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CAPABILITIES OF REYNOLDS STRESS TURBULENCE MODEL
IN APPLICATIONS TO THERMAL STRATIFICATION

F. C. Chang and M. Bottoni
EnergyTechnologyDivision
ArgonneNationalLaboratory

Argonne,lllinois

ABSTRACT modeling, particularly on the modeling of turbulence in
thermal swadficadon.

A Reynolds sU_s turbulence model (RSM) has been
implemenwd in the COMMIX code, together with transport
equations describing turbulent heat fluxes, variance of In the critical transition phase between forced and naturalconvection, turbulence models based on two equations (as is
temperature fluctuations, and dissipation of turbulence kinetic
energy. This article outlines the model, explains the the k-e model) are inadequate because they assume isotropicbehavior of turbulence; this assumption does not hold in
verifications performed thus far, and discusses potential
applications of the RSM in the analysis of thermal complex situations. Therefore. new and detailed modeling is
stratification in engineering systems. The problem of necessary of noaisotropic turbulence in three-dimensionalnatural convection flows with temperature stratification. This
analyzing thermal stndflcatlon and minimizing the impact of
thermal sueues on s_ is of concern in both nuclear and requires a refined evaluation of the interaction between

turbulence and buoyancy forces, because this interaction
conventional industries, affects both incompressible fluids (because of hydrostatic

force gradients) and compressible fluids (where density

INTRODUCTION dependsontemperatureand pressure).

In the safety anadysis of advanced fast breeder reactors, This paper describes the implementation and evaluation of
licensing authorities requins that inherent safety capabilities the Reynolds stress turbulence model (RSM) in the general-
be proved by numerical simulation with well-validated purpose multidimensional thermohydraulic computer code
computer programs. Even in the worst case of loss of power m COMMIX-IC [1]. This computer code is designed to perform
the primary pumps, natural convection circulation must steady-state and transient, single-phase, three.dimensional
provide, through intermediate heat exchangers, a heat sink analysis of fluid flow with heat transfer in engineering
sufficient to prevent coolant temperatures from reaching systems. COM_I_-IC was developedto analyzeheat u'anst'er
saturation and triggering development of a two-phase flow and fluid flow processesin _erma.t-hydraulicsystems, h is
domain with subsequentreductionof coolant capabilities and designed in a generalized fashion so that with little or no
loss of core integrity, modification, it can be used to analyze processes in any

engineering equipment. This code has provided the framework
Numerical simulations of reactor coolant behavior require for the extension of the standard k--_ turbulence model to a

the modeling of turbulent flows in the critical wansifion phase more sophisticated model based on I l transport equations for
between forced and natural convection. Also required is the the dependent variables describing turbulence: six transport
modeling of impact of coolant temperature stratification on equations for the components of the Reynolds stress tensor,

turbulence, which can be enhanced or suppressed according to three equations for scalar turbulent heat fluxes, one equation
unstable or stable stratification patterns. Therefore the for variance of temperature fluctuations,and one equationfor
accuracy of computer codes depends on the mathematical dissipation of turbulence kinetic energy. The complcze
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Reynolds stress model is presented in detail in the next The v_lues of R acndother model co_tants axe given at the end
section. The new code version is referred to as COMMIX- of this section.
IC.RSM.

The waaspon equations for Reynolds stresses are

distributions of temperature fluctuations related to thermal a a _) k2
=-"-" Ck "-- + V t

stratification and to coafirm the model's applicability based at + Ut_ _)xt e _x t ax t
on analysis of d_rmal swadflc.ation in • re_wgular cavity, j

- (t- °+_,."_"'_ + '.'+i'.',"_,)

[+ +(_+ )] +The COMMIX-IC.RSM code solves the conservation - "3e'_ii+Ctk " uiuj- 8U - "3c2 8U

(-equations of mass, momentum, and enerlly, u well as the It - (t - c3)_ giuj<ll + gj - ;c313gtu-_Sijtransportequations of turbulence, in a finite-difference form. "_ • (6)
AdditionoftheReynoldssut, ss model can make computations

more realistic. The turbulence transport equations and the The turbulence kinede energy is k=uiu i/2. The trmssport
conservadou equations for energy and momentum, used in equadon for the dissipation of turbulence kinetic energy • is
combination with the Reysmlds stseu model, are liven below, i_e ae •

+ pUj'_-_'.. = el,; (_ + GtX l + emcRt)P_"
The tnmport equ_ons for scalar heat fluxes are

