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TURBULENCE MODELING IN THE COMMIX COMPUTER CODE

by
,

'

F. F. Oten, H. M. Domanus , W. T. Sha, and V. L. Shah

.

ABSTRACT

The report describes the three additional turbulence models
[0-equation (mixing length), 1-equation (k), and 2-equation (k-c )}

| recently implemented in the COMMIX-1B computer code. COMMIX-1B is
a three-dimensional, steady-state / transient, single phase computer
code for thermal-hydraulic analysis of single / multicomponent
systems under normal and off-normal operating conditions. All
three turbulence models are provided as options, and a user can
select the one that is most appropriate for his or her
application.

To validate these turbulence models, we have performed
several numerical simulations and compared the results with
experimental data. Three of the simulations--turbulent flow in a
pipe, flow in a circular duct with sudden expansion, and thermal
and fluid mixing in the cold leg and downcomer of a PWR-are
presented here along with their comparisons with experimental
data. More aaalyses are needed for further validation. Incor-
poration of the three turbulence models has expanded the range of
application of the COMMIX code.

FIN No. Title

A2045 3-D Time-Dependent Code Development
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EXECUTIVE SIDO WLY

:

; COMMIX-1 computer code has been developed for three-dimensional, steady- i

state / transient single phase thermal hydraulic analysis of a single-
! component / multicomponent system under normal /off-normal operating

conditions. In the initial development of COMMIX-1 and 000 MIX-1A (advanced.

version) we had implemented a simple :onstant turbulent viscosity model to; ,

account for the turbulence. To expand the range of COMMIX applicability, we,

i have implemented three additional turbulence models in 00MMIX-18 (the extended
version of C00 MIX-1A). May are:

Zero-equation mixing-length model,

j One-equation (k) model, and
Two-equation (k-c ) model.

! Furthermore, in the two-equation (k-c ) model, we have provided two possible
{ options: (i) high-Raynolds number flow model and (ii) low-Reynolds number
} flow model. In the case of high-Reynolds number flow model, we use a special
! wall-function treatment to account for large variations in the values of

| turbulence quantities in the vicinity of a solid wall. Whereas, in the case

: of low-Reynolds number flow model, a special wall-function treatment is not
! required because we include the laminar diffusive transport terms in the
4 conservation equations.

1 The present report describes, after a brief background on turbulence
j modeling, the governing equations and formulations of the three . turbulence
! models. We have also presented the results of three numerical simulations

i performed for the validation he problese simulated are:

e Turbulent flow in a pipe,
*

,

j e Flow in a circular duct with sudden expansion,

i e Thermal and fluid mixing in the cold leg and downconer of a
i pressurized water reactor.
4

These validation efforts were motivated by the need to implement a better
| turbulence model in the 00lMIX codes for the analysis of thermal mixing.
| Accurate predictions of thermal mixing is important in resolving the so-called
I pressurized thermal shock issue, which has been an urgent safety issue in the
] nuclear industry [22,23,251.
! t
i It may be concluded that the implementation of three additional

i turbulence models has augmented tha applicability of 000 MIX code. We can now
i perform analysis of recirculating, highly buoyant, and thermally stratified ,

turbulent flows with 00pMIX. l
'

]

i

!

4
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1. INTRODUCTION

COMMIX-1B, the extended version of COMMIX-1A, is a three-dimensional,
; steady-state / transient, single phase computer code for thermal-hydraulic
^ analysis of reactor component / multicomponent systems under normal and off-
| normal operating conditions. The code employs a new porous-media formu-
' lation[1,2) to model geometrical and physical effects due to the presence of

stationary structures in a flow domain. De concepts of volume porosity and
i directional surface permeability account for geometrical effects. Volume

porosity is defined as the ratio of volume occupied by fluid in a controli

) volume to the total control volume; directional surface permeability is i

j defined as the fraction of the control surface in a given directioa through
which the fluid flows freely.t

In the development of 00MMIX-1[3] and COMMIX-1A[4], we implemented, for
simplicity, a constant turbulent viscosity model to account for the turbulence

i in a flow domain. We found that in many cases, a simple constant turbulent

{ viscosity model along with proper correlations for distributed resistance and
heat transfer coefficient is adequate to predict essential thermal-hydraulici

characteristics. However, in other cases, this simplified approach of

{ turbulence modeling is inadequate.

i

Recently, we were engaged in determining the thermal mixing in a PWR cold
i leg and downconer with a high pressure injection system that is associated
I with the so-called pressurized thermal shock issue [22-25). During the
; analysis, we observed that for moderately high Reynolds numbers and low Froude
j number, the interaction of buoyancy and turbulence plays a very important role
i in characterizing thermal stratification. A simple constant turbulent

| viscosity model is not adequate to predict the essential thermal-hydraulic
j behavior in such highly buoyant, turbulent flows.
!
' Therefore, three additional turbulence models have been implemented in
I COMMIX:

i

| Zero-equation mixing-length model, i

,

j one-equation (k) model, and i

Two-equation (k-t ) model.
i
| These are provided as additional options for users of COMMIX. These new
j turbulence-model options have extended the capability of COMMIX to predict
| system performance over a wide range of operating conditions.
!

,

To validate the new turbulence models, several nuiserical computations
I have been performed and ~the results' were compared with experimental data. In

; this report, a brief description of these turbulence modols is given and the
: results are presented for the following three numerical simulations:
i
i Isothermal turbulent flow in a pipe,

) Isothermal turbulent flow in a duct with abrupt expansion, and
! hermal and fluid mixing in the cold leg and downconer of a
' pressurized water reactor.

