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Abstract

The effect of flow stratification is of particular concern during transient after scram in the
outlet plenum of LMFBR. In this case, buoyancy effects on turbulent mixing are of importance
to designers. An investigation has been made to identify the appropriate change in the available
turbulence models which are necessary to include the effects of buoyancy on turbulence
transport equations. The developed physical model of the buoyant turbulent flow are solved through
SMAC method. Testing of the developed numerical model was undertaken and compared with
experimental results. The results show that the buoyant turbulent effects account for a significant
increase in the stability of the stratification, with a strong suppression of turbulence in the outlet

plenum.
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. Nomenclature
u,v mean velocities
P pressure
p density
Po reference density
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&n8x components of gravitational acceleration
R,,R, the model resistance terms
SI one fourth the square of the rate of strain tensor

turbulence kinetic energy

g turbulence kinematic viscosity

I specific internal energy

rr reciprocal of the Prandtl number
a,7,71 turbulence parameters

T/T correlation of fluctuating velocity

I. Introduction

The effect of flow stratification is of particular
concern during the transient-after-scram in the
outlet plenum of the LMFBR. After a scram,
the core effluent temperature decreases abruptly.
If the cooler sodium has insufficient inertia to
overcome the negative buoyancy force when
entering the plenum, stratification followed by
thermal shock can ensue.

To deal with and mitigate these thermal shock
effects, an accurate prediction of the fluid velo-
cities and temperature in the outlet plenum fields
during the transient is necessary. For this
purpose, the proper physical and numerical
modellings of the recirculating buoyant turbulent
flow are required.

Turbulent flows are three-dimensional and time
dependent and are governed by the Navier-
Stokes equations. But no practical numerical
treatment can span all the time and length
scales of turbulence. Therefore, we use
ensemble-averaged equations with nonlinear
terms u;/u;’ and u/ T’ appearing in the resulting
equations. A turbulence model is needed to relate
these nonlinear terms to the time-averaged
primitive variables: this is the fundamental
problem of turbulence closure.

Recirculating turbulent flows are characteri-
zed by two following properties!. First, there
is no single predominant direction of motion;
indeed backflow is usually present in the chosen

and temperature

coordinates. Second, turbulent diffusive transport
is important in both coordinate directions. Corres-
pondingly, recirculating flows are thus governed
by elliptic differential equations. In flows gover-
ned by elliptic differential equations, there is an
even stronger reason for determining the length
scale (I) from a transport equation. In recir-
culating flows, convective transport of ! may
be large. So, convective transport is important;
and it is much more difficult than in boundary-
layer flows to determine the length-scale profile
by measurement.

To calculate a two-dimensional recirculating
flow, the dependent variables and associated co-
efficients must be stored in two-dimensional arra-
ys. Storage limitations may be present; also, the
cost of making the calculations will usually be
significant. There is thus strong incentive to keep
the number of turbulence transport equationsas
as small as possible and to avoid making a de-
tailed calculation of the low-Reynolds number
region close to the wall. For this reason, two-
equation turbulence model is adopted in this work.

Two-equation models determine &, the tur-
bulence kinetic energy and /, the length scale,
from transport equations. Then, 6=%?. The
difference from Prandtl’s model, which is o=12,
]—g—z—}, is that here both the turbulence energy
and length scale are determined by way of
transport equations. The difference from the one-
equation model is that here the length scale is
determined by means of transport equations.

Table 1 is a list of some proposals for the
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dependent variable of the length-scale-determin-
ing equation. In this work, %-¢ model latestly
proposed by Stuhmiller is adopted. But his work
excludes the effect of gravitational force field
on the turbulence. The purpose of this work
is to develop a mathematical and numerical
model for the turbulent stresses applicable
in buoyant-affected turbulence, to show some
results of the model and to indicate directions

for further extension and refinements.

