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TURBULENCE MODELING IN THE COMMIX COMPUTER CODE
by

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

ABSTRACT

The report describes the three additional turbulence models
[0O-equation (mixing length), l-equation (k), and 2-equation (k-£)]
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 1s 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 analyses 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

22



CONTENTS

ABsmm........-.......I....Q.......................'..........'.....'.

LIST OF FIWRES..........‘...CO...I.....'..Ol..............'.........'..

LIST OF TABLES...................'.'..................Q...'...‘ﬂ‘..'....

EXEUUTIVE SWY............................'..........................

l.
2,

3.

5.

6.

7.

INTRODUCTION s eessevessssssansssssssssssssnssscenssnsssssssssenssas
BACKGROUND ON TURBULENCE MODELING::csssscecscscoscssscscssssnssncss
GOVERNING EQUATIONS:cseescessasscsssssscsssssssssssssssessssnssnses
APPROXIMATION OF REYNOLDS STRESSES:sssvcssosscccasesssscnsssconnenn

Z-BQUATIw (k1) MODEL................"‘.........’..........
l-EQUATION (k) WEL.'....‘.........................I........
O-EQUATION MIXING-LENGTH MODELccsvscsecccsscscsscsscssssssscss
TURBULENT DIFFUSIVE FLUX FOR ENERGY EQUATION::ceesssccssccsse

PR
S W N -

MSPORT EQUATIONS OF Z-EQUATION (k"i) HODELonooo---u.ooootooooooo

5.1 HIGH REYNOLDS NUMBER FLOW MODEL:cscccscocccccssscosssooscoscss
S.1.1 Tr‘nsport Equation fOTr Kisceoocoscsscnsssccnoscsnness
5:1+2 Trmlport &lu‘tion fOT Covssvssssssosnnsosnssssssnses

5.2 Lm REWOLDS NMF‘R nw HODEL...................'..'.'......

BOUNDARY mNDITst...........I'............................‘......

ol SYMMETRY BOUNDARY:csssocoscocococsocscscssscsssscsssssessssscnsss
. INLET AND OUTLET BOUNDARIES:ccccoscccsccosscccsscsssssocscnssses
3 WALL-FUNCTION TREATMENT ccccvccccsccccoosscsssescscccssosssses
6.3.1 Wall Shear Stress in the Momentum ku‘tlonnacoo.ooooo
6.3.2 Wall Heat Flux in the Bn‘fgy hu‘tion.ocgooooooooooco
6.3.3 Turbulence Quantities k and ¢ Near a Solid Wall......

L= A -

m“lm smuurlo"s...‘...................'.............."......
7.1 ms ENT m INAPIPE....................’........‘.......
Problem N'Ctiptioﬂooooocooooooooooonocoo.ouooooo-ooo
Solution Procedur@.csssssssososssscosssssssssnsssssss
Results and DiscussioNeicscvssvscossccoscsossscessscoss
7.2 FLOW IN A CIRCULAR DUCT WITH SUDDEN EXPANSION:ssvsesssssscess
2.1 rroblem Descrip’ iOfesssscoscssnvsosssssssosssissnsssse
2.2 Solution Procidur@ssesscsvecccssscocsssssssssssssssss
2.3 Results and DiscussionNiiceccccsccccscsscssssssscssnse

UN—-S

iii

~ NN w

WO N~

11

11
11
11
12
12
13

14

14
14
14
14
17
17
17
19



CONTENTS (Contd.)

7.3  THERMAL AND FLUID MIXING IN THE COLD LEG AND DOWNCOMER

0
7
7
7
7
7

WUWUU
U'&NN’-

F A WRI..............‘..l............'......'Dl..’.....l...

Problu m.cription.....'............................
Solution Procedur@cscscsccscccsccoccscsosssssscssssncs
Comparison with Experiment.cccececssscssssccccssssses
veloclty Fi‘ld.............................'....'....

I‘othem.......................................l....

8. mNa‘UDING ms...................l....'.Q..'.."..I....'.."...

Amwl‘aocmms.............................I.............l............