4" Uj -- ¢21_ T "4" J.il,t._j "I" C. nju k ° ('7)I

a -1( __] +,,,,,,,+o++._,. .) ,.,,h
"_[_+'+o.,,+) +,,J . [+_m.f+'-',+""1l tm

ek - ,-,Laxj k"_7 + "_";",Jr
with

..mmm

Ok = -pPstui*. (9)

--at" --au_p_, = _ u+uj._.i,j + uj,._x.._.lp (2)

Gi+ : _ 13gi+,.' (3) The energy equation is

e-- c2t_j_ OUt = IX:p + S_, (tO)% = - c,,_.,,+,+ puj_j_j

- .:++ c3, _$i¢2 _ ct, 6m . (4) and the scalarcomponents of the momentum equation are

aU i aU
p_ + pujThe transport equation for variance of temperature _j

fluctuations is

+,+.,,,! = +: ___ p _ _ + pg++ Dr. ._lt)

a c',-T +- - " 1_)



details about the turbulencemodeland theboundary conditions
Boundary Conditioq_q usedt'orall transportequations_uregiven in Ref. 2.

Figurest and 2 show thetwo-layerwailfuncdonmodel

used in COMMIX-IC.RSM. When yp > Yt" the first nodeis in
thetullyturbulentzoneandonehas

kp = uS21.,c/'_'.. _ LAMINAR I FULLY/_/,-_. (12) SUBLAYER [TURBULENT
J ZONE

: <,3> ,,, 3
u,= <,,, !

Fry

When yp < Yl. the node P is in the laminar sublayer and one FIG.i. TWO-LAYERWALLFUNC11(_MODEL(yp>Yt)has

. (,s)

e, = ..31(xy,) (16)

The boundary ¢o=lidom adol_d for thz scalarfluxesare _ LAMINAR LFMLLYSUBLAYER [rURBULENT

= ¢I tl _T,

,. T; (i'(,s) _'"1--
•"'Ui(_ i =,= • I

pep axi poe axt
,,, Yo

for yp _;Yl and yp > it, respectively. _)'

FIQ.Z TWO.LAYI_WALL_ _ (yp_;yl)
The boundary conditions for the variance of temperature

fluctuations are

I Y_.L+ Fit + ._../ = 1.,M gigp Vp Yp Yt - Yp Yp Yt - Yp

-- (U .T.)2OI ¢2 MODEL VERIFICATION
+ rug" + Yt - "_L(u*T')iYt' (19)

yp 2v t Rvi "

Homooeneous Turbulent Sheer Flow

gw = ROt T "2/c_g. (20) The condition of homogeneityin turbulence requires an
infinite spade] field that can be simulated numerically by a

foryp S yt and yp > Yr. respectively. Equation 19 has been finite domain with slip-free boundary conditions. Early
derived by integrating I one-dimensional transport equation. ",periments on nearly homogeneousturbulence have been
written for a coordinate normal to the wall, over the laminar made in wind runnels during attemps to realize an almost
boundary layer thickness, unidirectional flow with a constant velocity gradient.

Turbulence generated by grids at the tunnel entrance becomes
The numedcalvaluesofthecoefficientsusedintheabove a/mosthomogeneous in thecenterof the tunnelat some

equations are as follows: cpt= 0.09, Cg,==1.0, cs_ = 0.07, Cl_ distance from the inlet. Among the most accur4_ and best
: 3. I. ¢29 = 0.4. ¢3$ = 0.5, c15 = 0.5, C4, = 0.13, R = 0.:5,Ck documentedexperimentson homogeneousmabulenceare thm¢
= 0.09, Cl = 2.8. c2 = 0.47, c3 = 0.47, Cle = 1.44, c2¢ = 1.92, by Champagne et el. (Re£ 3), which we chose as a benchmark
c3¢ = 0.8.c¢ = 0.15, Ot = 0.9, E = 9.0, K = 0.42. Furthzr forvalidatingnumerical computations.
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/ --+ ¢, u_.u,._x+, (22d)
u!(_! _

-!

dt - --2.3_- ci_-.x.3
r ] ---- au,

+ c2 u2u3"_2" (22e)Xl
lqG.3. _ OF_ _4BAREL,OW

dt = - cz'k u2u3" (220

Specific conditions must be realized in a homogeneous
Under the assumptions of homogeneous turbulence (Eqs. 2la-turbulent shear flow. With reference to Fig. 3, let Xl be a
2ld). the equation for the dissipation of turbulence kineticcoordinate alou| the horizontal axis of the wind mn_l. Let x2

and x3 be coordinatesalongthe vertical tnd transverseaxis of energy becomes

the tunnel, respecdvely. Let H be the hei,ht of the wind ae e ( u-_2 ) OUI • 2tunnel and U© = UI(H/2) be the center velocity. In a"_ : c1+_ - _- c2z-_.. (23)
homogeneoemmd_ulence,the mean velocity components of

the flow utislly the condidon Becausethe flow is isothermal,equations(l), (5) and (10) are

UI =UI(X2), (2111) notsolvedforthistestcase.