Table 1. Some Proposals for the Dependent Varia-
ble of the Second Equation

Dependent Symbol

Proposer(s), Year Variable |
Kolmogorov (1%42) k2l f
Chou (1945), Davidov (1961)

Harlow-Nakayama (1968) B2/ €

Jones-Launder (1972)

Rotta (1951) l f !
Spalding (1967)

Rotta (1968, 1971)

Rodi-Spalding (1970) B ' BN kl
Ng-Spalding (1972)

Spalding (1969) ' Ve w
Stuhmiller (1974) k3] G

I1. Model Development

This study deals with the two-dimensional
time dependent buoyant turbulent fluid mechan-
ics equations of continuity variables and energy
for a Boussinesq fluid. Two closure variables, the
turbulence kinetic energy and the turbulence
viscosity, are also calculated from their own
transport equations to give turbulence viscosity,
which, results in the two-equation turbulence
model. The differential equations solved in this
study are as follows.
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In this work, the turbulence parameters a, 7,
and 7, are set equal to 0.045, 1.5 and 0.75
respectively following the previous recommenda-

=0. (6)

tion?.
Egs. 1 through 6 repesent the momentum

equation in the radial direction, the momentum
equation in the axial direction, the turbulence
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kinetic energy equation, the turbulence viscosity
equation, energy equatition and continuity equa-
tion respectively. Eqs. 3 and 4 represent %-o
model developed by Stuhmiller. To make this
k-0 model take into account the buoyancy effect,
the buoyancy production terms of turbulence
kinetic equation and the turbulence viscosity
equation are developed here. As a starting point
for the model development, the term 8 g; 4/ 1’
is adopted as the buoyant production term of the
turbulence kinetic energy equation, where 8 and
g represent the fluid temperature coefficient of
volume expansion and the acceleration due to
gravity respectively. This term has been widely
accepted® and has proven valid* since Spalding
and Launder® proposed this one. Based on this
term, the buoyant production term for the tur-
bulence viscosity equation is derived as follows.
By definition
Dk

D —D(k)=p—¢, )
where D (k)=diffusion term of % eq.
p  =production term of % eq.
& =dissipation term of k eq.

Rodi® has made the following proposals which
seem the most popular available at present. The
convective and diffusive transport of Reynold
stress are supposed to be connected with the
kinetic energy transport rates by the formula

DU/U; _U/U; Dk
Dt T & De¢
—— 7 K4
D@7TN =" D)y ®)

This can be modified as follows on the assum-
ption that turbulence kinematic viscosity is ro-

ughly proportional to Reynold stress.

Do o Dk
Dtk Dt
D(o)=-7-D(®) ©
From Eq. 7 and 9 one obtains the result:
D
“pr—D(o)=3-(P—¢) (10)
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Therefore we can assume the buoyancy produ-
ction term of turbulence viscosity equation to be
o/k times that of turbulence kinetic energy
equation, i.e., (a/k)pg: U/T".

For k equation, buoyancy production terms are
remodeled as follows and added to the right
hand side of Eq. 3.

oT
a.‘l:,'

Bg: u/ T'=Biex

aT
=fgirro oz;
For the ¢ equation, the buoyancy production
term is remodeled as follows and added to the
right hand side of Eq. 4.
oT

g 7 7= ggy. 92
T lsgi “,iT/'— I3 ﬂngT ax.-

IIL. Solution Methodology

The simplified Marker-and-Cell (SMAC) me-
thod* is adopted as the fluid mechanics algorithm
of this work. The continuity condition that the
divergence of a cell is zero is imposed by
adjusting the cell pressre. In other words, the
cell pressure is changed to counteract the flow.
The other importance of this methed is that the
primitive variables are solved directly with no
transformation to vorticity stream function
variables.

The complete solution scheme in this work is
shown in Fig. 1.

1. One calculational cycle is composed of four
steps: \

(1) Compute guesses for the new velocities for
the entire mesh from the finite difference forms
of Eq. 1 and 2 which involve only the values
at previous times.

(2) Match the boundary conditions and adjust
the new velocities to satisfy the continuity
equation by making appropriate changes in the
cell pressures. In the iteration, each cell is con-
sidered successively and is given a pressure
change that drives its velocity divergence to
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Fig. 1. Flow Diagram of Solution Scheme

zero.

(3) When convergence has been achieved, the
velocity and pressure fields are used to compute
the turbulence kinetic enmergy, kinematic visco-
sity, and internal energy.
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(4) Finally, all of the field properties are at
the advanced time level and are used as the
starting values for the next cycle.

