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Abstract

Buoyancy driven flow is often found in many engineering application such as the mixing process of fluids,
which have different densities. The aim of this study is to simulate mixing of borated and unborated water, an
issue which is relevant to the analysis of the safety of nuclear reactors. The degree of mixing of weakly and highly
borated coolant is a critical issue with respect to reactivity of the reactor core. Therefore, a combined numerical and
experimental study of buoyant mixing processes has been performed. As nuclear reactor geometries are complex,
a vertical mixing (VeMix) test facility was used to validate the numerical models used with optical and surface wire
mesh measurements. Good agreement was found between the physicality of the flow phenomena of the observed
experiments and numerical calculations. Fourier analysis of the vortical oscillations in both the experiments and
simulations also show good agreement for several flow conditions.
c© 2007 University of West Bohemia. All rights reserved.
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1. Introduction

Buoyancy driven flow is often found in many engineering application such as mixing process
of fluids with different density. The aim of our study is to simulate mixing processes that are
relevant to the analysis of the safety of nuclear reactors. The boron dilution problem is one
such safety issue that requires analysis. Borated water is used to moderate the nuclear reactions
occuring in the reactor core. However, in certain situations, additional borated water in the form
of boric acid is added to the core, which may have a different temperature. Both the boron con-
centration and the temperature will affect the density difference of the fluids being mixed and
therefore affect the mixing processes that occur in such situations. Thus, the degree of mixing
of low and high borated coolant is a critical issue with respect to reactivity insertion into the re-
actor core. A very simple vertical test facility was chosen for validation of numerical models of
the mixing process, as nuclear reactor geometries are complex leading to the mixing processes
that are not widely understood and the small influence of the buoyancy. A new source term,
which consists of a sum of the component turbulent density fluxes, is defined for the turbulence
model and in this case it is based on the definition turbulent kinetic energy.

2. Theoretical model

Buoyancy is driven by variations in density, which can arise, as in this case, frommulticom-
ponent flowsthrough the variation of the mass fraction caused by local mixing.
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For buoyancy calculations, a source term is added to the momentum equations as follows:

SM,buoy = (ρ− ρref ) g,

ρ the evaluated mixture density calculated directly using the Full Buoyancy
model from the concentration of each component and the density for each
component,

ρref = 1
N

N∑
i=1

ρi the relative density calculated as an average density of allN components in
mixture,

g the acceleration due to gravity.

2.1. Buoyancy induced turbulence

The influence of buoyancy on the turbulence model could be added via source term in equa-
tion for turbulent kinetic energyk. A typical example of the models that can characterise the
turbulent kinetic energy are “two-equations” family of turbulence models i.e.k − ε, k − ω and
their combinations such as Shear Stress Transport (SST). The modification ofSST model of
the form below is the focus of this study:

Dρk

Dt
= ∇

(
µ+

µt

σk

)
∇k + Pk + Pb − ρε,

Dρω

Dt
= ∇

(
µ+

µt

σω

)
∇ω + (1− F1)2ρ

1
σω

∇k∇ω + C1ω
ω

k
(Pk + C2ωPb)− βρω2,

Dρk
Dt
= ∂ρk

∂t
+ (∇U.ρk) material derivative of variablesρ, k, U fluid velocity,

µ molecular viscosity,
Pk = −ρuiuj

∂uj

∂xi
= µT

√
2SijSij production term due to viscous forces,

Pb = −
3∑

i=1
giρui general form of production due to buoyancy forces,

Pb = −g µT

ρPrt
4ρ standard turbulent buoyancy model in ANSYS CFX,

ω = ε
Cµk

turbulent frequency,
F1 blending function limitingω to the boundary layer [1],
µt = ρ a1k

max (a1ω,SF2)
turbulent viscosity,F2 blending function ,

S invariant measure of the strain rate,
Cµ, σk, σω, C1ω, C2ω, α, β constants ofSST model [1].

