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CAPABILITIES OF REYNOLDS STRESS TURBULENCE MODEL
IN APPLICATIONS TO THERMAL STRATIFICATION

F. C. Chang and M. Bottoni
Energy Technology Division
Argonne National Laboratory

Argonne, lllinois

ABSTRACT

A Reynolds stress turbulence model (RSM) has been
implemented in the COMMIX code, together with transport
equations describing turbulent heat fluxes, variance of
temperature fluctuations, and dissipation of turbulence kinetic
energy. This article outlines the model, explains the
verifications performed thus far, and discusses potential
applications of the RSM in the analysis of thermal
stratification in engineering systems. The problem of
analyzing thermal stratification and minimizing the impact of
thermal stresses on structures is of concern in both nuclear and
conventional industries.

INTRODUCTION

In the safety analysis of advanced fast breeder reactors,
licensing authorities require that inherent safety capabilities
be proved by numerical simulation with well-validated
computer programs. Even in the worst case of loss of power to
the primary pumps. natural convection circulation must
provide, through intermediate heat exchangers. a heat sink
sufficient to prevent coolant temperatures from reaching
saturation and triggering development of a two-phase flow

domain with subsequent reduction of coolant capabilities and
loss of core integrity.

Numerical simulations of reactor coolant behavior require
the modeling of turbulent flows in the critical transition phase
between forced and natural convection. Also required is the
modeling of impact of coolant temperature stratification on
turbulence, which can be enhanced or suppressed according to
unstable or stable stratification patterns. Therefore the
accuracy of computer codes depends on the mathematical

modeling, particularly on the modeling of turbulence in
thermal stratification.

In the critical transition phase between forced and natural
convection, turbulence models based on two equations (as is
the k-e model) are inadequate because they assume isotropic
behavior of turbulence; this assumption does not bold in
complex situations. Therefore, new and detailed modeling is
necessary of nomisotropic turbulence in three-dimensional
natural convection flows with temperature stratification. This
requires a refined evaluation of the interaction between
turbulence and buoyancy forces, because this interaction
affects both incompressible fluids (because of hydrostatic
force gradients) and compressible fluids (where density
depends on temperature and pressure).

This paper describes the implementation and evaluation of
the Reynolds stress turbulence model (RSM) in the general-
purpose multidimensional thermohydraulic computer code
COMMIX-1C [1]. This computer code is designed to perform
steady-state and transient, single-phase. three-dimensional
analysis of fluid flow with heat transfer in enginecrir.xg
systems. COMMIX-1C was developed to analyze heat tnnstfr
and fluid flow processes in thermal-hydraulic systems. It is
designed in a generalized fashion so that with litdc_or no
modification. it can be used to analyze processes in any
engineering equipment. This code has provided the framework
for the extension of the standard k- turbulence model to 2
more sophisticated model based on 11 transport e?uarjons for
the dependent variabies describing turbulence: six transport
equations for the components of the Reynolds stress lens'or.
three equations for scalar turbulent heat tluxes. one cc!uauon
for variance of temperature fluctuations. and one equatuon for
dissipation of turbulence kinetic energy. The complete



Reynolds stress model is presented in detail in the next

section. The new code version is referred to as COMMIX-
1C.RSM.

The objective of this study is to evaluate the intensity
distributions of temperature fluctuations related to thermal
stratification and to confirm the model's applicadility based
on analysis of thermal stratification in a rectangular cavity.

ANALYTICAL MODEL

The COMMIX-IC.RSM code solves the conservation
equations of mass. momentum, and energy. as well as the 11
transport equations of turbulence, in a finite-difference form.
Addition of the Reynolds stress model can make computations
more realistic. The turbulence transport equations and the
conservation equations for energy and momentum, used in
combination with the Reynolds stress model, are given below.

'n\emsponequaﬁoastouahrheuﬂuesm

(r) + Uj-— ué
as-:-;- (V‘ + c."k?z']a(u—l’)

- P, .
o + Py + Gy +xy, (D

with
— T .._aui}
P = ~|uyuj— + u;6— Q)
L4 [ }axj ) axj
) 3
Gy = - PBgid, ®

du
ti‘ = - Cl’-a-lli. + Cz’ﬂ" -a_;-L
3

e L
+ CyPgid” - Clo':'“o¢5'u.f(-x—). (4)
a

The transport equation for variance of temperature
fluctuadons is
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The values of R and other model constants are given at the end
of this section.