IV. Results

Numerical Experiment

The reactor outlet plenum temperature tran-
sient calculation was performed in a cylindrical
mesh with ten cells in the radial direction and
fifteen cells repressenting the height. Figure 2
shows the test geometry. An obstacle, located
in the lower left corner adjacent to the center
line, models the inlet pipes through which was
input at a flow rate of 1,800 lbm/sec. Flow rate
remained constant for all time. The temperature
of inlet flow remained at 900°F constant for 100
seconds, but the temperature of the inlet flow
dropped from 900°F to 700°F over the next 100
seconds. One outflow cell represented the plenum
exit.

Table 2 shows the results that summarize the
velocities, turbulence kinetic energy, turbulence
kinematic viscosity and temperature of some

Table 2. Results of Negatively-Buoyant LMFBR Outlet Plenum Results

Model Position U w K g TEF)
(LK) (ft/sec) (ft/sec) (ft/sec)? (ft?/sec)
G A . 065 . 083 . 0747 115 828
B —. 069 .794 . 0007 . 0003 802
5, 6) A . 424 . 240 . 060 .049 836
B —. 449 . 043 1078 4x107¢ 841
5,13 A . 076 .030 . 009 . 057 895
B . 140 . 167 5x1075 1.5x 1074 897
9,3 A . 276 . 006 . 060 . 096 820
B . 143 —.019 107° 4x107° 814
(9,6) A —. 103 . 103 . 043 .093 838
B —.112 . 043 2x107% 7%x1078 853
9,13 A .010 —. 026 . 006 . 049 897
B -—. 027 —. 109 3x1075 1074 896
(10, 3) v A 0.278 0 . 055 0.92 832
B 0.278 0 1078 3.5x107¢ 804

A=F-0 model without buoyant turbulence correction
B =%-0 model with buoyant turbulence correction
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Fig. 2. Configuration of the Reactor Outlet
Plenum of Test Problem.

important nodes (including outlet nozzle node
which is most concerned) at 100 seconds into
the transient.

The results represent two important facts.

First, the buoyant turbulent correction accounts
for a significant increase in the stability of the
stratification. In other words, the temperature
difference between the upper hot fluid layers and
the cold fluid layers increases.

At the end of the inlet cool-down period (at
100 seconds into the transient) the oustlet nozzle
fluid temperature is decreased by the corrections
from an uncorrected value of 832°F to a corre-
cted value of 804°F. This is a change of 14%
of the original fluid temperature decrease at the
plenum inlet. Second, the turbulence is strongly
suppressed, especially in the inlet zone and
thermal interface regions between the stratified
hot and cold fluid layers. In other words, there
are decreases in both % and 6. This fact leads
to the increase in the stability of the stratifi-
cation.

Comparison with experimental results

A comparison between the predictions and
experimental findings is performed. Comparisons
are performed based onthe temperature variable.
At this time, no information is available for

velocities and turbulence quantities under non-
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Fig. 3. Experimental and Predieted Temperature
of Qutlet Nozzle in Test BT 16
isothermal transient conditions for the cases
studied. However, the comparison limited to
temperature results is fully meaningful because
temperature calculation is based on the calcula-
tion of the velocity fields and turbulence fields.
The comparisons are performed on the basis of
using scale-model test data’ obtained at Argonne

National Laboratory (ANL).

Fig. 3 shows the transient temperature predi-
ction at the outlet nozzle for test BT 16 of ANL
data. As shown in Fig. 3, the prediction with
the bucyancy term on the turbulence transport
equation is better than that without the buoyancy
term. This fact implies the experimental verifi-
cation of the improvement of the developed

physical and numerical model.

Y. Conclusion

It is found that buoyancy strongly affects
LMFBR outlet plenum.
What is more important, negative buoyancy

turbulence in the

promotes laminarization during the passage of
time in a transient. It is seen that the buoyant
suppression of turbulence has the effect of enlar-
ging the lower recirculation zone, of decreasing
transverse momentum transport in the inlet
region, and reducing mixing of warm fluid in
the upper plenum region with incoming cold
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fluid. As a result, the predicted thermal
shock at the outlet nozzle would be increased
significantly by considering the buoyancy effects
on turbulent mixing. '
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