REFERENCES...Q..Q........................‘.........................Q....

iv

19
19
23
26
32
32

39
39

40



10

L

12

13

14

15

LIST OF FIGURES

Model of a Near-Wall Re810n R e

Development of Velocity Prof’le at Two Axial Locations
in a Pipe (Re - 338.000)-.0.onnoooo.oooocoooloooooo-.c.n.oo.ooo"o-

Model Geometry of Isothermal Turbulent Flow in a Sudden Expansion

(rolri - 2.0)..0.0.0l......lCOO..........0.l.l........l......i...lb
Axial Velocity Profiles Downstream of a Sudden Expansion..seevesees
Normalized Fluctuating Energy Downstream of a Sudden Expansion.....

Vector Plot of Isothermal Turbugent Flow in a Sudden Expansion
(rolfi - 2.0. Reri - 2-186 x 10 )oo-.ooo.o-ooooooooooooc.oooooooooo

Model Geometry of Cold Leg and Downcomer used in SAI Thermal
and Fluid Hixing TeBLossesososssnssssssssssssssesssessonssncsesssons

Vertical Centerline Profiles of Transient Temperature in
Cold Leg at Entrance to Downcomer = TeSt lessssecsssscsssssccsssses

Vertical Centerline Profiles of Transient Temperature at
Core-Barrel Side of Downcomer = TeSt lecccccscsssosvsssssscsssssses

Vertical Centerline Profiles of Transient Temperature at
Pressure-Vessel Side of Downcomer - Test Llosssosssosecsensosssennsse

Vector Plot of Velocity Profile with 2-Equation k== Turbulence
Model at t = 254 sec after HPI at y'O Plan@ssssesesssssessssssessns

Vector Plot of Steady-State Velocity Profile with 2-Equation
k== Turbulence Model pl’lol’ to WPI at y.O Plan@ssossosssssssssssnsnne

Isotherm Plot at t = 254 sec after WI at y"O Plan@ccsscosssvssoss

Isotherm Plot at t = 254 sec after HPI at Core-Barrel Side

Of DOWDCOMBL o c 0605506050806 08000000650000066006080060600888006088000668

Isotherm Plot at t = 254 sec after HPI at Pressure-Vessel
Side Of DOWNNCOMBT e s 0600600005500 000000080000080086080800088080068060

15

16

18
20

21

22

24

29

30

31

13

35

37



TABLES

Summary of Test Conditions and Relevant Parameters for Test
l of SAlL Nll-ﬂ.ight Thermal m‘lng Elp!l‘il‘nt.....................

Comparison of Temperature Profiles at Junction of
Stl‘light and Divetglng Sections of Cold l‘g Crs BN EEAERERSEE R RN RR RS

Comparison of Temperature Profiles at Junction of Cold Leg

‘nd mcmfo‘oooaooooooo.ooonoo'ocooooo-oocooooooocooc‘..ooonoooa

vi

Page

25

27

27



EXECUTIVE SUMMARY

COMMIX-1 computer code has been developed for three-dimensional, steady-
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 COMMIX-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
have implemented three additional turbulence models in COMMIX-1B (the extended
version of COMMIX-1A). They are:

Zero-equation mixing-length model,
One-equation (k) model, and
Two-equation (k- ) model.

Furthermore, in the two-equation (k-=) model, we have provided two possible
options: (1) high-Reynolds number flow model and (ii) low-Reynolds number
flow model. 1In 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
conservation equations.

The present report describes, after a brief background on turbulence
modeling, the governing equations and formulations of the three turbulence
models. We have also presented the results of three numerical simulations
performed for the validation The problems simulated are:

Turbulent flow in a pipe,
Flow in a circular duct with sudden expansion,

- Thermal and fluid mixing ir the cold leg and downcomer of a
pressurized water reactor.

These validation efforts were motivated by the need to implement a better
turbulence model 1{n the COMMIX codes for the analysis of theraal mixing.
Accurate predictions of thermal mixing is important in resolving the so-called
pressurized thermal shock issue, which has been an urgent safety issue in the
nuclear industry(22,23,25].

It may be concluded that the implementation of three additional
turbulence models has augmented thes applicability of COMMIX code. We can now
perform ana'ysis of recirculating, highly buoyant, and thermally stratified
turbulent flows with COMMIX.



l. INTRODUCTION

COMMIX-1B, the extended version of COMMIX-lA, 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 pnysical effects due to the presence of
stationary structutes in a flow domain. The concepts of volume porosity and
directional surface permeability account for geometrical effects. Volume
porosity is defined as the ratio of volume occupied by fluid in a control
volume to the total control volume; directional surface permeability is
defined as the fraction of the control surface in a given directioa through
which the fluid flows freely.