The transport equations for Reynolds stresses are
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The trbulence kinetic energy is k=u;u; /2. The transport
equation for the dissipation of wrbulence kinetic energy e is
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Boundary Conditions

Figures | and 2 show the two-layer wall function model
used in COMMIX-IC.RSM. When ¥p > ¥,. the first node is in
the fully turbulent zone and one has

kp = ust/fe, . (12)
u/(Ky,)- (13)

xup/zn(sy,v/v,). (14)

g

u*

. When yp < yg. the node P is in the laminar sublayer and one
as

o = w25, ) as)

e, = u"/(!(y,)- (16)
The boundary conditions adopted for the scalar fluxes are
(o8) = o Eoar an

P e axl
QU K| S T | A (a8
pcp 3x; po, 9x;
for yp < yg and yp > y¢. respectively.

The boundary conditions for the variance of temperature
fluctuations are

T,
39("9 Ly “

+£E)=l' —B

yP Ye - yp Yp Ye - Y,
Sw (“.T.)zcl c3
+ B Ly, - B (u*T*)y,. 19
® e M Ry, (v*T*)’y, (19)
o = R, T/ @

for Yp Sy¢ and ¥p > y¢. respectively. Equation 19 has been
derived by integrating a onc-dimensional transport equation,
written for a coordinate normal to the wall, over the laminar
boundary layer thickness.

The numerical values of the coefficients used in the above
equations are as follows: ¢, =0.09, cg = 1.0, c5 = 0.07. c14
= 3.1, c2¢ = 0.4, c3¢ = 0.5, Clp = 0.5, Co= 0.13, R = 0.5, cx
=0.09,¢c] =2.8.¢2=2047,¢3 =047, c1g = 1.44, c2¢ = 1.92,
c3e =08, cg = 0.15,. 6, = 09, E = 9.0, K = 0.42. Further

details about the turbulence model
- and thc boundm s
used for all ransport equations are given in Ref. 2. conditions
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MODEL VERIFICATION

Homogeneous Turbulent Shear Fiow

The condition of homogeneity in turbulence requires an
infinite spatial field that can be simulated numerically by a
finite domain with slip-free boundary conditions. Early
~vperiments on nearly homogeneous turbulence bave been
made in wind tunnels during attemps to realize an almost
unidirectional flow with a constant velocity gradient
Turbulence generated by grids at the tunnel entrance becomes
almost homogeneous in the center of the tunnel at some
distance from the inlet. Among the most accurate and best
documented experiments on homogeneous turbulence are those
by Champagne et al. (Ref. 3), which we chose as a benchmark
for validating numerical computations.
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FIG. 3. SKETCH OF HOMOGENBOUS SHEAR FLOW

Specific conditions must be realized in a homogencous
turbulent shear flow. With reference to Fig. 3, let x| be a
coordinate along the horizontal axis of the wind tunnel. Let x2
and x3 be coordinates along the vertical and transverse axis of
the tunnel, respectively. Let H be the height of the wind
tunnel and Ug = Uj(H/2) be the ceater velocity. In
homogeneous turbulence, the mean velocity components of
the flow satisfy the condition

U1 =2U1(x), | (212)
Uz2aU3 =0, (21b)
9dU(/dx2 = constant, (21¢)
anIij =0 (i) » (1.2). (214d)

Under these conditions, the modeled Reynolds equations
for homogeneous isotropic turbulence become
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Under the assumptions of homogeneous turbulence (Eqgs. 21a-
21d). the equation for the dissipation of turbulence kinetic
energy becomes

de = € —\ dU, e?
3 - Sley ( “1“2) =, e (23)

Because the flow is isothermal, equations (1), (5) and (10) are
not solved for this test case.