U2 =U3 =O, (21 b)
Nun_erlcal Results

;)U flax2 = constant, (2lc) Experiments reported in Ref. 3 were made with a center

_Uil_)xj : 0 (i.i) _ (1,2). (21d) velocity in the wind tunnel Uc : 12.4 m/s and with velociW" gradient _Ull_x2 -13 s-1. Measurements were taken in the

Under the,_ conditions, the modeled Reynolds equations region defined by 8.5 H _ Xl _ 10.5 H. In the computations,

for homogeneous [souopic turbulence become we made numerical calculations of homogeneous turbulence
with the RSM intheCOMMIX codeand with theRuage-Kutta

2]d dt = -2utu2-- '_'x2aUL - ct uaut - -_ k experimental values with the computed results at xl/H - 10
reported in Ref. 3. Experimental and computed resul__..uare

4 --aUt 2 e (22a) iv_ in Table I. Under the assumptions made, utu3 and
+ "3 c2 UIU2"_2 -- 3 " U2U3 ate negligibly small, The computed results ate much

closer to each other than to the experimental values, due to the

difficulty of realizing in practice the theoreticalconditio_..__of

--o, +,ooo,°,,°o,.,,,,+,,.,+,.,,o,,°o.,,o,+,,+°..,,+.:dt " " 3 u3u3 , a condition satisfied by the results of the calculations
but not strictly verified in the experiment. This comparison

2 --aUt 2.e ' (22b) provides satisfactory verification of the RSM under the given
-- "3 c2 UIU2 _X 2 3 conditions.

d(u-_) -- 2 Another interesting comparisonbetween experimental and+ ._o,_, _+. ,,,.o..,o.,..,.,,,+o+.,,:+..,:,°,. o+,.h+d,.,°,,"dt ) components of the tensor aij, represen_ng the anis_u_py of.
turbulence. This comparison is given in Table 11. In Ref. 4 the

--au, _,
2 utu2._2_ (224=) Reynolds equations for homogeneous isotropic turbulence- "3c2 3 have been modeled in two different ways referred to as Model 1

and Model 2 in the table.

= .-112U2 _ C1 111112dt _2 k"



The only component of the turbulence kinematic viscosity Stratified Shear Flow

censorthat can be definedunder the abovegiven conditions of In severalengineering systems, including zdv_ced nuclear
homogeneousturbulenceis re',ctors of the pool type, it is important to _alyze the effect

utu., of fluid stratification on turbulencexnd to predictunder which
vtL2 = .... - . (24) operating conditions natural circul._tion flows can become

aUt/'c)x2 established. Because turbulence in stratified flows is highly

The computed value was Vtl 2 = - (--0.0155)/13 = 1.19 x anisozropic, the standard k-¢ model (which assumes isotropy)
10-3 m21s.which compa:_ with the value Vtl 2 : 1.32 x 10.3 performs poorly and must be replaced by more sopbistica_d
m2/s reported in Ref. 3. Using v£ : t.45 x 10-5 m21s (as in models, such as the RSM. This domain of appUcations is
Ref. 3). we obtain the tu_ou/enceReynolds number Ret : vt_ exemplified by the case described below, which provides
: 82. which ¢ompexes with Rot = 91 of l_f. 3. 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

Table L Exlzerlmutal Id computed tmbulmwe valu_ in temperatures and velocities. The influence of buoyancy is
homolmwoa sitar flow (IKxpedm_tal dma measuredby the reduced Froudenumber

lavebe=ue_) _ F,= _/g,PhIT,.-Tzl"
T_buJence.............. Caleulmtl0ns

_ Value ..... E.xper,lm,eat Ruase--Kuna COMMIX-.RSM_ where the subscript z refers to the vertical component of the

k 0.053 0.030 0.0330 acceleration of gravity. In stable stratification, when the hot
fluid enters at the top. gravity forces oppose the diffusive