In the development of COMMIX-1[3] and COMMIX-1A[4], we implemented, for
simplicity, a constant turbulent viscosity model to account for the turbulence
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-hydraulic
characteristics. However, in other cases, this simplified approach of
turbulence modeling is inadequate.

Recently, we were engaged in determining the thermal mixing in a PWR cold
leg and downcomer with a high-pressure injection system that is assoclated
with the so-called pressurized thermal shock issuel22-25]. During the
analysis, we observed that for moderately high Reynolds numbers and low Froude
number, the interaction of buoyancy and turbulence plays a very important role
in characterizing thermal stratification. A simple constant turbulent
viscosity model 1is not adequate to predict the essential thermal-hydraulic
behavior in such highly buoyant, turbulent flows.

Therefore, three additional turbulence models have been implemented in
COMMIX:
Zero-equation mixing-length model,
One-equation (k) model, and
Two-equation (k=) model.
These are provided as additional options for users of COMMIX. These new

turbulence-model options have extended the capability of COMMIX to predict
system performance over a wide range of operating conditiocus.

To validate the rew turbulence models, several numerical computations
have been performed and the results were compared with experimental data. In
this report, a brief description of these turbulence models is given and the
results are presented for the following three numerical simulations:

Isothermal turbulent flow in a pipe,

Isothermal turbulent flow in a duct with abrupt expansion, and

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



We can see from the comparisons that the turbulence models implemented in
COMMIX, are capable of analyzing recirculating, highly buoyant, and thermally
stratified turbulent flows reasonably well.

2. BACXGROUND ON TURBULENCE MODELING

The subject of turbulence has attracted countless researchers over a
period of more than 80 years. In 1895, Reynolds proposea that a fluid
particle in turbulent flow is in randomly unsteady motion. He averaged the
Navier Stokes equation over a time-scale that 1is long compared with the
turbulent time scale, and derived the equations that describe the mean
turbulent motion. Why then has the problem of turbulence not been resolved
completely? It is due to the following three major difficulties:

] The appearance of the time-averaged correlations, such as 9“1“3' in

the governing equations, give rise to the so called “closure”
problem. Here p denotes flulid density, uy and u; are the
fluctuating velocity components in the coordinate directions Xy and
Xy respectively and the overbar denotes the time averaging. The

correlations, pu‘uj. are known as "Reynolds Stresses”. The Reynolds

stresses are very important in any turbulent shear flows and are the
source of analytic difficulties.

- 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 may
extend over meters or even kilometers. Important details of
turbulence are small-scale in character (although it 1is not the
details but the time-averag:d consequences that are of interest in
practical appplication). As a result, the computational nodes
required to resolve small-scale motions of turbulence will far
exceed the storage capacity of the curreant computers. The
corresponding computer running time also will be unfzasibly long.

B An aiternative to small scale turbulence details is to employ some
form of turbulence modeling wherein we need to solve time-averagcd
equations of motion along with a set of transport equations of
turbulence quantities, e.g. == k- the turbulence kinetic energy, ¢~
the rate of dissipation of k, etc. It is only now with recent
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 Prandtl[5]. Here, we refer the mixing length hypo~
thesis as a O-equation model because it does not require solution of any
additional equation.



In 1945, Prandtl[6] suggested a more general approach than the mixing-
length hypothesis. His new approach 1is generally referred to as a one-
equation turbulence model. In this model, the square root of the turbulence
kinetic energy, k, is the characteristic fluctuating velocity. To determine
the value of k, we need to solve its transport equation. Since then, many
one-equation turbulence models have been proposed. The transport equation for
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.

Undoubtedly, one-equation models generally produce more reliable results
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 tc the suggestion of two-
equation turbulence models.

There are several two-equation turbulence models: k=, k-2, k-W, etc.
The symbol k is the kinetic energy of turbulence, ¢ is the dissipation rate of
turbulence energy, ¢t 1is a macroscopic length scale of turbulence, and W {is
interpreted as the time-averaged square of the velocity fluctuations. Among
the two-equation models, the k-t model, proposed by Harlow and Nakayama[9| and
Jones and Launder[10], is the most widely used.