Numerical Results

Experiments reported in Ref. 3 were made with a center
velocity in the wind tunnel Ug = 12.4 m/s and with velocity
gradient dU/9x2 ~13 s~1. Measurements were taken in the
region defined by 8.5 H < x1 < 10.5 H. In the computations,
we made numerical calculatons of homogencous turbulence
with the RSM in the COMMIX code and with the Runge-Kutta
method in an independent program; we then compared the
experimental values with the computed results at x}/H = 10
reported in Ref. 3. Experimental and computed results are
given in Table L Under the assumptions made, uju3 and
u,uy are negligibly small. The computed results are much
closer to each other than to the experimental values. due to the
difficulty of realizing in practice the theoretical conditons of
homogeneous turbulence. Theoretically, it must be usu, =
ujuy. a condition satsfied by the results of the calculations
but not strictly verified in the experiment. This comparison
provides satisfactory verification of the RSM under the given
conditions.

Another interesting comparison berween experimental and
theoretical results can be made in terms of the diagonal
components of the tensor ajj, representing the anisotropy of .
turbulence. This comparison is given in Table IL In Ref. 4 the
Reynolds equations for homogeneous isotropic turbulence
have been modeled in two different ways referred to as Model 1
and Model 2 in the table.



The only component of the turbulence kinematic viscosity
tensor that can be defined under the above given conditions of
homogeneous turbulence is

“3\12

T

M
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The computed value was vp12 = — (-0.0155V/13 = 1.19 x
10~3 m2/s, which compares with the value v¢12 = 1.32 x 1073
m2/s reported in Ref. 3. Using vg = 1.45 x 105 m?ss (as in
Ref, 3), we obtain the turbulence Reynolds number Rey = vive

= 82, which compares with Re¢ = 91 of Ref. 3.

Table L  Experimental and computed turbulence values in
homogenecous shear flow (Experimental data

present considerable scatter, therefore mean values

have been cvaluated)

“Turbulence _—__ Calculations
Value Experiment Runge-Kutta COMMIX-RSM

x 0.053 0.030 0.0330

vk /u, 0.0185  0.0139 0.0147

m U, 0.0178  0.0140 0.0143

' JE,_T; /u., 0.0132  0.0097 0.0106

‘ffﬁ: /uc 0.0141  0.0097 0.0106

‘J\;TTI:_/‘% 0.0104  0.0101 0.0100

Pefp = -;F.Z%’-z\- 0.218 0.203 0.201

Stratifled Shear Flow

In several engineering systems. including advanced nuclear
reactors of the pool type, it is important to analyze the effect
of fluid stratification on turbulence and to predict under which
operating conditions natural circulation flows can become
established. Because turbulence in stratified flows is highly
anisotropic. the standard k-e¢ model (which assumes isotropy)
performs poorly and must be replaced by more sophisticawed
models, such as the RSM. This domain of applications is
exemplified by the case described below. which provides
further verification of the RSM. An experiment designed to
study the effect of buoyancy on turbulent mixing is the case of
a horizontal shear flow [5]. as sketched in Fig. 4. This figure
shows qualitatively the spreading of the region where two
fluids mix upon entering the domain with different
temperatures and velocities. The influence of buoyancy is
roeasured by the reduced Froude number

F‘ = #&L .
8.8 b|T> -Ty|

where the subscript z refers to the vertical component of the
acceleration of gravity. In stable stratification, when the hot
fluid enters at the top. gravity forces oppose the diffusive
character of turbulence. which tends to mix the fluids despite
their density differences. The smaller the Froude number, the

25)
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FIG. 4. SKETCH OF STRATIFIED SHEAR FLOW

Table 0. Experimental and theoretical values of main diagonal componeats of ajj tensor

ajj Component Theoretical Models? Experiment Calculations
Model 1 Model 2 Ref. 3 Runge-Kutta COMMIX-RSM
a = Il:'(“"" - %k) 0.30 0.35 0.25 0.35 0.29
am = '1!:'(“2“2 - %x) —0.18 ~0.175 -0.16 ~0.175 ~0.145
ay = {-(u;ug - -zik) ~0.12 -0.175 -0.09 -0.175 -0.145




more stable the stratification. Below some threshold of the
Froude number. turbulence is completely inhibited by the
density gradients. [n unstable stratification. when the hot
tluid enters at the bottom, the effects of gravity and wurbulence

combine, forcing a region of highly effective mixing between
the hot and cold fluids.