Pb describes the influence of buoyancy to the turbulent model [3]. This term could be modeled
by solving the proper transport equations for components of Reynolds-averaged turbulent den-
sity fluxes,ρui, which have the form:

Dρui

Dt
=

∂
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Dν
ρi molecular diffusion, Dt

ρi turbulent diffusion,
Πρi pressure scrambling effect, ερi molecular destruction term,
P ρ

ρi production term due to mean den-
sity gradient,

PU
ρi production term due to mean veloc-

ity gradient,
Gth

ρi buoyancy due to density variance.

Equation for density variance -ρ2 is:

Dρ2

Dt
=

∂

∂xk

α
∂ρ2

∂xk︸ ︷︷ ︸
Dν

ρ2

−ρ2uk︸ ︷︷ ︸
Dt

ρ2


︸ ︷︷ ︸

Dρ2

−2ρuk
∂ρ

∂xk︸ ︷︷ ︸
Pρ2

− 2α ∂ρ

∂xk

∂ρ

∂xk︸ ︷︷ ︸
ερ2

, (2)

Dρ2 the total diffusion of density scale,ρ2,
Dν

ρ2 the molecular diffusion of density scale,ρ2,
Dt

ρ2 the turbulent diffusion of density scale,ρ2,
Pρ2 production term due to mean density gradient,
ερ2 the molecular destruction term.

The presented model was implemented into the ANSYS CFX code by using pre-defined ad-
ditional variables, according to the balance equation:

∂Φ
∂t
+∇(UΦ) = ∇

((
ρDΦ +

µt

Sct

)
∇

(
Φ
ρ

))
+ SΦ,

ρ the mixture density, mass per unit vol-
ume,

Φ the conserved quantity per unit volume, or
concentration,

Φ
ρ

the conserved quantity per unit mass, SΦ the volumetric source term, with units of
conserved quantity per unit volume per
unit time,

DΦ the kinematic diffusivity for the scalar, µt the turbulence viscosity, withSct the tur-
bulence Schmidt number.

For full implementation of presented model, four equations were applied, three of which were
used for description of the three components of turbulent density fluxesρui. Where the fourth
equation was an equation for density varianceρ2.
If the transport effect in equations (1) is neglected, the Algebraic Flux Model for turbulent
density fluxes is obtained:

ρui = −Cρ k

ε

(
uiuj

∂ρ

∂xj

+ ξρuj
∂Ui

∂xj

+ ηβgiρ2 + ερi

)
. (3)

From this assumption several simplifications can be defined in which more and more of the
terms on the right hand side of equation (3) are neglected. Then by considering only the first
term of equation (3) gives:

ρui = −Cρ k

ε
uiuj

∂ρ

∂xj

. (4)
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If the sum over all turbulent density fluxes is taken then the isotropic source term of the standard
model used in ANSYS CFX is obtained, as the simplest borderline case of our model:

Pb = g

3∑
i=1

ρui = −g
µT

ρPrt

4ρ,

which is often used in standard CFD [1] codes for modelling of buoyancy influence to the
turbulence model.

3. VeMix experimental vessel

Fig. 1. VeMix scheme.

For the validation of the model, which
was implemented into ANSYS CFX,
an experimental facility calledVeMix -
Vertical Mix ing channel was built. The
VeMix test facility has a simple geometry
and it was setup to ensure that the gravity
force acts along the significant length
scale, the height. Five plexiglas units were
constructed to allow the observation of the
flow patterns formed and to also allow the
use of laser based measurement techniques
such as LDA and PIV.
In the preparation tank, the water is
mixed to the required density by adding
saccharose and the required conductivity
by adding salt. This tank is connected to
the bottom input and to the upper inlet
nozzle of the vertical section. The output
nozzle is connected to thewaste water
tank.

Experiment proceduce has the following steps:
1 modify the conductivity of the water in thepreparation tankby adding salt so that (κ = 60

µS cm−1)
2 then fill almost the whole of the VeMix test facility with the water from thepreparation tank

via either inlet
3 modify the density and conductivity of the water in thepreparation tankby adding saccharose

and salt so that there is a 2% density difference and (κ = 200 µS cm−1)
4 fill up the vertical section up to 2.12 m from bottom. The bottom unit, which includes the sur-

face wire mesh sensor should be covered by this water. The flow pattern formed is dependent
on the level of the water with modified density filling of the VeMix vessel

5 set the desired flowrate via the flow meter before starting to pump the water with modified
density from the tank to the VeMix though the upper inlet nozzle.