The next level in turbulence modeling is represcated by the complex
Reynolds stress models[ll-l14]. These models are still in the development
stage. We have therefore programmed in COMMIX only the 0=, 1=, and 2-equation
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 O- to l-equation,
from 1- to 2-equation, and so forth, we are adding more and more complexity to
the computer programming. Computer cost increases with the increase in level
of turbuience model. So during the selection of a turbulence model, we must
balance the amount of desired increase in accuracy with the additional cost of
computing.

3. GOVERNING EQUATIONS

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

) ] -
e *aw, (0U) =0 e
3l al -
- i apP 9 e x
9(5—"“3“;; i R A TR 8
. au,  av au

2
and l’u-u 5—;"55—'-1 -’Guus-.:. (3.3)



Here, U, represents the instantaneous values of velocity, P is the instan-
taneous static pressure, p is the instantaneous density, x's are the Cartesian
coordinates, gi‘ls the gravitational acceleration vector, y is the molecular
viscosity, and ?1 is the stress tensor. We note that the instantaneous
density is touin)d 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.,

-

u1 - u‘ + Uy o (3.4)

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

t +T
o -

U =lmg [ U de, (3.5)
Tew to

The averaging time T is chosen 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.

After 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:

U
| [t
5t *al* 0, (3.6)
au U P 3t dpu,u
it | b B ® = G- o sl
ont P (a: el a:,) ix, ” T T ol . (3.7)

Equation 3,7 1s generally known as the Reynolds equation. The correlation
terms, pu,u,, in Eq. 3.7 are called Reynolds stresses. They represent
addiuonai {ounn- 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
equations do not form a closed set[14,15].

4. APPROXIMATION OF REYNOLDS STRESSES

To make the turbulent flow a closure problem, many turbulence models have
been proposed to approximate the Reynolds stresses. The central idea in most
of the turbulence models, except the Reynolds-stress model or algebraic stress
modeling, is the employment of artificial turbulent viscosity M to account
for the additional diffusional flux due te the turbulent motion. To do that,
the Reynolds stress term in Eq. 3.7 is expressed as
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where u, 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 problem that remains to be solved is the derivation
of turbulent viscosity u,. The following section will describe the derivation
of y, in three different turbulence models (2-equation, l-equation and O-
equation).

4.1 2= EQUATION (k=) MODEL

In the k< model, turbulent viscosity u, is computed from the relation

Cpk2

o d .
\lt ¢ . (6 2)

Here, CU is a constant having the recommended value 0,09,

ad
ot &7 (4.3)
is the turbulence kinetic energy,
du, du
- Wl
E Wy pe— - (‘.‘)
ax, 9
'j 'j

is 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 ¢
(Sec. 5) and then compute the turbulent viscosity u, from Eq. 4.2,

4.2 1-EQUATION (k) MODEL

In the l-equation (k) model, the turbulent viscosity is computed also
from Eq. 4.2 as in the k< model. However, instead of solving the transport
equation for ¢, we calculate it using the relation

¢ 3/4 K 3/2
€ - 'JLTF“' N (4.5)
Here, the length scale £ is related to the distance y from the wall as
L =xy . (4.6)

In Bq. 4.6, x 18 the von Karman constant and its recommended value is 0.42,



In the case of multidimensional flow with more than one wall co-existing,
the value of y, used to compute &, is the nearest distance from a wall. In
addition, a cutoff value of y is either 0.175 Dy or a preassigned length,
where Dy is the hydraulic diameter.

4.3 O-EQUATION MIXING-LENGTH MODEL

In the O-equation wmixing-length model, the turbulent viscosity 1is
computed from the relation

1/2
au_fau au

The mixing length £ 1is evaluated in the same way as in the l-equation (k)
model (¢~y). In the O-equation mixing-length model, we do not solve any
transport equation of turbulence quantities.

4.4 TURBULENT 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 thermal conductivity,
Agsr 18 computed from

u . C
;t._c!.z, (4.8)
h

In Eq. 4.8, is the specific heat of a fluid and oh is the turbulent Prandtl
number for thermal energy transfer. The recommended value for o, is 0.9.