In this study., we used 100 meshes (Ax = 0.03 m) in the
axial direction along the channel length and 30 meshes (Az =
0.006667 m) in the transverse direction. The maximum length
(Xmax) in the x direction is 3 m and the distance (2h) between
two plates is 0.2 m. Therefore. the length-to-height ratio
(xmax/™) is 30. We present results of a test case with unstable
stratification and Froude number 0.9, in which hot water is
injected at the lower half of the test section. with Uy =U2/2 =
0.223 m/s, T} = 128.7°C,. T2 = 20°C.

Figure § shows the temperature distributions at location
x/h = 20. With strong mixing, the temperature distributions
in hot and cold fluids become almost uniform, displaying a
slight temperature inversion with higher temperatures at the
top. This temperature inversion is predicted in the calculation
made by the RSM, while the k-e two-equation model fails to
reproduce it. Therefore, compared with the k-e turbulence
model, the RSM can produce results closer to the experimental

results by accounting for anisotropy of natural circulation and
turbulence transport.

The distributions of k at locations x/h =10 and x/h = 20,
respectively, are shown in Fig. 6. The distributions of € at the
same locations are displayed in Fig. 7. These two figures show
that along the channel, both k and e are transported from the
interface to the interior of the fluids by natural circulation and
turbulence. The values of k at x/h = 10 from the RSM are
higher than those from the k-e model. This is because in the
RSM, strong contributions to the production of turbulence
kinetic energy come from buoyancy. At x/h = 20, the values
of k predicted by the RSM become much smaller than those
computed with the k-¢ model. because strong mixing has
already occurred and the temperature distributions become
almost uniform. as explained above. The same tendency is
recognizable for the dissipation of turbulence kinetic energy.

Figure & represents the variance of temperature fluctuations
2 = 0.5 ¢°) at axial locations x/h = 10 . 20, and 30 for the
RSM. The variance has a higher value at the interface of two
fluids at xh = 10 and becomes uniform downstream of the
channel at x/h = 20 due to the formation of developed flow.
The maximum temperature fluctuation (¢) at wh = 10 is about
19°C and seeros to be within a reasonable range when

compared with the inlet wemperawre difference (19/(T2-T}) =
17%].
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Thermal Stratification Analysis

For validation of the Reynolds stress model, this study
covers the temperature-stratified liquid sodium flow that may
occur in a primary reactor vessel under certain operating
conditions. In pool-type reactors, liquid sodium coolant is
circulated through large pool volumes and the core delivers hot
sodium in the hot plenum. Flow conditions through the hot
plenum are highly complex, involving jet zones and
recirculating currents where the sodium flows at velocities

significantly lower than those of the main stream, i.e.. those
at the core outlet.

During certain operating transients, core outlet temperature
may change rapidly with time. An emergency shutdown, for
example, results in a sharp temperature reduction. These
temperature variations result in density changes that may
affect flow conditions. particularly in regions of low
velocities., The buoyancy effect may cause thermal
stratification characterized by fluid distribution into layers
with increasing temperature from the bottom up. Once
established, stradfication conditions may last a long time.

A good understanding of these stratified flows is important
for the design of the submerged structures (e.g., vessels and
components), because thermal stress must be included in the
analysis in order to determine the overall mechanical loading.
Measurements of intensities and frequencies of temperature
fluctuations have been made in the safety analysis of nuclear
reactors with appropriately chosen Reynolds and Peclet
numbers. However, experimental evaluations aiming at
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F1G. 9. SKETCH OF THERMAL CAVITY

accessing the influence of mass flow ratio inside fuel and
control assemblies on intensitiecs and frequencies of
temperature fluctuations are very costly. Numerical
computations are more economical for parametrical analysis.
For this purpose. the k-e turbulence model. which does not
compute temperature fluctuations, has been replaced by the
RSM in combination with computations of turbulent heat
fluxes and of variance of temperature fluctuations.