;

j,

:

. _ _ _ . . _ _ - , _ ,_ - - - - ~ _ _ - _ , - - _ , _ . -- -_ __ - _ - _ _ . .- ,
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|

i
'

We can see from the comparisons that the turbulence models implemented in
COMNIX, are capable of analyzing recirculating, highly buoyant, and thermally, ,

j ctratified turbulent flows reasonably well. |

:

j 2. BA(XGROUND ON TURBULENCE MODELING

i

j The subject of turbulence has attracted countless researchers over a
period of more than 80 years. In 1895, Reynolds proposee that a fluid

; particle in turbulent flow is in randomly unsteady action. He averaged the
j Navier Stokes equation over a time-scale that is long compared with the
j turbulent time scale, and derived the equations th'at describe the mean |' turbulent motion. Why then has the problem of turbulence not been resolved '

I completely? It is due to the following three major difficulties: i

} i

in [he appearance of the time-averaged correlations, such as pu u),e
g

the governing equations, give rise to the so called " closure"
problem. Here p denotes fluid density, ut and ug are the

| fluctuating velocity components in the coordinate directions xt and
xj , respectively and the overbar denotes the time averaging. He

correlations, p u u , are known as "Reynolds Stresses". h e Reynoldsgj
< stresses are very important in any turbulent shear flows and are the >

| source of analytic difficulties.
!

| e The other difficulty is that the constituents of the turbulence ,

; phenomenon normally take place in scales of motion that are very
small orders of magnitude in size while the whole flow domain any

j extend over meters or even kilometers. Important details of
j turbulence are small-scale in character (although it is not the
i details but the time-averagad consequences that are of interest in

f practical appplication). As a result, the computational nodes
' required to resolve small-scale motions of turbulence will far .

; exceed the storage capacity of the current computers. The
j corresponding computer running time also will be unfaasibly long. -

|
i e An alternative to small scale turbulence details is to employ some
{ form of turbulence modeling wherein we need to solve time-averagcd |

| equations of action along with a set of transport equations of
turbulence quantities, e.g. - k- the turbulence kinetic energy, c-'

the rate of dissipation of k, etc. It is only now with recent
i advances in computer power, that some turbulence modeling can be
( carried out.

! '

Many turbulence models have been proposed to resolve these three diffi-
culties by providing solvable equations for computation of turbulent flows.

,

The most popular model, yet the simplest, is the mixing-length hypothesis.

generally attributed to Prandt1[5]. Here, we refer the mixing length hypo-
thesis as a 0-equation model because it does not require solution of any ,

additional equation.

.

, _ _ _ _ - . _ . _ _ - , _ . _ _____ _____ . _ _ . . _ , , _ - _ . _ _ _ . .
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:

In 1945, Prandtl[6] suggested a more general approach than the mixing-*

length hypothesis. His new approach is generally referred to as a one-4

equation turbulence model. In this model, the square root of the turbulence,

! kinetic energy, k, is the characteristic fluctuating velocity. To determine
1 the value of k, we need to solve its transport equation. Since then, many
) one-equation turbulence models have been proposed. He transport equation for
i the shear stress developed by Bradshaw et al.[7] and the transport equation

for the turbulent viscosity developed by Nee and Kovasznay[8] are typical.
.

j Undoubtedly, one-equation models generally produce more reliable results
i than the mixing-length hypothesis for most of the computations. However, a

need to obtain a more accurate estimate of the length scale distribution,,

| especially in the separated flow region, leads to the suggestion of two-
1 equation turbulence models.

! here are several two-equation turbulence models: k-c , k-1, k-W, etc.
j The symbol k is the kinetic energy of turbulence, c is the dissipation rate of
i turbulence energy, i is a macroscopic length scale of turbulence, and W is
i interpreted as the time-averaged square of the velocity fluctuations. Among

,

the two-equation models, the k-c model, proposed by Harlow and Nskayama[9] and '

Jones and Launder [10], is the most widely used.,

I

j The next level in turbulence modeling is represcnted by the complex
! Reynolds stress models[11-14]. Rese models are still in the development
; stage. We have therefore programmed in COMMIX only the 0 ,1, and 2-equation
i turbulence models for the analysis of turbulent flows. These models are

described in the following sections.;

! As we increase the level of turbulence modeling from 0- to 1-equation,
; from 1- to 2-equation, and so forth, we are adding more and more complexity to
i the computer programming. Computer cost increases with the increase in level
' of turbulence model. So during the selection of a turbulence model, we must
j balance the amount of desired increase in accuracy with the additional cost of
t computing.
!

!

3. GOVERNING EQUATIONS

ne governing instantaneous Navier-Stokes equations for turbulent flow,
in the Cartesian tensor notation, are

,

f h + ,i U)=0, (3.1)g
i

| (a u au )
~

af + a x) T
;

g+.U a
t a

(3.2)ax ji+pai,P (a t j ax "~

i

/ ^h^

-f6)uand t =u + (3.3).g) g

- -_ . -- - . - . -
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Here , U represents the instantaneous values of velocity, P is the instan-g

the gravitational acceleration vector,{s are the Cartesian
is the instantaneous density, xtaneous static pressure, p

g ,is y is the molecularcoordinates, g
viscosity, and T is the stress tensor. We note that the instantaneous
density is retain 9d only in the buoyancy term. Elsewhere, the mean density p
is used.

In the derivation of the mean flow equations, it is assumed that we can
specify all instantaneous values as a sum of their temporal mean value and a
fluctuating component, e.g.,

~,

(3.4)U =Ug+ug.1

Here, U1 is the mean flow velocity based on a time average, defined by

t +T
o

=limff
A

U de . U.5)Ug g
T+= t,

The averaging time T is choden such that it is long when compared to the
turbulence time scale, but short when compared to the time needed for
appreciable ordered variations to occur.

Af ter applying Assumption 3.4 and time-averaging Eqs. 3.1 and 3.2 over
the interval T, the equations of motion for mean flow are

apU
=0, (30+ 3 ,i

[3 U 3U ) 3P at apu u'

g g
and pI +U + + EE"~ ~

* *

(3 t j 3x ) 3x 3x i
j i j j

4

Equation 3.7 is generally known as the Reynolds equation. De correlation
terms, pu u in Eq. 3.7 are called Reynolds stresses. hey represent
additionak b,eentum fluxes or apparent stresses in the fluid over and above
those associated with the mean motion. Because the fluctuating components in
the Reynolds stresses are not a priori known, the momentum and continuity

j equations do not form a closed set [14,151

!
l

4. APPROXIMATION OF REYNOLDS STRESSES

To make the turbulent flow a closure problem, many turbulence models have
been proposed to approximate the Reynolds stresses. De central idea in most
of the turbulence models, except the Reynolds-stress model or algebraic stress
modeling, is the employment of artificial turbulent viscosity u to account
for the additional diffusional flux due to the turbulent motion.g To do that,
the Reynolds stress term in Eq. 3.7 is expressed as

!

|

|
__-
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!