5. TRANSPORT EQUATIONS OF 2~EQUATION (k== ) MODEL
In the 2-equation (k=) model, as mentioned earlier, we need to know the
values of k and ¢ to determine the turbulent viscosity (g We present here
the derivation of two sets of governing differential equations designated as
high=Reynolds~-number flow model and low-Reynolds-number flow model.
5.1 HIGH REYNOLDS NUMBER FLOW MODEL
5.1.1 Transport Equation for k

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

o(;-:-'lw, :—:—:')--%{—-.ujﬁl-h:(pu‘uj - ougu)

i ]

o{-;’- .(‘: o;:t)o.'.‘. (5.1)
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where p' denotes the turbulent density fluctuation and p is the fluctuation in
static pressure. In this study, p' = = pfT', where § 1s the volumetric
coefficient of expansion and T' is the fluctuating temperature.

After multiplying by uy, time-averaging Eq. 5.1, and using the deftattion

k , we obtain

. % Wy

5, /i, 3
o o b ...3 2’1.;17,- _"1(_“1,_:,1)

u g, ~u
it jtx’ 1%y 3, 1 % ax |3, " A%,

A B C

ax, (¥ \ax; T i 2 Py Syl

,I_u(i.k_,f_“ﬁ)-,m-— (5.2)
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Equation 5.2 1s the exact form of the transport equation for k. Here, the
terms are
A ¢ source due to mean shear,

B : buoyancy interactions,

€t loss of k throvgh viscous dissipation, and

D : diffusive transport of k and randomizing action of the pressure~
strain correlation.

We can see that Eq. 5.2 has the closure problem. After adoption of the
gradient-transport notion|[l4), Bq. 5.2 may be written as

u
D%‘%*D%‘}E'“*%-u#}; ;Ltu)‘. . (5.3)
J J . b
Here,
U, /3L au
P "V i‘;:(i:‘:’r:})] (5.4)
is the source due to mean shear and
M

is dur to thermal stratification. The term containing oy in Eq. 5.3 repre-
sents the diffusion of ks o) is calied the turbulent Prandtl number for k.
The recommended value(12] for o\ is 1.0,



5.1.2 Transport Equation for ¢

The exact form of the transport equation for ¢ is obtained by taking the
derivative of Eq. 4.1, with respect to Xy and multiplying it by

“ 3 |
1\.(—“1-0- u).
“3 O:i

The resulting equation 1is discussed in detail, by Daly and Harlow[l6],
Hanjalic and Launder|(ll), and Lumley and Khajeh-Nouri[17]. The only feasible
approach toward devising an ¢ equation 18 to apply both intuition and
intelligent dimensional analysis. The ¢ equation contains several empirical
coefficlents that require adjusting to account for different behaviors of
different shear flows. The equation proposed by Jones and Launder(10] and
Daly and Marlow[17] 1s

e u
p%{-*p uja?-cl{-(rk+q‘)—czﬂ{—+g7"-(c—f+u)%“-; " (5.6)

Here, the source term Py has the same form as Eq. 5.4; the second term on the
right {s the dissipation term, and the last term represents diffusion. The
variable o0_ is the turbulent Prandtl number for ¢, the recommended value[ld)
is 1.3, ho coefficlent of the production term, C;, is normally chosen by
reference to near-wall turbulence, whercas the coefficient ¢ is determined
from the decay of grid turbulenie. The recommended values of C, and C, by
Launder et al.[19] are 1.44 and 1.92, respectively.

5.2 LOW REYNOLDS~NUMBER FLOW MODEL

In the 2-equation (k=) turbulence model for high Reynolds number flow
(Sec. 5.1), the low Reynolds number effects are assumed negligible.
Consequently, the special treatment, called wall function (Sec. 6.3), 1is
required for the near-wall regious where the low Reynolds number effects are
not negligible. In addition, the high Reynolds number flow model 1is not
suitable for the analysis of problems wherein the mean flow Reynolds number is
low.

To remedy these deficlencies, Jones and Launder[10,18] have developed a
low Reynolds number version of the 2-equation (k-¢) model. This 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 ¢ of the low Reynolds number model of
Jones and Launder[10,18] are:

3 AL u,}};-rpq‘-n +§-,7 (;-:n)ﬁg - a({-,:'ﬁ)(&:ﬁ) (5.7)

and
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The turbulent viscosity is computed as

b ® &, Q;“i - (5.9)

The constant, Cq, in Eq. 5.8 has the recommended value of 2.0. The functions
!u and f2 are

‘u - Cu exp [=2.5/(1 + lt/SO)l (5.10)

and

2

f,L = Cz “00 - 0] .l’(‘lt )lo (SQl‘)

2
Here, R, is the turbulence Reynolds number, defined as

2

L.
R ®0e ° (5.12)

The constants (“.. Civ Gy oy and 0, have the same value as the high-Reynolds-
number k<« wmodel. If R, is much greater than |, 'u approaches (’1‘ and f,
approaches (;.