Thermal stratification experiments have been made in a
rectangular cavity filled with liquid sodium and simulating the
hot plenum of a liquid-metal fast breeder reactor under steady-
state and transient conditions (6]). The cavity is connected at
the bottom to a rectangular channel (Fig. 9). A forced flow
through the channel induces recirculation in the cavity. The
teraperature differences are induced in two ways: (a) in the
steady state, by heating one of the cavity walls (downstream

side) while the other walls remain adiabatic; and (b) in
transient conditions, by gradually lowering the temperature of
the fluid flowing through the channel while all the cavity walls
remain adiabatic.

It is assumed that in the temperature range considered, the
Boussinesq approximation holds, i.c., the liquid sodium may
be considered as an incompressible fluid with very low thermal
expansion. Flow parameters are related to the following
scales: (a) characteristic temperature difference AT; in the
steady state, this is the difference between the temperan=e .of
the heating wall and the temperature at the channel inlet while
in the transient case, it corresponds to the temperature drop &t
the channel inlet: (b) cavity width L: and (c) average flow
velocity, Vo. in the test section inlet channel.



In the steady-state and transient test cases, some
parameters are varied to account for different physical
phenomena [7]). The Reynolds number, Re = p Vo /K.
expresses the relatve importance of inertial and viscous forces
on the flow. The Richardson number, R; = iil B AT Vel
expresses the relative importance of inertial forces and
buoyancy forces caused by temperature changes within the
fluid. The Peclet number, Pe = p cp Vo/A, expresses the
relative effects of convection and diffusion heat ransfer on the
temperature ficld. In the case of a transient where the inlet
temperature varies with a time constant 1, the Strouhal number,
S¢ = Vg t/L. is used to compare the time constant t with flow
convection time L/Vy. The time constant t is based on the
initial rate of the thermal transient at the channel inlet.

Resuits and Discusaion

Steady-state teats

The stcady-state cases have been investigated with heat
transfer through the downstream vertical wall. Vertical
temperature profiles in the cavity are presented in
dimensionless form: T = f(Z) with Z =zL and T = (T -
To)/AT, where Ty is the inlet temperature and AT is the
temperature difference defined above. The main physical
parameters, characterizing the steady-state tests chosen for the
code validation, are summarized in Table III.

The comparison between experimental and numerical
results obtained from the two steady-state cases can be
illuminated by considering the influence of the Richardson
number on the flow pattern in the cavity. When the
Richardson number is small. as in test Al the flow pattern in
the cavity is determined by the strong convective transport,
while buoyancy forces are negligible. The cavity becomes

filled with an isothermal eddy and the temperature profile is
expected to be almost uniform. Conversely, when the
Richardson number is high, as in test A2, buoyancy forces are
dominant with respect to convection. Thus, the recirculating
eddy that determines the mixing between cold fluid in the
bottom channel and the hot fluid in the cavity is restricted to a
limited region in the bottom of the cavity (about one-third of
the cavity height in test A2). The upper region of the cavity
(about two-thirds of the cavity height in test A2) is filled with
almost stagnant fluid at a temperature close to that of the
heated wall. Heat is transferred through this nearly stagnant
region almost entirely by conduc.’on. convection heat transfer
being negligible.

From the standpoint of comparison between the numerical
results obtained with the k-€ turbulence model and the RSM,
the following might be expected: In test Al. with low
Richardson number and dominant convection heat transfer. a

Table I Main characteristics of steady-state tests

Test No. Pe Ri AT (°C) Vo (m/s)
Al 4le+d 0.03 16.2 1.85
A 69+3 220 334 0.29
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FIG. 10. NORMALIZED MEAN TEMPERATURE
DISTRIBUTIONS FOR TEST Al

significant difference between results obtained with the k-
model and the RSM is expected, because the RSM accounts for
the anisotropy of the turbulence stresses in the strong eddy
flows. This is confirmed by the normalized mean temperatre
distributions shown in Fig. 10. in which temperatures refer to
a vertical line 200 mm distant from the left wall of the cavity.
The results obtained with the RSM are compared in this figure
with those of the k-e model and with the experimental data. In
both computed cases. the temperature is rather uniform in the
cavity, but the results from the RSM are closer to the
experimental data. The differences of the computed
emperature distributions depend on the different flow patierns
shown in Figs. 11 and 12 for the k-¢ model and the RSM,
respectively. In both cases. due to swrong convection and
negligible buoyancy effect, the cavity is filled with only one
large eddy. but the centers of the vortices are in very different
locations. being much lower in the the RSM calculation.