_/k/U= 0.0185 0.0139 0.0147 character of turbulence, which tends to mix the fluids despi=
their density differences. The smaller the'Froude number, the

u_tut/U = 0.017, 0.0140 0.0143

u_zu= fiJ= 0.0132 0.0097 0.0106
/ spatter plate

u_3/U c 0.0141 0.0097 0.0106 l /t _. Ire. sedace

0.0104 0.0 t0 t 0.0100 _ _ m!xt_,,o==n
•t"l ul ---,,J_--

o.2s o.2o3 o.2o o
0 x

FtG.4. SICETCHOIFSTRA_ SHEARR-OW

Table D. Experimental and theoreticalvaluesof main diagonal componentsof aij tensor

aij Component ...... Theoretical Modelx 4 Experiment Ca]c'vlad0ns

_ , _ Mc.__AI , Mo_t_ 2.... Ref.3..... Run_e-Kutta.....COMMIX--RSM _

.( '?all . = utu I - ._.k 0.30 0.35 0.25 0.35 0.29

aT.2 = u2u 2- k -0.18 -0.175 -0.16 -0.175 -0.145

a33 = u:)u3 - -_k -0.[2 -0.175 -0.09 -0.t75 -0.[45



more stablethestr'4tificadon.Below some thresholdof the _J .......

Freud•number, turbulenceiscompletelyinhibitedby the _ =;

density gradients. In unstable s_adfication, when the hot _, X_ _',,_,.E=n._-¢,tluid enters at the bottom,the effects or"gruvity and turbulence =/ "-

combine,reininga rc_on ofhighlyeffectiverulingbetween j
thehotandcoldfluids. _ =,

g¢O
In this study, we used 100 meshe.s (&x = 0.03 m) in the N / •

axial direction along the channel length and 30 meshes (Az = _ \

0.006667 m) in the transverse direction. The maximum length _ \
(Xmzx) Lnthe x dLmcfionis 3 m and the d_tancc (2h) between u i - : ° \ _
two plates is 0.2 m. Therefore, the length-to-height ratio , i. ,, ** ,, ,;_ - ,_ - ,,_
(Xmax/h) is 30. We pre.scntresultsof a restca.s¢with unstable Temperature Dhltrlbutlon (*C)

strati_cation and Fmud¢ number 0.9. izt which hot waver is FIG.5._11.n_DIS'II_UTIONSl_ORUNS'rAm._
_njectedat the lower half of the test section, with U l = U2/2 : S'rRAI"IRI_ SHEAR FLOW AT x/b = 20

0.223m/s,T l= t2g.ToC,I"2= 20=C.

Figure $ shows the temperature distributions at location
, -- Ii | ,,, • - li | ,, il | • ,

x/h : 20. With strongmixing, the t=mperature clL_eribudom u _ --.--- d,.leo_.e_i
in hot and cold fluids become almost uniform, displaying • -,, _ -..--e.--- _ • sO|Mm
slight temperttum inversion with higher temperature_ at tim _ _ , .-_.- =_.N_m._=4 .

top. This temper#rare inversion Ls predicted in the calculation _ _

made by the RSM. while the k-e two-equation model failsto ! _ _

reproduce it. Therefore, compared with the k-¢ turbulence ,,

model, the RSM can produce resulu closer to the experiraenml _ ! "_ t
results by accounting for an]sowopy of natural circulation sad _ // / J

turbulence Ula.sport.The dLstribufions of k at locations x/h =10 and x/h = 20. ,=,

respectively, are shown in Fig. 6. The distributions of • at the ' • ' " " ' "
samelocations are displayed in Fig. 7. These two figures show Turbutenoe Kin•tin Ene¢_ x 10" • (Jar9)

thatalong the channel, both k and _. =re u'az_portcdfrom thd FIG.6. TU1L_Ut.ENCBIONE_CI_OY R_ UNSTAm£
interface to the interior of the fluids by natural circulation and STt_IIF0_ SHEARPLOWATx/h= I0AND_ = 20

turbulence. The values of k at x/h = I0 from the RSM are

higher than those from the k-e model. This Lsbecau._ in the

RSM, surongcontributions to the production of turbulence .... . _ _U " ,',_ ,, • ' .

kinetic enersy come from buoyancy. At x_ : 20, the values . ...........