[3 U g

g * 3x 001
3 ij "k"k *p u u) = p

~ *

t (3 x
g

j if
where ut is the turbulent viscosity. It is a property of the local state of
turbulence, not a property of the fluid. The turbulence model in this cate-
gory is generally referred to as a viscosity model.

In Eq. 4.1, the only probles that remains to be solved is the derivation
of turbulent viscosity ut. The following section will describe the derivation

of pc in three different turbulence models (2-equation, 1-equation and 0-
.,

equation).'

4.1 2- EQUATION (k-c ) MODEL"

In the k-c model, turbulent viscosity pt is computed from the relation

Cpk
" G.2)=u .

t c

;
'

Here, g is a constant having the recommended value 0.09,

k=fuu O.3)gg

is the turbulence kinetic energy,

au Bug g
c=v (4.4)

3,J 3,J

1s the dissipation rate of turbulent kinetic energy and v is the kinematic
|

viscosity. In this model, we first solve the transport equations of k and c
(Sec. 5) and then compute the turbulent viscosity p from Eq. 4.2.g

4.2 1-EQUATION (k) MODEL

In the 1-equation (k) model, the turbulent viscosity is computed also
f rom Eq. 4.2 as in the k-c model. However, instead of solving the transport
equation for c , we calculate it using the relation

!
C k
" (4.5)c= .

g

Here, the length scale A is related to the distance y from the wall as

i =cy. (4.6)

In Eq. 4.6, e is the von Karman constant and its recommended value is 0.42.

_- _ _ _
- . - _ - _
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,

.

In the case of maltidimensional flow with more than one wall co-existing,

the value of y, used to compute 1, is the nearest distance from a wall. In
Or 8 Preassigned length,addition, a cutof f value of y is either 0.175 DH

where D is the hydraulic diameter.H

4.3 0-EQUATION MIXING-LENGTH MODEL j

In the 0-equation mixing-length model, the turbulent viscosity is

|
computed from the relation

i [3 U BU Y
~

3U i 4j (4,7)2
u' p1 ,

,

8 "j (8 *j 8*1), j
,

.
The mixing length 1 is evaluated in the same way as in the 1-equation (k)

! model (ivy). In the 0-equation mixing-length model, we do not solve any
transport equation of turbulence quantities.

P

4.4 TUR8ULENT DIFFUSIVE FLUX FOR ENERGY EQUATION
!

In the energy equation, to account for the extra rate of enthalpy trans-
port due to the turbulence fluctuations, the turbulent therw l conductivity, f

'

{ A , is computed fromg

y*Cs

'. (4.8)I A =

i t c h
!
| In Eq. 4.8, C is the specific heat of a fluid and ah is the turbulent Frandt1p

number for thermal energy transfer. The recommended value for ch is 0.9.

l ,

{ 5. TRANSPORT EQUATIONS OF 2-EQUATION (k-c ) MODEL

i In the 2-equation (k-c) model, as mentioned earlier, we need to know the
W8 Present here{ values of k and c to determine the turbulent viscosity Wt'

the derivation of two sets of scverning differential equations designated as,

high-Reynolds-number flow model and low-Reynolds-number flow model.

, 5.1 HIGH REYNOLDS NUMBER FLW MODEL
!

5.1.1 Transport Equation for k

We first subtract Eq. 3.7 from Eq. 3.2 to obtain
,

I [3 u au h BU

at j 3x ~ 8"j 3 x (E"1"j ~#"i"j)0 + "~ ~

vi ,,j + 9,,i)
/> =i

.

+ ,3 , + p's (5.1)i,
,J1 (

!

!

:
.

- - , , -- - %,,y-, - - - . - - - - _ > ~ - ..m,- w - -- - _ -
- -

_ _,,
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where o' denotes the turbulent density fluctuation and p is the fluctuation in
static pressure. In this study, c ' = - 08 T' , where 8 is the volumetric '

coefficient of expansion and T' is the fluctuating temperature. |

After multiplying by ut, time-averaging Eq. 5.1, and using the definition
k=fuu,weobtaingg

U aug /au3k+U ak g + p 'u
g + 3,i)

P = pu u g -p i57 j 3,3 g y 3,3 3,3 (3 x
|g g

j

A B C

3 [3k 8"1"1 "1"i"3,

| +3x " * 3x ~8 ~W O * *

J
,

(3 xj i )
2 1 ij

,

D

Equation 5.2 is the exact foam of the transport equation for k. Here, the
terms are

" A: source due to mean shear,
B: buoyancy interactions,
C: loss of k through viscous dissipation, and
D : diffusive transport of k and randoetsing action of the pressure-

strain correlation.

We can see that Eq. 5.2 has the closure problem. After adoption of the
gradient-transport notion [14], Eq. 5.2 may be written as

.

+ p U) - =Pk*Uk +p (5.3)#* * aq
p .

; Here,
~

3Ug
/3U1 * b "IPk""t ax ( '4)'

j (3xj 3x )i,

, ,

is the source due to mean shear and

"t 31 (3T \U Mk " ~ po
BT (3 x3h

is due to thermal stratification. He term containing ok in Eq. 5.3 repre-
sents the diffusion of k. ok is called the turbulent Frandt1 number for k.
We recommended value[12] for ok is 1.0.
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l

5.1.2 Transport Equation for c

The exact form of the transport equation for c is obtained by taking the

derivative of Eq. 4.1, with respect to xj, and multiplying it by

[Bu Duyg
2v| pj+gy .