In test A2. with high Richardson number and low
convection heat transfer. the RSM'is not expected to give
results significandy different from those of the k-e model.
This is also confirmed by the normalized mean temperature
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FIG. 12. FLOW PATTERNS OF TEST Al FOR RSM

distributions shown in Fig. !3. The results obtained with the
k-€ model and with the RSM are close to each other and are in
relatively good agreement with the experimental values.




Iransient teats

The transient test case has been performed by gradually
decreasing the emperature of fluid at the inlet. Characteristic
scales L and V4 have been selected as in the the steady-state
case. The only difference is in the characteristic termperature
ditference AT, which is now the magnitude of the temperature
drop at the chaonel inlet. The main physical parameters,
chanacterizing the transient tist T2 of Ref. 6 and chosen for the
code validation, are summarized in Table IV.

Selected and smoothed experimental data. showing
temperatures of some vertical levels in the caviry. 200 mm
from the right-hand wall, are shown for comparison in Fig. 13.
Computed results with the k-e model and with the RSM are
shown in Figs. 16 and 17, respectively. Analysis of the
experimental data, explained in Ref. 6, has led to recognition
of three main phases during the transieat, characterized in the
cavity by the thermal and dynamic behavior described below.

Stage 1: 0 € t <3 min. This stage corresponds to the
beginning of the transicat in which the cavity is initally
isothermal (T = 300°C). Due to inertia, the incoming cold
sodium mixes oaly slightly with the hot sodium, but induces
flow oscillations and consequently temperature oscillations in
the cavity, which are recognizable in both the experimental
data and the computational results.

Stage 2: 3 min S t < 15 mia. In this stage, effects of
buoyancy significantly modify the dynamic field by opposing
the initial momentum of the cold fluid on the isothermal fluid
in the cavity. A new flow pattern appears with a small
recirculating eddy in the lower part of the cavity, separated
from the lighter fluid in the upper part. The temperature of the
recirculating eddy decreases to an asymptotic value. This stage
ends when the temperature of the recirculating flow becomes
almost constant.  This phase is recognizable in the computed
results of Figs. 16 and 17 between the time in which the
temperature perturbations reach the uppermost location of the
cavity and the time in which the lowermost temperature plots
approach the bottom plateau.

Stage 3: 15 min S t. This stage is characterized by the
mixing of hot and cold fluids in the whole caviry. Mixing is
controlled by heat conduction from the upper part of cavity to
the recirculatdng eddy in the caviry.

Although a qualitative agreement between computed results
and cxperimental data can be recognized. there are larger
discrepancies in the traasient case than in the steady-state case

Table [V. Main characceristics of transient tests

TestNo.  Pe R{ S¢ AT(CC) Vg (m/s)

™ 2.9¢+4 0.15 110 50.0 1.21

°c)

Tomperature

T

(*C)

Yemperature

208 PO« 29004, Moo L RIS
e 4 —— z\.a"
— 2. 0128 J
......... Nats
MY Wl N eeeenee 20«18 3
........ - IA w190
e - 3
8 4 3
= 4 3
e y— M ¥ v
" 1e R L] (1) (1]
Time (min)
FI1G. 1S. THERMAL FIELD IN THE CAVITY
(EXPERIMENTAL DATA, TEST T2)
o a” A - -
Pe a 20004, M wdts Brerte
~ p
A 08
UNet2s
20 eteecsenss A @ 1.8
ecacencs A et S
mdl 1 1 1\ emen. A « 199 *
oe 1 [
208 4 {
9 4 |
b+ Yy 20 1 s 1

Time (min)

FIG. 16. THERMAL FIELD IN THE CAVITY
(k-¢ MODEL, TEST T2)

