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ABSTRACT

The computer code COMMIX-1C/ATM. which describes single-phase, three-dimensional

transient thermofluiddynamic problems, has provided the framework for the extension of

the standard k-e turbulence model to a six-equation model with additional transport

equations for the turbulence heat fluxes and the variance of temperature fluctuations. The

new model, which allows simulation of anlsotroplc turbulence in stratified shear flows, is

referred to as the Anisotropic Turbulence Model (ATM). The ATM has been verified with

numerical computations of stable and unstable stratified shear flow between parallel plates.

INTRODUCTION

Computational analysis of the inherent safety capabilities of advanced reactors requires

modeling of three-dimensional anisotropic turbulence in stratified flows. The objective Is

to prove through computational analysis that even in the worst case of loss of power to the

primary pumps, natural convection circulation provides a power sink (through intermediate

heat exchangers) sufficient to prevent coolant temperatures from reaching saturation.

For this purpose, the two-equation k-e turbulence model has been implemented in the

COMMIX-1C1 computer program with three additional equations for turbulence heat fluxes

and one additional equation for va iance of temperature fluctuations. The resulting model

allows simulation of the anisotropy of turbulence. The performances of the new model have

been evaluated by simulating Viollet's thermal stratification experiments2 and by comparing

the numerical results with those obtained by applying the standard k-E model. The results

show that in the case of unstable thermal stratification, in which buoyancy forces become

important, the anisotropic turbulence model performs better than the k-e model.



This articls presents the details cf the anisotropic turbulence model, its analytical and

numerical treatments, and the verification performed so far.

k-e TWO-EQUATION TURBULENCE MODEL

The transport equations describing the time and space distribution of the turbulence

kinetic energy k and its dissipation e are

Figures 1 and 2 show the two-layer wall function model used in COMMIX-1C/ATM. When

yp > v/> *^e ̂ rs*- n°de ' s m the full/ turbulent zone and one has

k p - u * 2 / ^ " . (3)

ep = u*3/(Kyp), (4)

u« = KUp//n(Eypu7vJ. (5)

When yp £ yt, the node P is in the laminar sublayer and one has

kp = u*2(yp/y^)/^/c7. (6)

ep = u«3/(Ky,). (7)

ANISOTROPIC TURBULENCE MODEL (ATM)

This model uses, beyond the k-e equations given above, three additional transport

equations for turbulence heat fluxes and one additional equation for variance of temperature

fluctuations. The transport equations for the scalar fluxes are3

The four terms on the right side of eq. (8) are diffusive transport, mean-field production,

buoyancy production, and pressure gradient correlation, respectively. The Reynold stresses

in eq. (8) are computed by
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with

(9)

(10)

The first two terms on the right-hand side of eq. (9) are used for the computation of the

Reynolds stresses in the standard k-e model. The last term adds a contribution which

takes into account the anisotropy of the distribution of the turbulence kinetic energy. This

last term is a slight modification of the form suggested in Ref. 4. The constant Cs (= 2-3)

has been chosen so that the order of magnitude of the (UJUJ)ASM term in the direction of

the gravity g,, (gj a= 0 for j * i) is the same as that of the term (ujuj)k-e. It is important to

remark that the choice of the modeling for the (U^UJ)ASM terms does not affect the

turbulence kinetic energy, because (UJUJJASM = 0 (summation implied).

The pressure gradient n^ is computed by



The four terms in eq. (11) are the main turbulence, mean strain, buoyancy, and wall

contributions, respectively. The last term was formulated according to Ref. 5.

Transport Equation for Variance of Temperature Fluctuations

The transport equation for the variance of temperature fluctuations J2 is

j kR

The terms on the right side of eq. (12) are turbulence diffusion, molecular diffusion, mean

production, and dissipation, respectively.

Boundary Conditions

The boundary conditions adopted for the scalar fluxes are

(ul*)p - C ^ ^ - ^ - , 0=1.2.3) (13)

DCp cbq po t 3xi

for yp s yi and yp > y/, respectively.

The boundary conditions for the variance of temperature fluctuations are

J V pp{ p
yP ye - yP y P J ° ~ y / - y P

 e r y P 2vt

i*T*)2y,. (15)

gw = Ra tT»2/^c7. (16)

for yp sy/ and yp > yt, respectively. Equation (16) has been derived by integrating a one-

dimenslonal transport equation, written for a coordinate normal to the wall, over the

laminar boundary layer thickness.
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More details about the derivation of the transport equations used and about the

treatment of the boundary conditions are given in Ref. 6.

The numerical values used for the constants have been determined by experiments3'7

and are as follows: ci = 1.8. Cp, = 0.09, cie = 1.44, C2e = 1.92, C3e = 0.8. c1^ = 0.13, ci$ =

3.1. c\+ = 0.5. C2$ = 0.5, C3$ = 0.5. E = 9.0, K = 0.42, R = 0.5. ok = 1.0, at = 0.9. oe = 1.3,

o> = 1.3, and eg = 1.