of k predicted by the RSM become much smaller than those ;_,,. i _ ..... ,_ .=o 0".,.-_
computed with the k-¢ model, because strongmixing has _ _; _ _= _ =_.;o0_s.ul

alreadyoccurredand the temperature distributionsbecome _ [i \
almost unLt'orm,a.sexplained above. The same tendency is _ =, _ \ ,

(g= 0.5¢_") at axial locationsx/h: I0 , 20,and 30 forthe _,
RSM. The variance h_ a higher value at the interface of two | ,> _'.,_ _ __

| _ _ ,,, -'- _ . - ,. --_ . -

fluids at x/h : 10 and becomesuniform downstream of the . _,- - •" ; " , ".= '_
chasmelat _ : 20 due to the formation of developed flow. m_q_tlon o! Tud=.mn_lo _ = _e fw_=_
The maximum temperaturefluctuation (9) atx/h= tO is about FIG.7._ATION OFTUI__ IQNEt_ E_[]E_OY
19°C and seems to be within a reasonablerange when F_ORUNSTABI,.ESTRATIPIOE_SHP.AgRL_WA T

compau-cdwith the inlet=mpe_tum difference [I91(T2-TI): x/h=10AND x/h=.20

17%].
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accessing the influence of mass flow rado inside fuel and
control assemblies on intensities and frequencies of

temperature fluctuations are very costly. Numerical
computations arc more economical for parametrical analysis,

Thermal Stratification Analysis For this purpose, the k-e turbulence model, which does not
compute temperature fluctuations, has been replaced by the

For validation of the Reynolds stress model, this study RSM in combination with computations of turbulent heat

covers ti_ temperature-stratified liquid sodium flow that amy fluxes and of variance of temperature fluctuations.
occur in a primary reactor vessel under certain operatin|
conditions. In pool-type reactors, liquid sodium coolant is Thermal stratification experiments have been made in a
circulated through las3e pool volumes and the core delivers hot rectangular cavity f'dled with liquid sodium and simulating the
sodium in the hot plenum. Flow conditions through the hot hot plenum of a liquid-metal fast breeder reactor under steady-
plenum are highly complex, involving jet zones and state and transient conditions [6]. The cavity is connected at
recirculating currents where the sodium flows at velocities the bottom to a rectangular channel (Fig. 9). A forced flow

significantly lower than those of the main stream, i.e.. those through the channel induces recirculation in the cavity. The
at the core outlet, temperature differences are induced in two ways: (a) in the

steady state, by heating one of the cavity walls (downstream

During certain operating mmsients, core outlet temperature side) while the other walls remain adiabatic; and Co) in
may chan_ rapidly with time. An emersency shutdown, for transient conditions, by gradually lowering tbe temperature of

example, results in a sharp temperature reduction. These the fluid flowing through the channel white all the cavity walls
temperature variations result in density changes that may remain adiabatic.
affect flow conditions, particularly in regions of low

velocities. The buoyancy effect may cause thermal Itis as.sumed that in the temperaturerangeconsidered, the

stratification characterized by fluid distribution into layers Boussinesq approximation holds, i.e., the liquid sodium may
with increasing temperature from the bottom up. Once be considered as an incompressible fluid with very low thermal

estabUshcd, stratification conditions may last a long time. expansion. Flow parameters are related to the following
scales: (a) characteristic temperature difference AT; in the

A good understanding of these stratified flows is important
for the design of the submerged structures (e.g., vessels and steady state, this is the difference between the temperan'-,_ of

components), because thermal stress must be included in the the heating wall and the temperature at the channel inlet while
analysis in order to determine the overall mechanical loading, in the transient case, it corresponds to thc temperature drop atthe channel inlet; (b) cavity width L; and (c) average flow
Measurements of intensities and frequencies of temperature
fluctuations have been made in the safety analysis of nuclear velocity, Vo, in the test section inlet channel.

reactors with appropriately chosen Reynolds and Peeler
numbers. However, experimental evaluations aiming at



In the steady-state and transient test cases, some Table IXI Main characteristics of steady-stem
parametersare variedto account for different physicaJ

phenomena [7]. The Reynolds number. Re = P Vo L/_, Test No. P_.... R i _T (°C) V9(III/s )-
expressesthe relative importance of"inertial and viscous forces

on the flow The Richa_lson number. Ri =lil 13AT LrVo 2, At 4.1e+4 0.03 16.2 1.85
expresses the relative importance of inertial forces sad . A2 6_+3 _t20 33,.4 .... 0.29
buoyancy forces caused by temperature changes within the

fluid. The Peeler number, Pc = P Cp Vo/_ expresses the
reladveeffectsofconvectionand diHusionheattransferon th=

temperature field. In the case of a transient where the inlet _ ........... ,
temperaturevarieswith a time constant I:, the Strouhal number, ,,';
Sr = VO _ is used to compare the time constant 'c with flow :!