Po = 209004, N w018 S0o ol

e —— A, » 0.3
—\\.' : \\ A 129
* \\\ ........ Nets
" SN seeneees 2118
~\~ \.-. ------ - A w190 >
=~ RN
\ ~ .
~ ~ \
Y \\ N
o, . -
~—— _ ~——
Y 20 2 . s i
Time {(min)

FIG. 17, THERMAL FIELD IN THE CAVITY
(RSM, TEST T2)



from the quantitative viewpoint. Let us take as a reference the
sxperimental time-point in which all temperatures in the
cavity have dropped to about 255°C. This is about 28 min into
the ransient. In the calculation made with the k-e model. this
time-point is about t = 19 min. It is strongly underestimated,
as expected. In the calculation made with the RSM, this time
point, about t = 40 min. comes later, as expected. because
buoyancy forces are modeled rigorously. The result is,
however, an overestimation of the experimentally recorded
value. The reasons for this overestimation of the buoyancy
forces in the transicat case are not well understood at present.

The problem must be further investigated by considering other
experimental data.

CONCLUSIONS

In all steady-state cases where turbulence is anisotropic,
and especially when the ecnhancement or suppression of
turbulence inteasity due to buoyancy Jorces plays a dominant
role, the RSM allows more realistic numerical predictions than
does the standard k—e model that is based on the inhecent
assumption of isotropic turbulence. Pecformance of the RSM
in transient cases needs further investigation. The RSM can be
applied to a varicty of domains of interest for technological
applications. Its extension to multicomponent flows is
possible, at the expense, however, of high computational
costs. To cope with these, more advanced solution algorithms

for the transport equations, as well as code parallelization, are
envisaged.

NOMENCLATURE
cp Specific heat (J/kg-°C)

D Friction force (kg/m?-s2)

E Constant characterizing the roughness of a boundary
surface

Fr Froude number

Gy Production ocr suppression of turbulence kinetic
energy due to buoyancy (Ils-m3)

Gi¢ Buoyancy production in scalar flux equations (m-
°C/s2)

3 =%¢:). One-half of variance of temperature
fluctuations (’Cz)

g Acceleration of gravity (nv/s2)

h Enthalpy (J/kg)

K von Karman constant

k Turbulence kinetic energy (mzlsz)

L Cavity lengtivLength scale (m)

P Pressure (N/mz)

Pe (= pcp Vo LAA), Peciet number

Pk Mean shear production in k and € equations (J/s-m?)

Pip Mean field production in scalar flux equations (m-
°C132)

Qw Heat flux from surface (J/s-m2)

Reg Turbulence Reynolds number

R¢ =-Gg/Px). Flux Richardson number

Rj (=g P AT UVoz). Richardson number

Sh Source term in energy equation (3/s-m3)

Se (= Vg t/L), Strouhal number

T Temperature (°C)

T*  (=qwpepu’) (O

t Time {s)

u Mean flow velocity (m/s)

o Fluctuation of velocity (m/s)

t::_ Friction velocity (m/s)

E;_e_ Scalar heat flux (m-°C/s)
uu; Reynolds stress (m2/s2)

Vo Average flow velocity at inlet of channel (m/s)

xj Coordinate direction (m)

y¢ Thickness of laminar sublayer (m)

Yp Distance of node P from the wall (m)

Greek

] = __1_(_3_9_) ]{, Volume expansion coefficient at
onstagt pms% °Cc )

Tge Laminar diffusivity at location y¢ (mzls)

Tg,  Laminar diffusivity at location yp (m?/s)
8ij Kronecker delta
] Dissipation of turbulence kinetic energy (W/kg)
A Thermal conductivity (W/m-°C)
T Time constant (s)
n Dynamic viscosity (kg/ra-3)
v Kinematic viscosity (mzls)
Ri¢ Pressure-scalar gradient correlation in scalar heat
flux equations (m~°C/sz)
P Density (kym3) .
Ot Turbulence Prandtl number for beat transport
¢ Temperature flucruation (°C)
s Variance of temperature fluctuations CC?)
Indices
i Free or dummy index

i Free or dummy index




~m 0 3 3 ~

Free or dummy index, Laminar

Free or dummy index

Free or dummy index, Normal to wall
[nlet

Node P

Turbulence
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