The additional term
“m 1/2
-&(“j )(%.J )'

in the k-equation in the low-Reynolds number wmodel, {ncreases the
computational stability of k-equation|[19). In the equation for ¢, the term

v z’u‘ O:U‘
ch hjh‘ hjijl':

in Eq. 5.8 is included to account for the increasing importance of the laminar
diffusive transport.

It may be emphasized here that for a low-Reynolde~-number model, no
special treatment for near-wall regions (Sec. 6.3) is required. However, in
otder to fimprove the results of numerical computation, fine mesh may be
required in the regions near a solid wall, _
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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 SYMMETRY 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 kiretic energy k. , can be obtained from the
measurement if it is avallable.

For the uniform inlet velocity Uy., ky, can be estimated as follows:
R, * o.oowin . (6.1)
The inlet dissipation rate of turbulence kinetic energy €4n is

g, ® el (6.2)

where £, is the length scale at inlet.

[f the profile of mean velocity at inlet plane 1is known or can be
guessed, ‘tn is estimated from

T [(g-g)z + (g—g)z] i (6.3)

U is the mean velocity component in the.main flow direction. e, 1s computed
from Eq. 6.2

6.3 WALL-FUNCTION TREATMENT

In the immediate vicinity of a solid wall, there is a large variation in
the values of turbulence properties. Therefore, to predict the correct values
of momentum flux, energy flux, and the gradients of k and ¢, we apply a
special treatment called the wall-function treatment. In this procedure, we
fwplicitly account for steep variation near a wall and avold the need of using
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a fine mesh. This procedure is described here briefly; more detailed infor-
mation can be found in Sha and Launder|l4].

6.3.1 Wall Shear Stress in the Momentum Equation

The illustration of the model used for a near wall region is shown in
Fig. 1. P 1s the node adjacent to the wall and outside of the viscosity-
affected zone (viscous sublayer), NP is the node next to P, and the distance
Yo 18 the distauce from P to the wall. The sublayer thickness y* is deter-
JneJ such that the Reynolds number lt at the edge of the region is ~ 20,

1/2
l. H L"L.-"_ - 20 . (60‘)

s v

The level of turbulent kinetic energy k* at y* is obtained by linearly
extrapolating the values of k, and ky, to y = y*:

u--5+—r—_—(5-u (6.5)

p "P).

Based on the ulumuon 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. The modified wall
shear stress, in lieu of the normally calculated value, is

sk UZUP € C 1/4

-t (6.6)

w ln(“? il:% KPIH)

which is deduced from the velocity profile

u

; gy, ¢ M4, 12
/2 _ =1/6 1 P P
1'5"'9 K ¢, = tn - ' (6.7)

The constant E has the value of 9.0 and is the velocity parallel to the

wvall at uode P, The shear stress r.lcuhtcdp from Eq. 6.6 18 assumed invariant
from node P to the wall.

6.3.2 Wall Heat Flux in the Energy Equation

In the energy equation, the heat flux near the wall is wodified using a
logarithmic temperature profile. The modification for the wall heat flux is
similar to that made for the wall shear stress in the womentum equation except
that an additional term is introduced to include the resistance of the laminar
sublayer. For the case of a laminar Prandtl number Oh, of the order of | or
greater, the wall heat flux is
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1/2 _ 1/4 -
L G )

, (6.8)
W 1 By, © 174 u9'72
;—ln ' + P

v f

g ag
P = 9u24( b o) [ B /e (6.9)
h h,t

In Eq. 6.8, h is the enthalpy and subscripts w and P represent the values at
wall and node P, respectively. Py is generally referred to as P-function and
o I8 the turbulent Prandtl number for thermal energy transfer, as defined
previously.

where

For the case of a low srundtl number, such as liquid metal flow where
9.3 18 in the order of 107%, the turbulence contribution to the wall heat
f!ﬁl is small., The temperature profile between the wall and node P can be
ascumed linear.