( ij

ne resulting equation is discussed in detail, by Daly and Harlow[16],
Hanjalic and Launder [11], and Lumley and Khajeh-Nouri[17]. We only feasible
approach toward devising an c equation is to apply both intuition and
intelligent dimensional analysis. We c equation contains several empirical
coefficients that require adjusting to account for different behaviors of
different shear flows. We equation proposed by Jones and Launder [10] and
Daly and Harlow(17] is

a ji + p U, a;j - C, ( P,+ a ) - C *i +* +8 *1 (5 6)-g 2 x
j (c ) j

. .

Here, the source term Pk has the same form as Eq. 5.4; the second term on the
right is the dissipation term, and the last term represents dif fusion. He
variable o is the turbulent Prandt1 number for c, the recomunended valuel14), c
is 1. 3. ne coefficient of the production term, Cg, is normally chosen by
reference to near-wall turbulence, whercas the coef ficient C2 is determined
from the decay of grid turbulen;:e. The recommended values of Cg and C2 by
Launder et al.[19) are 1.44 and 1.92, respectively.

5.2 LOW REYNOLDS-NUMBER FLOW MODEL>

in the 2-equation (k-c ) turbulence model for high 'Reynolds number flow
(Sec. 5.1), the low Reynolds number offacts are assumed negligible.
Consequently, the special treatment, called wall function (Sec. 6.3), is
required for the near-wall regior.s where the low Reynolds number ef fects are
not negligible. In addition, the high Reynolds number flow model is not
cuitable for the analysis of problems wherein the mean flow Reynolds number is
low.

'

To remedy these deficiencies, Jones and 14under[10,18) have developed a
! low Reynolds number version of the 2-equation (k-c) model. his low Reynolds
| number flow model is applicable in the entire flow domain and does not require

separate wall function treatment for near-wall regions.

The transport equations for k and c of the low Reynolds number imodel of
| Jones and Launder [10,18] are:

\ ! 1/2h [3k1/2hp g +p U)3k
ak

Pk*Ok ~ 8* + 3
Sk 3k~U (5.7)+ "j a x

|
'ar

, ,3 3 ,,(o3x
j (3xj )(3xj )k

, ,

cnd

|
!

|
|

- - - - , , . .
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g h @k+=C
* # j 3 x)

* +"8 ~

2
x)

[ b[3U \t'3Ug g
l (5.8)

pu
L+C

(3x)3xj(3x)3xj.3 p
g g

,

he turbulent viscosity is computed as

y "I (5.9).
t p c

C, in Eq. 5.8 has the recommended value of 2.0. We functionshe constant, 3,

f and f2 arep ,

,

e

f =C exp [-2.5/(1 + R /50)] (5.10)g

i and

f =C2 (1.0 - 0.3 exp(-R )). (5.11)2

Itere, R is the turbulence Reynolds number, defined asg

2

R =b. (5.12)
t pc

1

! The constants g , Cg, C ' 8k' ""d O have the same value as the high-Reynolds-2 c
I number k-c model. If R is much greater than 1, f approaches g and f2t p

approaches C '21

The additional ters

f 1/2) (3 k1/2 )ak
~

3;*3x3x3;

in the k-equation in the low-Reynolds number model, increases the
computational stability of k-equation [19). 'In the equation for c , the term

!3 U [3 Ughpu
4 g, g

! 3 p (3x)3 x j 3 x)3 xgg

in Eq. 5.8 is included to account for the increasing importance of the laminar1

i diffunive transport.

It may be emphasised here that for a low-Reynolds-number model, no
special treatment for near-wall regions (Sec. 6.3) is required. However, in
order to improve the results of numerical computation, fine mesh may be
required in the regions near a solid well. .

_ ,_ _ _ __
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6. BOUNDARY CONDITIONS

There are three types of boundaries:

A line or surface (plane) of symmetry,
Inlet and outlet boundaries, and

A solid wall.

These boundaries are discussed in the following sections.

6.1 S WHETRY BOUNDARY

The simplest boundary is the line or plane of symmetry; at a symmetry
line, the normal velocity is set to zero. The gradients of scalar normal to
the symmetry line also are set to zero.

6.2 INLET AND OUTLET BOUNDARIES |

At the outlet plane (free boundary), the gradient of turbulence
quantities are assumed to be zero. The inlet plane requires special
treatment. The inlet turbulence kinetic energy kin, can be obtained from the
measurement if it is available.

For the uniform inlet velocity Uin, kin can be estimated as follows:

k = 0.00102 (6.1).
in 9

The inlet dissipation rate of turbulence kinetic energy cin is

3/4 3/2
C k

c,- ," (6.2)"

i
,

where t is the length scale at inlet.
in

| If the profile of mean velocity at inlet plane is known or can be
guessed, kin is estimated from

+in " * *
n

| U is the mean velocity component in theemain flow direction. cg,is computed
' from Eq. 6.2.

.6. 3 WALL-FUNCTION TREA1 MENT,

In the immediate vicinity of a solid wall, there is a large variation in

i the values of turbulence properties. Therefore, to predict the correct values '

| of momentum flux, energy flux, and the gradients of k and c , we apply a
special treatment called the wall-function treatment. In this procedure, we
implicitly account for steep variation naar a wall and avoid the need of using
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!