Iconvection time LJ_ o. The time constant 1: is based on the
inidal r_tc of the thermal transient atthe channel inleL _1

b
!

Results lind Discussion _, _,
N •

Steady-state teats :,
I"m

The steady-state cases have been investigated with heat I •
transfer through the downstream vertical wall. Vertical ; :
temperature profiles in the cavity are presented in i ,
dimensionless form: _ = f(Z) with _ = z/L and _ = (T - i ; • b=_-,_
To)/AT, where To is the inlet temperature and AT is the ; ;. mT,,o._,,.Mo_I
temperature difference defined above. The maJn physical ""m
parameters,characterisingthe steedy-statetests chosenfor the • , .... ..... .....IQ.O O.l 0.4 0,I 0. I 1.0

code valkfation,ate summarizedin TableI]I. Normalized Mean Temperature

The comparison between experimental and numerical Re. 10.NOlt,MALt_OMEAN'rmdPE_TU_
results obtained from the two steady-state cases can be DISTRIBI.H1ONSPORTESTAI

illuminated by considering the influence of the Richardson

number on the flow pattern in the cavity. When the significant difference between results obtained with the k-e
Richardsonnumber is small, u in test A l, the flow pattern in modelam] the RSM is expected,becausetheRSM accountsfor
the cavity is determined by the strong convective transport, the anisotropy of the turbulence stresses in the surong eddy
while buoyancy forces are negligible. The cavity becomes flows. This is confirmed by the normalized mean temperature

tilled with an isothermal eddy and the temperature profile is distributions shown in Fig. 10. in which temperatures refer to
expected to be almost uniform. Conversely. when the a vertical line 200 mm distant from the left wall of the cavity.
Richardson number is high. as in test AZ buoyancy forces are The results obtained with the RSM arc compared in this figure

dominant with respect to convection. Thus, the rech'culadng with those of the k-e model and with the experimental data. In
eddy that determines the mixing between cold fluid in the both computed cases, the temperature is rather uniform in the
bouom channeland thehot fluid in the cavity is restrictedto a cavity, but the results from the RSM are closer to the
limited region in the bottomof the cavity (about one-duralof experimental data. The differences of the computed
the cavity height in testA2). The upper region of the cavity temperaturedbtribudons dependon the dLffcmntflow patterns
(about cwo-ddrdsof thecavity height in test A2) is filled with shown in Figs. 11 and 12 for the k-¢ model and the RSM,
almost stagnant fluid at a temperature close to that of tlz respectively. In both cases, due to strong convection _md
heated wall. Heat is transferred through this nearly stagnant negligible buoyancy effect, the cavity is f'dled with only one

region almost entirely by conduc'J,on. convection heat tra_fer llurp eddy. but the centers of the vordccs are in very different

being negligible, locadoa_ beingmuch lower in the the RSM calculation.

From the standpoint of comparison between the numerical In test A2, with high Richardson number and low
results obtained with the k-£ turbulence model and the RSM, convection heat transfer, the RSM is not expected to give

the following might be expected: In test At. with low results sisnificandy different from those of the k-e model.
Richardson number and dominant convection heat transfer, a This i_ also confirmed by the normalized mean temperature
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Transient tilts *'*i- ' " ' * ......... _- .....
I

The _ransient test ¢:ue has been performed by grm;lually _*i* _.. 2_.4. p,. o.ts. s,. i_o
decreasin8 the u_mper_ure of fluid at the inlet. Characteristic O" _ -- _..o,

sc_es L and V o have been selected as in the the steady-state ... m I ----" _" _......... Z_. * 1.I

case. The only difference is in the characteristic temperature _ m -....... z_.. ,._
difference AT, which is now the mqp_itude of the temperature i_ m ......... _. In,
drop at the channel inlet. The main physical parameters,
characterizing the tnnsient u_t T2 of Ref. 6 and chosen for the _ ,..

code validation, are summarized in Table IV. m.