6 initially, normal water from the pipeline system is fed to the VeMix vessel, creating a jet of
normal water entering the vessel, which forms a layer
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(a)Falling down regimeflowrate = 0.4 l s−1,
Ri = 2.12.

(b) Horizontal jet regimeflowrate = 0.7 l
s−1, Ri = 0.69.

Fig. 2. Flow regime during the flow condition∆ρ = 2%,Hfill = 1.8 m and given flowrate.

7 after a short period of time, defined by the amount of normal water in the pipelines and
flowrate used, the density modified water enters the vessel and mixing between the modified
and normal waters begins

8 the conductivity measured by the surface wire mesh sensor corresponds to the fraction of
normal water and density modified waters

9 the water leaving via the output nozzle is then fed to the waste water tank

4. Results

The different the flow conditions were defined to give typical flow patterns. This flow be-
haviour can be characterised by an internal Richardson number of form

Ri(4ρ, fl,Hfill) =
g ∗ L2 ∗ 4ρ

ρ ∗ v2
, L = Hinput −Hfill, (5)

whereL is the characteristic length,Hinput = 2.63m distance of bottom part of the inlet nozzle
from bottom of VeMix vessel,Hfill distance of interface between the liquid from bottom of
VeMix vessel,4ρ density difference,ρ = 997 kg m−3 density of water,v = flowrate

Surface
character-

istic flow velocity describing the movement of interface between the liquids,fl input flowrate,
Surface = 0.5 ∗ 0.1m2 surface of VeMix vessel.
The Froude number has been widely used to characterise buoyant mixing; however, the Froude
number is inversely dependent on the internal Richardson number,Fr = 1√

iRi
. As the Richard-

son number has a greater sensitivity to the characteristic flow patterns at the transition of the
flow regimes. Thus, the internal Richardson number is used to qualitatively characterise the
flow regimes observed in this study:
falling down regime of flow patternsRi > 2 are shown in Figure 2a, for both the experiment
and the simulation at timet = 30 s. Figure 2a clearly shows that the gravity force acts along
the vertical axis and is significantly stronger than momentum forces. The jet drops down near
the wall below the inlet nozzle.
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horizontal jet regime of flow patternsRi < 1 shown on Figure 2b, for both the experiment and
simulation att = 13 s. In this case, the momentum force driven by the input flowrate is stronger
than the gravity force, which results in the formation of a horizontal jet. The horizontal jet
influences the transient mixing behaviour, as oscillation waves are formed on interface between
the heavier, density modified water (darker fluid) and the normal water (transparent fluid).

4.1. Analysis of oscillation frequencies

The frequencies of the oscillation waves in the layer between the heavier, density modi-
fied and normal waters above the horizontal jet were found via a Fourier analysis of the video
signal. The Fourier analysis characterised the 3 components of video signal (RGB) from the
digital camera signal and from the pictures created in CFX5Post. A point location above the in-
let nozzle was chosen where the oscillation between the darker and transparent fluids occurs in
experimental case and between the changing the color in simulation case. The selected location
was atX = 0.1m, Y = 2.7m. The significant frequencies found in both Fourier power spectra
corresponds to the frequency of oscillation wave, but the turbulent energy in the numerical case
is much lower. A possible explanation of the discrepancy in the magnitudes of the spectra is
that at the selected point in the experiment, the data stored is an integral over the depth of the
section.
Figure 3a shows the base time series and the corresponding Fourier power spectra for the analy-
sis of the simulated case on the left and the video data obtained from the experiment on the right.
Figure 3b shows the dependency of osclilation frequencies on the flowrate, where other para-
maters were fixed at∆ρ = 0.02 andHfill = 2 m. Good agreement between the experimental
and simulated cases can be observed in Figure 3b.

(a)Fourier analysis for case∆ρ = 2%,Hfill =
2m, fl = 0.45 l s−1.