NUMERICAL TREATMENT OP TRANSPORT EQUATIONS

All of the above equations can be written in the following generalized form:

with the following definitions:

1) For the k-equation

* =pk, (18a)

<18b)

S* = Pk + Gk - pe; (18c)

il) For the e-equation

• = pe, (19a)

' <1 9 b )

^ c3eRf) - c2ep—: (19c)

Hi) For the ui^-equations

(20a)

iv) For the ^-equation
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(21a)

Integration of eq. (17) over a control volume centered on nodes i, j , k and application

of the divergence theorem yield

L [3(p*)/atjdV + f J+1dA - f J<,,dA + f J^dA
J v f JA f4+i/2 JAf.i-i/2 •'Af,j+i/2

- f JwdA + f J*kdA- f J^kdA = f S«dV. (22)
JAf,j_i/2 JAfjc+i/2 *'Affit_i/2 JVf

Using the definitions of the mean values of the flux J+ over the bounding surfaces and of

mean values over the fluid volume Vf. we transform eq. (22) into an algebraic equation for

the seven unknowns *p (P = 0, 1 6) at time level tn+i:

- bg. (23)

The subscript o in eq. (23) refers to the center node (i, j , k) considered, while P refers to

the neighboring nodes In the three coordinate directions. The right-hand side of eq. (23)

collects all terms at time level tn>

Equation (23) is solved for all transport equations with direct numerical methods.

RESULTS AND DISCUSSION

The ability to model buoyancy effects and stratified flow phenomena is of high

importance in many reactor problems. A very simple experiment designed to study the

effect of buoyancy on turbulent mixing is the case of a horizontal shear flow, as shown in Fig.

3. The influence of buoyancy is measured by the reduced Froude number

F . 1"2 - Pi| ( 2 4 )

VgPh|T T | "
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Fig. 3. Sketch of stratified shear flow

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 the density

differences. The smaller the Froude number, the more stable the stratification. Beyond

some threshold of the Froude number, turbulence Is completely inhibited by the density

gradients. In unstable stratification, when the hot fluid enters at the bottom, the effects, of

gravity and of turbulence combine, thus forcing a region of highly effective mixing between

the hot and cold fluids.

In this study, we used 100 meshes in the axial direction along the channel length and

30 meshes in the transverse direction. The length-to-height ratio (xm ax/h) is 30. Density

effects are obtained by hot and cold water with different inlet velocities. Momentum

continuity is assumed at the exit plane. We discuss results of two test cases with stable or

unstable stratification and Froude number 0.9.

In the stable stratified shear flow (hot fluid injected In the upper half. Uj - 2U2 and

T2 > Ti), turbulent mixing is inhibited by buoyancy effects. Computed results obtained by

using the k-E two-equation turbulence model and the anisotropic turbulence model are

shown in Figs. 4-6.

Figure 4 shows the profiles of axial velocity at location x/h = 20. The results from the

anisotropic turbulence model are close to those from the k-E turbulence model. Figure 5

shows the temperature distributions at location x/h = 20. Despite weak mixing, the tem-

perature of the upper layer of the cold fluid has slightly Increased from the inlet value. The

difference between the k-e model and the anisotropic model Is more significant at the exit.
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Figure 6 represents the variance of temperature fluctuations (g = 0.5 +2) at axial

location x/h = 10 and x/h = 20 for the anisotropic turbulence model. In the case of stable

mixing, the temperature fluctuation (•) is about 13.4°C and seems to be within a reasonable

range when compared with the inlet temperature difference [13.4/(T2 -T i ) = 12.3%I. In

the anisotropic turbulence model used, the computed values of the uj$ turbulence heat

fluxes are of paramount importance because of their impact on the buoyancy contribution

Gk to the turbulence kinetic energy.

In the unstable stratified shear flow (hot water injected at the lower half, T^ = 2U2

and T2 < Ti), very strong mixing is observed. Computed results, obtained by using the k-e

two-equation turbulence model and the anisotropic turbulence model, are shown in Figs. 7-

12.

0.0

x/h -10
x/h -20

20 40 «o •o 100

Variance of Temperature Fluctuations (C )

Fig. 6. Variance of temperature fluctuations for stable stratified shear flow at x/h. = 10 and

x/h = 20
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Figure 7 shows the profiles of axial velocity at location x/h = 20. Because the mixing

effect is enhanced by buoyancy along the channel, the velocity difference between cold

water and hot water is decreased. The results from the anisotropic turbulence model are

closer to the experimental results than those from the k-e turbulence model. The still

remaining discrepancy between the experimental data and the results obtained with the

anisotropic turbulence model are probably due to the approximation made in the

computation of the Reynolds stresses, and thus hint to the future work necessary to further

improve the modeling.

Figure 8 shows the temperature distributions at location x/h = 20. With strong mixing,

the temperature distributions in hot and cold fluids also reach almost the same values.