Selected and smoothed experimental data. showing I'. ....... ,," - s', ,,".... ,." - _,,
tempe_tures of some vertical levels in the cavity. 200 mm _m (rain}
from the right-hand wall are shown for comparison in Fig. I$.
Computed results with the k-e model and with the RSM are _.|$. Tl_,l_aOL,L=XEl.D_'r_r,._
shown in Figs. 16 and 17, respectively. Analysis of the _ALDATA, TESTT2)
experimental dam, explained in ReL G, has led to recognition

of threemain phases during the mmsient, characterized in d_
cavity by the thermal and dynamic behavior d_mdbed below.

Stage 1: O_ t <3 rain. This stage coaesponds to tim m i - ' '- - " -_, .._lk,*4. gI-LIS. Ik..tlO

beginning of the transient in which the cavity is initially m _.u
isothermal CY = 300"C). Due to inertia, the incoming cold zA..,as

"'" ....... Z,ql.., I.li

sodium mixes only slighdy with thehot sodium, but induc_ ..... "°° _,.I.I

flow oscillations and consequenUy temperature oscUlations In | ...... _. I.,,
the cavity, which are recognizable in both the experimental ]data and tbe computational results.

Stage 2" 3 rain • t < I$ mi_. In this stage, effects of
buoyancy slgniflcanfly modify the dynamic field by opp_

the initial momentum of the cold fluid on the isothermal fluid ,,,, .... ,,...... ,,. ,. - ,.- ' - -,.
in the cavity. A new flow pattern appears with a small TUrn, (rain)
recireulating eddy in the lower part of the caviv/, separated

from the fighter fluid in the upper part. The _mperamm of tim FlO.16._ lq_LDIN_ CAVITY
recirculating eddy decreases m an asymptotic value. This swSe (k.t_ T_._n'T2)
ends when the r_mpcramm of the r_circulating flow beco_
almost constant. This phase is recognizable in the computed

results of Figs. 16 and 17 between the time in which tin • ..... a " - -

temperature perturbationsreach the uppermost location of th_ ='0 ' " ' ,,. z.,,_. ,_- o._s. s,. ,lo,

cavity and the time i_ which the lowermost temperature plow _ ,,___,_,.,_,,, _ z,..u
approach thebottomplaten. .- ,'_ ".. _, _ _ _z,

._ 2.o _, ',. _ -.. -....... _:,., .
-.- , ",,. "._ _. ........ Z._.-_

_ "... ,_., _,._...... r,_,-'-_
S_age3: 15 rainS t. Th_sstageLscharacterizedby the _ _ _ _ ".. "-. "_.

mi._ngor"hotand coldfluidsLnthewhole cavity.Mixingis ; \\ -. _ "_,
controlled by heat conductionfrom the upper part of cavity to _ _ \_ _

the recixculad.ng eddy m the cavitT. ,..| m. _.._....._ ",.._... " . __ "

Ai_hough a qualitative agreement between computed resulw " m
and experimcnud data can be recognized, there are larger s,, _ , .... i, ,_
dL_crepancics in the u'_msientcasethanin the steady-state case , 1. s, Tlme=' (mln} "

Table IV. Main charac¢crisdcs of u-ansieat tests FiO.1'7._lql_D_T_C.Avr_(RSM.TEST1"2)

.St
1"2 2.9e+4 O.15 l l 0 50.0 1.2 l

---- I mI I iiill • I I



t

from the quanU_dve viewpoint. Let us take zs a referencethe p Prcs,surc(N/m2)

e.xperimental time-point in which all temperatures in the Pe (= p CpVo L/_), P¢ciet_umbcr
cavity have droppedto about2550C. This is about 28 rain into Pk Mean she_ productionin k and £ equations(/Is...m3)

the transient. [n the calculationmade with the k-¢ model, this Pi_ Mean field productionin scalar flux equations(m-
time-point is about t = 19 rain. It is strongly underestimated, oCIs2)
as expected, In the calculation made with the RSM. this time
point, about t = 40 min. comes later, as expected, because qw Heat flux from surface (J/s-m 2)
buoyancy forces are modeled rigorously, The result is, Rot Turbulence Reynolds number
however, an overestimation of the experimentally recorded Rf (:-Gk/Pk). Flux Richardson number

value. The reasons for this overestimation of the buoyancy Ri (= g _ AT L/Vo2). Richardson number

forces in the transient case are not well understood as present. Sh Source term in energy equation (JIs-m 3)
The problem must be further investigated by considering other Sr (=Vo _/L),Strouhalnumber

experimental data. T Temperature(oC)

T* (= qw/pcpu*) (°C)
CONC LUSIONS t Tune (s)