(b) Oscilation frequency and periodic time pro-
file with respect to the flowrate.

Fig. 3. Fourier analysis of video data signal and oscilation frequencies.

4.2. Surface wire mesh sensor [2]

The array sensor used here was manufactured using standard printed-circuit board fabrica-
tion technology and has 4096 interdigital sensing structures, which are multiplexed in a matrix
with 64 transmitter (rows) and 64 receiver electrodes (column). Figure 4 presents the surface
sensor and in detail depicts the structure of the sensors. Theso-calledspatial wavelength is
defined as the distance between the centerlines of neighboring electrodes of the same type (e.g.
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driving or sensing electrodes) and has the value of 2.6 mm for the sensor used here. The depth
of penetration of the electric field generated by an interdigital sensor into the material is pro-
portional to the spatial wavelength [4]. Furthermore, the electrodes are gold plated to reduce
electrochemical effects during the conductivity measurement. The sensor board was designed
to fit to an experimental flow channel. The size of the whole sensor is 620mm x 500 mm. Four
connectors on the back side of the sensor (not shown in fig. 4) allow the sensor to be connected
to recording devices. The voltage values measured by the surface sensor are proportional to the
electrical current flowing from the transmitter electrode to the receiver electrode. This current
basically depends on two parameters; the electrical conductivityκ of the liquid and on liquid
wetting level of a sensing structure. The dependency of the application these parameters can be
explored for the generation of information of how the fluid is distributed over the sensor. Since
the system has only one measurement for two unknowns, in order to generate an unambiguous
output, one of the parameters must be known or kept constant during the experiments. There-
fore, two different conditions can be investigated. In the case where the wetting level is constant
(i.e when the sensing structures are always covered by liquid) the use of conductivity tracers
can be used to evaluate the flow in the channel. The second possibility is for the case when a
liquid with constant conductivity is used and only its distribution over the sensor is of interest.
For instance, the presence of gas bubbles on the surface can be detected due the fact the bubbles
will change the wetting level of a sensing structure.

The most interesting location in the VeMix vessel was found to be just below the inlet
nozzle. Therefore, the sensor was placed here in order to study the transition behaviour of jet
between the vertical and horizontal regimes. The comparison between the simulated data and
the data obtained from surface wire mesh sensor is depicted in Figure 5. A grid of data points
was obtained from the data measured by surface wire mesh sensor. This grid was imported into
CFX5Post to generate a field to which experimental and numerical data could be mapped. The
contour plots of the experimental and simulated data derived from this field are presented in
Figure 5 at timet = 28.1s for the case∆ρ = 0.02, flowrate = 0.35 l s−1, Hfill = 2.12 m.
This gave an internal Richardson number of1.06. For all the contour plots, the development
of the horizontal jet is clearly seen, as can be expected for a flow at such a internal Richardson
number, which lies close to the lower limit of the transition regime between horizontal and
vertical jet flowiRi ∈ (1, 2). However, the difference between modified buoyancy term and the
standard term was small.

5. Conclusion

A new source term that was defined via the sum of components of turbulent density fluxes
was implemented into the ANSYS CFX code. Validation experiments were performed in the
VeMix test facility, which show typical vertical and horizontal flow pattern under different flow
regimes. Comparisons of the experimental results with corresponding simulations show similar
flow patterns and periodic behaviour. The data from the surface wire mesh sensor was used
for the validation against the data from the simulation. The influence of the buoyancy on the
turbulence model was shown to be small through comparison between the implemented and
standard buoyancy models.
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Fig. 4. Printed circuit board surface sensor containing 64 x 64 interdigital sensing structures fitted to an
experimental flow channel. The size of each sensing structure is 7.8 mm x 6.6 mm and the size of the
whole sensor is 620 mm x 500 mm.

Fig. 5. Contour plots of the horizontal jet. Left - data obtained by the surface wire mesh sensor, Cen-
tre - Simulation performed with only the SST model, Right- Simulation performed with the modified
buoyancy driven turbulence term applied to the SST model, at time T=28.1 [s].
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