Compared with the k-e turbulence model, the anisotropic turbulence model can produce

results closer to the experimental results by taking into account the anisotropy behaviors of

natural circulation and turbulence transport. The mixing effect in unstable stratified flow is

stronger than that in stable stratified flow because the buoyancy force in the unstable case is

dominant.

The distributions of k at location x/h = 20 are shown in Fig. 9. The distributions of e at

the same location are displayed in Fig. 10. 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 and e from the anisotropic turbulence model are

higher than those from the k-e turbulence model. This is because in the anisotropic

model, stronger contributions to the production of turbulence kinetic energy come from

buoyancy.

Figure 11 shows the distribution of turbulence heat flux in the transverse direction

normal to the channel walls at axial locations x/h = 10 and x/h = 20 for the anisotropic

turbulence model. At location x/h = 10, the heat flux has its maximum value at the

interface of the two fluids, and then at location x/h = 20 the distribution becomes flatter

because strong mixing has already occurred upstream from this location.

Figure 12 represents the variance of temperature fluctuations (g = 0.5 $2) at axial

locations x/h = 10 and x/h = 20 for the anisotropic turbulence model. The variance has a

higher value at the interface of two fluids at x/h = 10 and becomes uniform downstream of
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the channel at x/h = 20 due to the formation of developed flow. The maximum

temperature fluctuation (+) at x/h = 10 is about 9°C and seems to be within a reasonable

range when compared with the inlet temperature difference I9/(T2 - Ti) = 7%].

SUMMARY AND FUTURE DEVELOPMENT

The standard k-e two-equation turbulence model, which assumes lsotroplc turbulence,

performs poorly in buoyancy-induced natural circulation phenomena. To account for the

nonisotropic effects of the turbulence due to buoyancy, we improved the two-equation

model by adding four additional transport equations for the turbulence heat fluxes and for

the variance of temperature fluctuations. The resulting anisctropic turbulence model has

been tested in stable and unstable stratified flows. In the case of stable stratification, the

anisotroplc model essentially reproduces the results of the k-E model. In the case of

unstable stratification, where the k-e model performs poorly, the anisotropic model gives

results in better agreement with experimental data. The remaining discrepancy is probably

due to the simplifications made in evaluating the Reynolds stresses. Future work, there-

fore, aims at modeling more accurately the Reynolds stresses or at computing them

rigorously with additional transport equations.
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NOMENCLATURE

Af Surface area (m2)

c p Specific heat (J/kg-K)

E Constant characterizing the roughness of a boundary surface
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Fr Froude number

Gy Components of buoyancy tensor (kg/m-s3)

Gk Production or suppression of turbulence kinetic energy due to buoyancy (J/s-m3)

g f=17*2 )• o n e h a l f o f variance o f temperature fluctuations (gw = value at the wall)(K2)

g, Components of gravitational acceleration (m/s2)

J$ Convective and diffusive vector (dimensions depending on equation considered)

k Turbulence kinetic energy (J/kg)

K von Karman constant

L Length scale (m)

Pk Mean shear production in k and e equations (J/s-m3)

p Pressure (N/m2)

q w Heat flux from surface (J/(s-m2)]

Rf (= - Gk/Pk). Richardson number

S* Generalized source term (dimensions depending on equation considered)

t time (s)

T Temperature (K)

T* qw/pcpu« (K)

Ui Components of mean velocity (m/s)

ui Velocity fluctuations (m/s)

un Fluctuation of velocity component normal to the wall (m/s)

u* Friction velocity (m/s)

uj$ Heat flux (m K/s)

uju] Reynolds stresses (m2 /s2)

Vf Fluid volume in a cell (m3)
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xi Coordinate directions (m)

xn Distance from the wall (m)

yt Thickness of laminar sublayer (m)

yp Distance of node P from the wall (m)

Greek

P 1= "HtH I. volume expansion coefficient at constant pressure (K"1)

Fgt Laminar tfiffustvity at location y« (m2/s)

Tgp Laminar diffusivity at location yp (m
2/s)

5y Kronecker delta

£ Dissipation of turbulence kinetic energy (W/kg)

X Thermal conductivity (W/mK)

YH Laminar dynamic viscosity (kg/m-s)

(it Turbulence dynamic viscosity (kg/m-s)

vi Laminar kinematic viscosity (m^/s)

vt Turbulence kinematic viscosity (m^/s)

itty . Pressure-scalar gradient correlation In scalar flux equations (m K/s2)

p Density (kg/m3)

Ok Turbulence Prandtl number for k

at Turbulence Prandtl number for heat transport

oe Turbulence Prandtl number for e

? Temperature fluctuations (K)

4 Transported physical quantity (dimensions depending on equation considered)

Indices

ASM Anisotropic turbulence model
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i.j.k (-1, 2. 3) Coordinate direction

f Fluid

/ Laminar

n Normal to wall

p Value at node P

t Turbulent

w Wall
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