In all steady-state cases where turbulence is anismrople. U Mean flow velocity (m/s)

and especial!y when the enhancement or suppression of u Fluctuation of velocity (m/s)
turbulence intensity due to buoyancy _orces plays a dominant u* Friction velocity (m/s)
role,, the RSM allows more realistic numerical predictio_ than "--""t...$,_ Scalar heat flux (re-°C/s)
does the standard k-¢ model that is based on the inherent u|uj Reynolds stress (m21s2)
assumptionof ismropic turbulence. Performanceof the RSM
intransientcasesneedsfurtherinvestigation.The RSM canbe Vo Averageflowvelocityatinletofchannel(m/s)

appUed to a variety of domains of interest for technological xi Coordinate direction(m)
applications. Its extension to multicomponent flows [_ Yt Thickness of laminar sublayer (m)

possible, at the expense,, however, of high computational yp Distance of node P from the wall (m)
costs, To cope with these, more advanced mludon allloflthau
forthetnnspon equations, as well as code parallelizadou, am Greek

[ ()I.envisaged. I_ = -PI _'_)P Volume expansion coefficient at
_ons=t pres%_&(°c-t)

NOMENCLATURE r'lll Laminar diffusivity at location YI (m21s)

Cp Specific heat (J/kg-'C) l"|p Laminar diffusivity at location yp (m21s)
D Friction force 0c_m2-s 2) 5ij Kronecker delta
E Constant char_cterizin$ the roughness of a boundm7 • Dissipation of turbulence kincdc encqp/OV/kg)

surface _ Thermal conductivity (Wlm--°C)

Fr Proudenumber _ Time constant(s)

Gk Productionor suppressionof turbulencekinetic

energyduc tobuoyancy(I/s-m3) I_ Dynamic viscosity (kg/m-s)v Kinematicviscosity(m21s)

Gi_ Buoyancy productionin scalarfluxequations(m-
oC/s2) _ci0 Pressure-scal_ gradient correlation in scalar heatflux equations(m-°C/s2)

g _, 2 ) -,-2, TurbulencePranddnumber for heaz Iransportfluctuations t-_ _ ot

Acceleration of gravity (m/s2) " _2 Temperature fluctuation(*C)i
h Enthalpy (I/kg) " Variance of temperaturefluctuations(°C2)

K yon lfJrm=.,tconstant Indices

k Turbulence kinetic energy (m21s 2) i Freeor dummy index

L Cavity length/Length scale (m) j Freeor dummyindex



t Freeor dummy index,Laminar

m Freeor dummyindex

n Freeor dummyi_dex. Normal to wall
o Inlet

p Neck=P
t Turbulence

REFERENCES

l. Domanus. H. M. et al., COMMIX-tC: A Three-

Dimensional TransientSingle-Phase Computer Program
for Thermal Hydraulic Analysis of Single and

Muhicomponent Systems. Volume I: Equations and
Numerics; Volume I[: User's Guide and Manual,

NUREG/CR-$649, ANL-90/33. Argonne National
Laboratory, Argonne, EL.,1990.

2. Bottoni. M. and Charts, F. C., Implementation of an
Anisotmpic TurbulenceM_lel in the COMkflX-IC/ATM
ComputerCode. Proc. PressureVessel and Piping (PVP)
Division of ASME Conf.• Denver,CO. luly 23-29, 1993.

3. Champagne, F. H., Harris, V. G., and Cottsin S.,
Experiments in Neatly Homogeneous Turbulent Shear
Plow. I. Fluid Mech..Vol. 41 (1970). pp. 111-133.

4. Laun&r, B. E., Reece,O. I. m=l Emil, W., Prozteu in the
Development of • ReynoldsS_reu Tmbulence Closure. J.
Fluid Mech.. Vol. 46 (197_. pp. $37-_6.

5. VioUet, P. L., Turbulent Mixing in a Two-Layer Swmified

Shear Flow, 2nd Int. Syrup. on Stratified Plows,
Trondheim, Norway (1980), pp. 315-32.5.

6. Vidil, R.. Grand, D., and Leroux, P., Interaction of

Recirculation and Stable Stratification in a Rectangular

Cavity FiUedwithSodium,Nuclear Eng. and Design 125
(t988). pp. 321-332.

7. Grand. D.. Abadie. P.. Martin. R.. and Vidil. R..

Combined Convection of Sodium in Rectangular Cavity.
Nuclear Reactor Thermal Hydraulics Topical Meeting,

Saratoga Spring, NY, Oct.6. 1980.