6.3.3 Turbulence Quantities k and ¢ Near a Solid Wall

For treatment of the transport equation of k, the diffusive flux from
node P to the wall is first set to zero. The production term P, in the k
equation is modified as

b, %, Up/yp 3 (6.10)

instead of using meau shear, v, is the modified wall shear stress computed
from Eq. 6.6.

In the transport equation of ¢, the dissipation rate at node P 1is
computed as

C
€ --H.__k.';_. (6.11)

instead of solving the transport equation for €. In addition, the average
value of ¢ 1is computed by integrating the nonlinear variation of ¢ for the
near-wall cell. Thus,

y.
¢ - | edy
’. 0
3/4 K 3/2 Ey C 1/4 K 1/2
.‘SL-_..JE._. e
‘,. in v ’ (‘012)
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where Yo is the value at the edge of control volume of node P as shown in Fig.
l. The value of ¢ 1s used to evaluate the dissipation term in the equation
for k for the near-wall cell,

7. NUMERICAL SIMULATIONS

To validate the new turbulence models in COMMIX, we have performed
several numerical simulations and compared the results with the experimental
data. The results of the following three numerical simulations are presented
in this section,

Isothermal turbulent flow in a pipe,
. Isothermal turbulent flow in a Jduct with abrupt expansion.
- Thermal and fluid mixing in the cold leg and downcomer of a

pressurized water reactor,

7.1 TURBULENT FLOW IN A PIPE
7.1.1 Problem Description

The developing turbulent flow in the inlet reglon of a straight pipe is
the first problem considered in the validation of turbulence modeling by the
COMMIX code. The Reynolds number (Re = pw,D/u) is 3.38 x 105 where D is the
diameter of the pipe and w, {8 the uniform mean velocity at the inlet. The
measurements of axial voloc‘ity profile at various locations were performed by
Barbin and Jones|[20].

7.1.2 Solution Procedure

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 ¢ were not reported, the assumptions based on the
uniform inlet velocity at the inlet as described in Sec. 5, were applied. The
fully fmplicit numerical scheme was used. Three different simulations were
performed using the following turbulence models:

. 2-equation (k= ) model.
. I=equation (k) model with maximum cut-off length scale = 0.175 xDye
. Constant turbulent viscosity model with y, = 500 y.

7.1.3 Results and Discussion

The development of axial velocity profile at two different axial
locations (z/D = 16,5 and 2/D = 40.5, z being the axial distance) with
different turbulence models are shown in Fig. 2. The predictions of the 2~
equation (k=) model are in very good agreement with measurement., Because the
separated flow does not exist, the predictions of the l-equation (k) model
with cut-off length scale t_. . = 0,175 «Dy, Dy being the pipe diameter D, is
also in good agreement with measurement. ‘a the constant turbulent viscosity
model, the axial velocity profile approaches, as expected, the fully developed
parabolic profile at z/D = 40,5,
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7.2 FLOW IN A CIRCULAR DUCT WITH SUDDEN EXPANSION
7.2.1 Probles Desceiption

An lsothermal fluld with uniform velocity w, enters a circular duct,
having abrupt expansion r /ry = 2, as shown in Fig. 3. The operating
conditions in the m:urvodt'o experiment [21] are:

Fluid 1 Alr.

Inlet velocity (w,) t 30.48 w/s.

Inner radius (") 1 0,05 w.

Outer radius (r, ) % t 0,108 m.
vr

Reynolds ousber (Re = —-3—*) 1 24186 x 108,

Temperature A t Constant.

The inlet conditions were not reported by (haturvedl but were assumed to be!

Temperature 1 25%¢C,

Inlet turbulent kinetic energy (k,.) @ 0.001 "oz‘

Inlet Dissipation Rate of 4 - 2

Turbulence Energy (e ) ! 5""1"“_'
in

We selected this problem for presentation here because!

