — Tl 14)
4 gﬁ ‘Tw - Too|
== — 15
¢ % (15)
and for the solutal transport problem,
C—-Cyx
0= ——— 16
= Col (16)
4 gﬁs |Cw - C'oo|
= 1
¢ v (17)

where T is temperature, C' is species concentration, and # and (3, are the thermal and solutal
expansion coefficients, respectively. The solutal transport problem that is analogous to the
heated plate involves the specification of a species mass fraction value of unity on the vertical
plate and value of zero at infinity, where the species reference density is lower than the fluid
density.

The test problem defined here involves equal and additive contributions from thermal
and solutal effects (equal thermal and solutal Rayleigh numbers, with Ra; ~ 28,000). In
addition, the Lewis number is selected to be unity so that thermal and molecular diffusivities
are equal. The problem setup is shown in the control file in Figure 3. The left and right
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vertical boundaries are located at x = 0 and x = 0.575, and the lower and upper horizontal
boundaries are located at y = 1 and y = 2, respectively, so that n ranges from 0 along
the vertical plate to a value of 6.25 at the lower right-hand corner. User-defined boundary
conditions for the lower, upper, and right boundaries have been constructed for velocity,
temperature, and species mass fraction based on Equations (13, 14, 16), respectively. These
functions are developed from tabulated values of F', §, and their derivatives found in [2].

Velocity magnitude contours from the Hydra-TH calculation (Pr = 1) are shown in
Figure 4. The velocity achieves a maximum near the plate and approaches ambient conditions
far from the plate, where fluid particles approach perpendicularly before turning tangentially
along the plate. The decreased density due to near-plate heating and species presence leads
to fluid acceleration in the vertical direction as observed in the figure.

Comparisons to the analytic solution for vertical velocity component (y direction), tem-
perature, and species mass fraction are provided in Figures 5 — 7, respectively, near the upper
boundary at y = 1.9. Agreement is excellent. Note that the temperature and mass fraction
profiles are identical for this problem with equal thermal and molecular diffusivities.

4 Summary

A species transport capability incorporating thermosolutal buoyancy effects has been devel-
oped within Hydra-TH for transport of a single species within a background fluid material.

A natural convection similary test problem was selected to verify correct implementation
of code capabilities. The problem is unique in that it tests combined thermal and solutal
buoyancy effects. Comparison of Hydra-TH calculations to the analytic solution yielded
excellent agreement.

Although code capabilities have been implemented and tests conducted for laminar flow,
additional testing is needed for turbulent thermosolutal convection. In addition, validation
calculations are needed to test thermosolutal behavior in realistic reactor configurations.

This research was supported by the Consortium for Advanced Simulation of Light Wa-
ter Reactors (www.casl.gov), an Energy Innovation Hub (http://www.energy.gov/hubs) for
Modeling and Simulation of Nuclear Reactors under U.S. Department of Energy Contract
No. DE-AC05-000R22725.
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title
Species transport activation

cc_incnavierstokes
species
mid 2
end

material # fluid
id 1

end

material # species
id 2
diffusivity 1.0

end

materialset
id 10
material 1
block 1
end

massfrac
sideset 1 -1
sideset 2 -1
user sideset
user sideset
end

B
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=]
=
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diffusionflux
sideset 5 -1 0.01
end

initial
massfrac 0.0
end

plotvar
elem massfrac
node massfrac
end

end

exit

Figure 1: Species Transport Specification in Control File



title
Thermosolutal transport activation

cc_incnavierstokes

energy temperature
species

mid 2
end

boussinesqforce
gx 0.0
gy -9.8
gz 0.0

end

material # fluid
id 1
rho 958.4
mu 2.82e-4
Cp 2.41e+3
k11 0.679
beta 1.24e-11
Tref 300.0

end

material # species
id 2
rho 862.56
solutal_beta 2.86e-13
diffusivity 2.94e-7
Cref 0.0

end

end

exit

Figure 2: Thermosolutal Transport Specification in Control File



title
thermosolutal convection

cc_navierstokes

nsteps 200
deltat 1.0e-03
term 3.5e+05

solution_method
eps_p0 1.0e-10
end

time_integration
type fixed_cfl
CFLinit 1.0
CFLmax 20.0
dtmax 5.0e+03
dtscale 1.025
thetaa 0.5

0.5
thetaf 0.5

#Energy Equation
energy temperature

#Species Transport
species
mid 2
end

boussinesgforce
gx 0.0
gy —-9.8
gz 0.0

end

# Output options
pltype exodusii
filetype serial
plti 100

ttyi 10

# Material model setup &
# assignment to sets
material # fluid, Pr=1.0

id 1

rho 958.4

mu 0.2818e-3

Cp 2.4099e+3

k1l 679.1e-3

beta 1.2356e-11

Tref 300.0
end

material # species
id 2
rho 862.56
solutal beta 2.8650e-13
diffusivity 2.9403e-7
Cref 0.0

end

materialset
id 10
material 1
block 1
end

plotvar
elem vel
elem massfrac
elem temp
node vel
node pressure
node massfrac
node temp
end

initial
velx 0.0

vely 0.0

velz 0.0

massfrac 0.0

temp 300.0
end

# sidesets

# 1 - front/back

# 2 - left wall

# 3 - right boundary
# 4 - bottom boundary
# 5 - top boundary
temperature

sideset 2 -1 320.0

sideset 3 -1 300.0

user sideset 4 fn 1

user sideset 5 fn 1
end

massfrac
sideset 2 -1 1.0
sideset 3 -1 0.0
user sideset 4 fn 1
user sideset 5 fn 1
end
pressure
sideset 5 -1 0.0
end
velocity

velz sideset 1 -1 0.0

velx sideset 2 -1 0.
vely sideset 2 -1 0.
velz sideset 2 -1 0

=1

0
0
0
user velx sideset 3 f
user vely sideset 3 f
velz sideset 3 -1 0.0
user velx sideset 4 fn
user vely sideset 4 fn
velz sideset 4 -1 0.0

velz sideset 5 -1 0.0
end

ppesolver
type AMG
amgpc HYPRE
itmax 250
itchk 1
coarse_size 100
diagnostics off
convergence off
eps 1.0e-10

end

momentumsolver
type ILUFGMRES
itmax 50
itchk 2
restart 20
diagnostics off
convergence off
eps 1.0e-10
end

transportsolver
type ILUFGMRES
itmax 50
itchk 2
restart 20
diagnostics off
convergence off
eps 1.0e-10
end

end
exit

N

Figure 3: Thermosolutal Convection Control File
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Figure 4: Velocity Magnitude Contours in Thermosolutal Similarity Test Problem



Thermosolutal Natural Convection Similarity Solution
vertical binary species flow past heated flat plate (y=1.9, 88 x 154 mesh)
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Figure 5: Hydra-TH Comparison to Analytic Solution (velocity)
Thermosolutal Natural Convection Similarity Solution
vertical binary species flow past heated flat plate (y=1.9, 88 x 154 mesh)
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Figure 6: Hydra-TH Comparison to Analytic Solution (temperature)
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Thermosolutal Natural Convection Similarity Solution
vertical binary species flow past heated flat plate (y=1.9, 88 x 154 mesh)
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Figure 7: Hydra-TH Comparison to Analytic Solution (species mass fraction)
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