) a fine mesh. His procedure is described here briefly; more detailed infor-
j nation can be found in Sha and 1.aunder[14].
|

6.3.1 Wall Shear Stress in the Momentum Equation
(

The illustration of the model used for a near wall region is shown in
j Fig. 1. P is the node adjacent to the wall and outside of the viscosity- [
! affected zone (viscous sublayer), W is the node next to P, and the distance
,) y, is the distance from P to the way. He sublayer thickness y* is deter- |t mined such that the Reynolds number R at the edge of the region is ~ 20.

t

Y; R s = 20 . (6.4)
i
;

| Re level of turbulent kinetic energy k* at y* is obtained by linearly I
extrapolating the values of kp and kNP EO Y " Y*I I

y'' y*
j k* - k, + y, _ y, ( k, - kyP)- (6 5)
I Based on the assumption of logarithmic velocity profile from turbulent !

couette flow, the wall shear stress between the node P and the wall is
modified to account for the frictional force at the wall. He modified wall

| shear stress, in lieu of the normally calculated value, is
4

1/2 II'
'

; ,g uec
(6.6)'w" /gy 1/4 1/2)

{ in
j k /
1

| which is deduced from the velocity profile

U [ 1/4 1/2)! i

| p 1/2 ~I/4 I "k =c in' (6.7)T ,/p p p e ).v(:

he constant E has the value of 9.0 and U, is the velocity parallel to the
wall at node P. He shear stress calculated' from Eq. 6.6 is assumed invariant
from node P to the wall.4

,

| 6.3.2 Wall Heat Flux in the Energy Equation
1

| In the energy equation, the heat flux near the well is modified using a ,

i logarithmic temperature profile. Se modification for the wall heat flux is
similar to that made for the wall shear stress in the momentum equation except-

: that an additional term is introduced to include the resistance of the laminar
sublayer. For the case of a laminar Frandt1 number ch,A of the order of 1 or
greater, the wall heat flux is

:

.}
*

._ - __ _ - - . . . . - - - - - - . -
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!

1/4 (h, - h )p k,1/2 C p
609w" (Ey C,I/4 g /2)

,
1

A" ( pi v j f

where

\1/4h,t \ [#g=9.24.[# h-1 (6.9)P ,i .

j(#h,1jh

In Eq. 6.8, h is the enthalpy and subscripts w and P represent the values at
wall and node P respectively. Pg is generally referred to as P-function and
ch is the turbulent Frandt1 number for thermal energy transfer, as defined
previously.

|

For the case of a low grandt1 number, such as liquid metal flow whereis in the order of 10~ , the turbulence contribution to the wall heat
okuk isf small. The temperature profile between the wall and node P can be
assumed linear.

6.3.3 Turbulence Quantities k and c Near a Solid Wall

For treatment of the transport equation of k, the diffusive flux from;

in the knode P to the wall is first set to zero. The production tern Pk
equation is modified as

P = t , U /yp; (6.10)k p

instead of using mean shear, T , is the modified wall shear stress computed
from Eq. 6.6.

i

: In the transport equation of c, the dissipation rate at node P is
; computed as

C,3/4 k,3/4
! (6.11)c =

,p g

!

instead of solving the transport equation for c. In addition, the average'

f value of c is computed by integrating the nonlinear variation of c for the
near-wall cell. Thus,

y

c =f f
~

cdy;

e o
,

[Ey*C ! !3/4 3/2| C k k
" " " '

in (6.12)=

),"Y N *
e

!

- - - _ _ - - _ _



|

14
i
:

where y, is the value at the edge of control volume of node P as shown in Fig.
i 1. De value of c is used to evaluate the dissipation term in the equation
] for k for the near-wall cell.
}

b- :

t

i 7. NUMERICAL SIMULATIONS *

:
j To validate the new turbulence models in 00M(IX, we have performed
i several numerical simulations and compared the results with the experimental !

; data. The results of the following three numerical simulations are presented I

; in this section. i
;

,

e Isothermal turbulent flow in a pipe,
,

e Isothermal turbulent flow in a duct with abrupt expansion.

! e Thermal and fluid mixing in the cold leg and downcomer of a
pressurized water reactor.

) 7.1 TURBULENT FLOW IN A PIPE
1

\

] 7.1.1 Problue Description |

I !
| The developing turbulent flow in the inlet region of a straight pipe is

the first problem considered in the validation of turbulence modeling by the
; COMMIX code. he Reynolds number (Re = pw D/u) is 3.38 x 105 where D is theo
; diameter of the pipe and w is the uniform mean velocity at the inlet. De [o
! measurements of axial velocity profile at various locations were performed by
! Barbin and Jones [20).

7

i

i 7.1.2 Solution Procedure i

1

In our computation, a 2-D axisymmetric flow is assumed and 1000 cells (20
in the radial direction and 50 in the axial direction) are used. Because the
inlet condition for k and c were not reported, the assumptions based on the,

1 uniform inlet velocity at the inlet as described in Sec. 6, were applied. he r

1 fully implicit numerical scheme was used. Three dif forent simulations were !

| performed using the following turbulence models:

e 2-equation (k-c ) model.

j e 1-equation (k) model with maximum cut-off length scale = 0.175 KD '
H

i e Constant turbulent viscosity model with pg = 500 p.
,

7.1.3 Results and Discussion
! .

"

j he development of axial velocity profile at two different axial
;

16.5 and s/Di locations (s/D 40.5, a being the axial ' distance) with i
= =

j difforent turbulence models are shown in Fig. 2. The predictions of the 2- !
' equation (k-c) model are in very good agreement with measurement. Because'the
| separated flow does not exist, the predictione of the 1-equation' (k) model
| with cut-of f length scale A,,, = 0.175 wD , Du being the pipe diameter D, isg
! also in good agreement with measurement. In the constant turbulent viscosity *

| model, the axial velocity profile approaches, as expected, the fully developed
,

i parabolic profile at s/D = 40.5. "

i
*

i
_, _ . . - - -- , - . - , - - , , , . ..v-.-----.-.- -, - . - . - , , - - , , , - - - - . - . . - - , - - . , - - . - - - , , . .-
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9

Fig. 2 Development of Velocity Profile at Two Axial
locations in a Pipe (Re = 338,000).
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i

7.2 F1,0W IN A CIRCUI.AR DUCT WITH SUDDEN EXPANSION

1 7.2.1 Probles Description
,

An isothermal fluid with uniform velocity w enters a circular duct,o
having abrupt expansion r /rg 2, as shown in Fig. 3. We operating=

o
conditions in the maturvedi's experiment (21) ares

;

Fluid : Air.

Inlet velocity (w ) : 30.48 m/s. io

Inner radius (rg) : 0.054 m. !

Outer radius (r ) 0.108 m.o 2pw"r
I) 5Reynolds number ( Re : 2.186 x 10 .=

Temperature : Constant.
,

t

he inlet conditions were not reported by maturvedi but were assumed to bei

Temperature : 25'C. -

Inlet turbulent kine, tic energy (kgg) : 0.001 w,2,
!

k"!Inlet Dissipation Rate of C,

' "Turbulence Energy (cin) 8 *g
ini

j We selected this problem for presentation here because
;

;

e Experimental measurements are available,j

! e A turbulence model is needed to analyse complex recirculating flow I
'

; downstream of expansion, and
e It will demonstrate that a 2-equation (k-t ) turbulence model

provides better prediction of separated flow.

7.2.2 Solution Procedure

Due to axisymmetry, the flow is two-dimensional. We used a total of 500
cells (10 in r-direction x 50 in a-direction) to model the geometry. De
COMMIX-IA fully-implicit numerical scheme was used to analyse the problem.

,

Four different simulations were performed, using the following turbulence !

modelse

Constant turbulent viscosity (ug = 500 p),o

e 0-equation mixing length model,
e 1-equation (k) model (cut-off length scale = 0.175 tr ), ando
e 2-equation (k t) model.

i

. _ - . - - _.
_
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7.2.3 Results and Discussion

The calculated and experimental mean velocity profiles at three down-
strews locations ( /r = 1. 0, 3.0, and 8.0) are compared in Fig. 4. Wo cano
see the following frors these comparisons:

* The 2-equat$on (k-c ) model has the best agreement with experimental
datal the maximum difference is less than 10% (except for the region
near the will). Agreement is extremely good at s/r = 8.0.o

e Die predictions of the 0-equation mixing-length and 1-equation-k
models are not as good as those of the 2-equation (k-c) modoll they
may be considered as marginally acceptable in the entrance region
(a/r = 1, 3) but become poorer in the far downstream region.o

,

e Die predictions of the constant-turbulent-viscosity model have a far
downstream velocity profile close to the parabolic profile
(laminar), as they should.

e The 2-equation (k-t) model is needed to correctly predict highly
secondary flow.

e *he 2-equation (ks) model predictions are closer to experimental
data than those of the 1-equation (k) model.

e Inside the recirculating zone, the predictions of both the 2-
equation (k-c ) and 1-equation (k) models are not as good. Vits may
be because the present turbulence models are based on the assumption
that turbulence is isotropic. In the recirculating zone, the eddies
are very strong and the assumption of isotropy will not huld.

e Far downstream, where the eddies are not very strong, the pre-
dictions of the 2-equation (k-c) model are in very close agreement.

Die comparisons of turbulent intensities at three axial locations are
presented in Fig. 5. Die vector plot, showing the velocity field based on the
2-equation (k-c ) model, is presented in Fig. 6. We can see a recirculating
zone downstream of expansion. As the flow progresses downstream, the
recirculating eddies gradually disappear.

7.3 Tin'.lWA1, AND FLUID HIX1NG IN lif% COLD I.E0 AND IXMNCOMER OF A iMR

7.3.1 probine Description

So far, very few appilcations of turbulence models have been made for the
analysis of nonisothermal transient flowel most applications are limited to
steady isothermal flows. Die example we have considered here is a transtant
computation involving thermal and fluid mixing in the cold leg and downcomer
cf a IN R. Viis problem has an important application to the pressurized
thermal e, hock issue, which has an urgent safety issue in the nuclear industry.

<
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Figure 7 illustrates the geometry of the cold leg and downcomer used in
the EPRl-SAI thermal and fluid mixing experiment [22]. The objective of the
experiment was to investigate the buoyancy-driven thermal mixing in a geometry
cimulating PWR. The cross-sections of both the downcomer and cold leg are
rectangular. The small dots in the cold leg in Fig. 7 represent the locations
of thermocouples used in the experiment.

In the experiment, loop flow enters the cold leg at 70*C and flows down
the cold leg to the downconer. Approximately one-fifth of the way down from
the entrance, a cold fluid at 17'C from FEgh-P ressure Injection (HPI) enters
the cold leg at an angle of 60*, as shown in Fig. 7. At the injection
section, the fluid is at the top resulting in an unstable thermalstratification, cold As both fluids flow down the cold leg, cold fluid slowly.

penetrates to the bottom of the cold leg before it reaches the downcomer.

Complete penetration of the cold, fluid to the bottom results in what is known
as stable thermal stratification . Near the downcomer, a further increase in
thermal stratification occurs as some of the hot stagnant fluid (70*C) from
the downcomer is sucked into the cold leg. The test conditions and relevant
parameters are summarized in Table 1.

In the experiment, there were variations in flow rates and temperatures
of the cold leg and HPI, and there were heat losses from the walls of the test
section. But, in our analysis, these are assumed to be negligible.

7.3.2 Solution Procedure

7.3.2.1 Modeling '

In our analysis, we assumed a symmetry with respect to the central plane
(y=0); therefore, only half of the geometry was modeled. We used a total of
1290 cells (IMAX=30; JMAX=8; KMAX=27) to model the half geometry. The angled
HPI injector and diffusing nozzle portions of the cold leg were modeled using
the concept of irregular cells instead of using a conventional zig-zag
cpproximation.

7.3.2.2 Four Simulations'

|

Four numerical simulations were performed, using the following turbulence
codels.

Case 1: Constant turbulence viscosity model (p t = 0.06 pa-s). This
is included only for comparison.

Case 2: 1-equation (k) model.

Case 3: 2-equation (k-c ) model without Volume-Weighted Skew-Upwind
Difference (VWSUD) scheme.

" Stable thermal stratification is continuously increasing temperature from
-bottom to top; unstable thermal stratification is having some cold fluid
above the hot fluid.

|
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Table 1. Summary of Test Conditions and Relevant Parameters for
Test 1 of SAI Full Weight '1hermal Mixing Experiment

Parameter Value

Average flow rate of cold leg 10.6 1/s (168.5 gpe)

Average flow rate of WI (af ter injection) 1.0 1/s (16 gpm)

Inlet temperature of cold leg 70*C

Inlet temperature of IFI (af ter injection) 17'C

Ratio of loop flow rate to WI flow rate 10.6

Inlet velocity of cold leg 0.0913 m/s

Inlet velocioty of IFI
,

0.0258 m/s

3.8 x 104'

Re =

CL p Q

V
0.44Fr =

CL p ,7 o g

CL (p ,7 + p QJ /2

V ,7 IFI

0.04Fr =

MIX p ,7 p g

CL p ,7

l

!

|

1

!

-Q
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Case 4: 2-equation (k-c ) model with Volume-Weighted Skew-Upwind |

Difference Scheme.

The numerical simulations were performed using the fully implicit numerical
scheme.

Prior to the initiation of 191, isothermal steady-state conditions were
obtained. After that, the HPI was introduced at time t = 0, and the transient
computations were performed.

7.3.2.3 Basis of Four Simulations

Case 1 is performed only for comparison purposes. Cases 2 and 3 are
simulations with the 1-equation (k) model (Case 2) and 2-equation (k-c) model
(Case 3).

Recently, we implemented a Volume-Weighted Skew-Upwind Difference (VWSUD)
scheme to reduce the magnitude of numerical diffusion. Case 4 is the simula-
tion with the 2-equation (k-c ) model with Volume-Weighted Skew-Upwind
Difference (WSUD) scheme.

7.3.3 Comparison with Experiment

The comparisons of vertical temperature profiles at the junction of
straight and diverging sectious of the cold leg and the junction of cold leg

: and downcomer are presented in Tables 2 and 3, respectively.

7.3.3.1 Discussion of Results in Table 2

In 'lable 2, thermocouples L36 through L42 represent temperature readings
from top to bottom. From this comparison, we can see that at the junction of
straight and diverging sections of the cold leg:

.

'

e Experimental data chow a stable thermal stratification; cold fluid
from IFI has completely penetrated to the bottom of the cold leg.

e The temperature profile from the base case (Case 1) is nearly
uniform, showing no stratification, and complete mixing.

e The 1-equation (k) model ( Case 2) shows stratification, but cold
fluid has not been able to penetrate completely down to the bottom
of the cold leg.

e The 2-equation (k-c ) model (Case 3) predicts stable thermal
stratification and the results are in reasonable agreement with the
experimental data.

e The 2-equation (k-c ) model with WSUD (Case 4) predicts stable
thermal stratification and the results are in good agreement with
the experimental data.

7.3.3.2 Discussion of Results in Table 3

In Table 3, thermocouples L43 through L49 represent temperature readings
from top to bottom.

- _ _ _ _ _ - - . _. -- - . -- _ _ _ _ _ _ _ _ _ _ _
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Table 2. Comparison of Temperature Profiles at Junction
of Straight and Diverging Sections of Cold-Leg

(Time = 119 see after Initiation of HPI)

k-c Model k,c Model 1-Equation (k)Location Base Model

(Thermocouple #) Experiment (p t = 0.06 pa-s) without with Model without

VWSUD MdSUD VWSUD

L36 (Top) 65.6*C 63.5'c 63.5'C 64.9'C 60.7*C

L37 65.8'C 64.0*C 64.2*C 65.1*C 61.9'C
L38 65.3*C 64.1*C 64.4*C 65.0*C 63.9"C

L39 64.3*C 64.1*C 64.4*C 64.8'C 66.4*C
L40 64.6*C 64.1*C 64.3*C 64.5"C 68.6*C

L41 * 64.0*C 64.2*C 64.1*C 69.8'C

L42 (Bottom) 62.3*C 64.1*C 64.1*C 63.8'c 69.9*C

o
No reading reported.

Table 3. Comparison of Temperature Profiles at Junction
of Cold Leg and Downconer (time = 119 see after
initiation of HPI)

Location Base Model k c Model k,c Model 1-Equation (k)

(Thermocouple #) Experiment (p t = 0.06 pa-s) without with Model without

VWSUD VWSUD VWSUD

L43 (Top) * 66.3*C 69.5'C 69.6*C 68.1*C

L44 68.3*C 65.4*C 66.3*C 66.9'c 63.6*C
L45 64.3*C 64.9'C 65.4*C 65.9'c 63.0*C j

L46 64.1*C 64.7'c 65.0*C 65.4*C 63.5'c
L47 62.2*C 64.5*C 64.8*C 65.0*C 64.7*C

L48 64.3*C 64.4*C 64.6*C 64.6*C 66.1*C

L49 (Bothoe) 64.4*C 64.3*C 64.4*C 64.1*C 67.1 * C
a

No reading *, reported.

.
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At the junction of the cold leg and downconer, if the buoyancy force is
sufficiently large, we can have recirculation, which increases thermal
stratification--cold fluid at the bottom of the cold leg moves toward the
downcomer and hot stagnant fluid is sucked from the downconer into the top of
the cold leg. Such a recirculating phenomenon was observed through flow
visualization in the experiment [22,23].

We see from Table 3 that at this junction:

e The 2-equation (k-c) model (Cases 3 and 4) predicts stable thermal
stratification with temperatures in close agreement (except at
Thermocouple L47) with experimental data.

* Although the base model (Case 1) predicts stable thermal stratifica-
]

tion, the degree of stratification is small compared with the
experiment.

e The 1-equation (k) model (Case 2) has the worst temperature profile
prediction. Cold fluid has not penetrated completely to the bottom
of the cold leg.

7.3.3.3 Transient Temperatures

From the results discussed in Secs. 7.3.3.1 and 7.3.3.2, it is clear that
the predictions of the 2-equation (k-c) model are better than those of the 1-
equation (k) and constant turbulent viscosity models. Although the addition of
volume-weighted skew-upwind differencing improves the numerical predictions,
the results obtained by using the 2-equation (k-c ) model only (Case 3) are
presented and discussed here to demonstrate the effect solely due to
turbulence modeling.

The comparison of the calculated and experimental temperature profiles at
three vertical sections during the transient, are shown in Figs. 8-10. Figure
8 is the transient temperature plot at the junction of the downcoiser and the
cold leg. Approximately 45 sec after the initiation of IFI, we see a quenching
behavior near the bottom of the cold leg (see readings. of thermocouples L48
and L49). Because of penetration of the cold fluid, the fluid temperature
drops about 5'C within 10 sec.

Figure 9 is the transient temperature plot for thermocouples at the core
barrel side of the downconer. The cold fluid leaving the cold leg directly
hits the wall of the downcomer, as illustrated by the transient temperature
plot of C8 and C9 in Fig. 9. Because Thermocouples C10 and C14 are located at
the downconer, .well below the exit plane of the cold leg, the quenching
behavior is not as pronounced as at locations of C8 and C .9

The transient temperature plots for thermocouples located at the pressure
vessel side of the downconer are presented in Fig. 10. The small disagreement-
between the computation and experiment may be attributed to the following:

e Non-isothermal conditions in the experiment at time t=0: Prior to
the initiation of the IFI, the temperature was assumed to be uniform
throughout-70* C. However, in the experiment, the initial
temperatures for most of the thermocouples were well below 70'C.

_.. _
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; For example, at t=0 sec., the temperatures for P , P , and P were2 4
i only 67'C.

e Heat losses to the surrounding during experimentation: If heat
losses to the surrounding area from the walls of the test section
had been small, such as for Thermocouple Pg7, the agreement would

t have been better.
;

7.3.4 Velocity Field

The vector plot of velocity profile at the central plane (y=0) at t = 254
seconds af ter the initiation of HPI, is shown in Fig. 11. At this time, the
downcomer temperature is very close to the mixed mean temperature, indicating
that an equilibrium has been established. Unfortunately, experimental data
are not available for comparison.

The important mixing patterns to note are:

< e Near the injector of the IFI , the cold fluid (17'C) from the IPI
mixes with the hot fluid (70*C) in the cold leg.

As the mixed fluid flows down the cold leg, the cold fluid from thee

top of the cold leg tends to penetrate to the bottom.

e At the junction of the cold leg and downcomer, the cold fluid is at
the bottom; hot stagnant fluid from the downcomer tends to enter the
cold leg at the top.

e In the downcomer, cold fluid impingee directly on the core barrel

i.
side of the downcomer like a wall jet.

e In the downcomer, after hitting the wall, cold fluid moves down
along the core-barrel side until the downward motion ir overcome by
the upward momentum of the buoyancy-driven hot fluid. This creates

j a recirculating flow in the bottom section of the downcomer. As a
result, the temperature gradient at the pressure-vessel side of the'

downcomer is relatively moderate.

| To illustrate the effects of buoyancy forces in the cold leg and
! downcomer, the corresponding vector plot, but prior to the initiation of IFI,

is shown in Fig. 12. Because the temperature is uniform, there are no
buoyancy forces. As the buoyancy forces do not exist, we do not see any
strong recirculating zones in Fig. 12 as we observed in the transient result
(Fig. 11). The recirculating zone in the injector, prior to the initiation of
IFI, is in the form of cavity flow.

7.3.5 Isotheras

The isotherm plot for y=0 plane at t = 254 sec is shown in Fig.13. The
temperature difference between two successive isotheras is 2*C. The tempera-

| ture gradient is very large at the IFI location. We see a stable stratifica-
| tion as the cold leg fluid approaches the downconer. The mixing in the lower
| part of the downconer is quite good.
!

, _ .__ - - _ .
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The isotherm plots for the core-barrel side and pressure side of the
downconer are shown in Figs. 14 and 15, respectively. he temperature
difference between two successive isotheras is 1* C. In Fig. 14, at the core-
barrel side of the downcomer, we see a relatively large cold zone. his, as
mentioned before, is due to the impingement of the cold fluid from the cold

j leg and subsequent downward flow motion of this fluid. At the top portion of
the downcomer, fluid motion is almost stagnant. Near the outlet of the
downconer, the fluid is well mixed. In Fig. 15, the corresponding cold zone
at the pressure-vessel side is much smaller than that at the core-barrel side'

because of the upward motion of the buoyancy-driven fluid along the pressure-
vessel side of the downcomer.
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! 8. CONCLUDING REMARKS

e Besides the simple constant turbulent viscosity model, three
additional turbulence models (0-equation mixing-length, 1-equation

. (k) and 2-equation (k-t ) models) have been incorporated in the
! COMMIX code, thus, extending the range of applicability of COMMIX.

e These turbulent models are provided as options, and the user may-

select the one that is most appropriate for his or her application.

For the three problems we have described, the 2-equation (k-c) modele'

predicts results that are best in agreement with experimental data.

For flow having a dominant direction and without recirculation, the*

0- equation mixing-length and 1-equation (k) models are generally
; adequate. However, for recirculating and buoyancy driven flows, the

2-equation (k-c ) model generally gives better predictione than the
0- equation mixing length and 1-equation-k models.

.

* In the third problem, thermal and fluid mixing in the cold leg and
I downcomer of a PWR, we have performed two simulations with the 2-

equation (k-c ) model. Although the results of both simulations are
in reasonable agreement with experimental data, the calculation with

j the 2-equation (k-c ) turbulence model and WSUD scheme agrees better
with the experimental results

e All of the simulations, except Case 4 of the third problem, were
performed with the the pure-upwind difference scheme, which might

| have caused some numerical diffusion. A new Volume-Weighted Skew-
Upwind Difference scheme has been implemented that substantially

; decreases the amount of numerical diffusion. A report describing i

the WSUD scheme has been prepared [24].i

:
I e There is no universal turbulence model; furthermore, a turbulence
j model is highly geometry-dependent. In addition, the results may
j also depend on the values of k and c prescribed at the inlet planes.
; Therefore, to further validate the turbulence models implemented in

COMMIX-18, more analyses in the pressurized thermal shock at.d other
applications are needed.

,
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