. Experimental measurements are avallable,

. A turbulence model is needed to analyse complex recirculating flow
downstream of expansion, and

- It will demonstrate that a 2-equation (k=) turbulence model
provides better prediction of separated flow,

7+2.1 Solution Procedurs

Due to axisymmetry, the flow (s two~dimensional. We used a total of 500
cells (10 in r-direction x 50 in z~direction) to model the geometry, The
COMMIX~IA fully~implicit numerical scheme was used to analyze the problem,
2::; different simulations were performed, using the following turbulence

'Y

®  Constant turbulent viscowity (u, = 500 y),

. O-equation mixing length model,

. I~equation (k) wodel (cut-off length scale = 0,175 «r,), and
B 2-equation (k=) model.
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Fig. 3. Model Ceometry of Isothermal Turbulent Flow in a Sudden
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7:2.3 Results and Discussion

The calculated and experimental mean velocity profiles at three down~
stream locations (w/r, = 1.0, 3.0, and 8.0) are compared in Fig. 4. We can
see the following from these compar sons:

- The 2-equation (k=) model has the best agreement with experimental
data; the maximum difference is less than 103 (except for the reglon
fear the will). Agreement s extremely good at z/r, = 8.0,

. T™he predictions of the O-equation mixing=length and |-equation=k
models are not as good as those of the 2-equation (k=) model; they
may be consldered as marginally acceptable in the entrance region
(#/ey, = 1, 3) but become poorer in the far downstream reglon.

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

- T™e 2 equation (k=) model is needed to correctly predict highly
secondary flow,

- “he 2-equation (k=) model predictions are closer to experimental
data than those of the l-equation (k) model.

. Inside the recirculating sone, the predictions of both the 2+
equation (k=) and l-equation (k) models are not as good. This may
be because the presont turbulence models are based on the assumption
that turbulence is Lsotropic. In the recirculating sone, the eddies
Are very strong and the assusption of isotropy will not held,

= Far downstream, where the eddies are not very strong, the pre-
dictions of the 2-aquation (k=) model are In very close agreement.

The comparisons of turbulent intensities at three axial locations are
presented in Fig. 5 The vector plot, showing the valocity fleld based on the
Z=equation (k=) model, is presented in Fig., 6. We can see & recireulating
tone downstream of expansion. As the flov progresses downstresm, the
recireulating eddies gradually disappear.

7o) THERMAL AND FLULD MIXING IN THE COLD LEG AND DOWNCOMER OF A PWR

7001 Probles Description

So far, very fev applications of turbulence models have been made for the
analysis of nonisothermal transient flows; most applications are limited to
stoady lsothermal flows., The example we have considered here (s a transient
computation involving thermal and fluld mixing in the cold leg and downcomer
of & WR. This problem has an important application to the pressurized
thermal “hock Lesue, which has an urgent safety lasue In the nuclear industry,

A M e T
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Figure 7 illustrates the geometry of the cold leg and downcomer used in
the EPR1-SAI thermal and fluid mixing experiment[22]. The objective of the
experiment was to investigate the buoyancy-driven thermal mixing in a geometry
simulating 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 downcomer. Approximately one-fifth of the way down from
the entrance, a cold fluid at 17°C from High-Pressure Injection (HPI) enters
the cold leg at an angle of 60°, as shown in Fig. 7. At the injection
section, the cold fluid is at the top resulting in an unstable thermal
stratification . As both fluids flow down the cold leg, cold fluid slowly
penetrates to the bottom of the cold leg before it reaches the downceomer.
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 ccld leg were modeled using
the concept of irregular cells instead of using a conventional zig-zag
approximation.

7.3.2.2 Four Simulations

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

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

Case 2: l-equation (k) model.

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

- Stable thermal stratification is continuously increasing temperature from
bottom to top; unstable thermal stratification 1s having some cold fluid
above the hot fluid.



244m (&)

305m
()

Fig. 7. Model Geometry of Cold Leg and Downcomer used in SAI Thermal and Fluid
Mixing Test ('.' indicates thermocouple locationm).
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Table 1. Summary of Test Conditions and Relevant Parameters for
Test 1| of SAI Full Weight Thermal Mixing Experiment
Parameter Value

Average flow rate
Average flow rate
Inlet temperature

Inlet temperature

of cold leg
of WI (after injection)
of cold leg
of HWI (after injection)

Ratio of loop flow rate to HPI flow rate

Inlet velocity of cold leg
Inlet velocioty of HPI
*a’alc.
Rea‘-_—.—_.
-’
vCL
FrCL - o
i w1~ PcL
CL (P *P )2
A
vHPI K~—l
Fr - &
MIX > "wir
£ 'a

10.6 2/s (168.5 gpm)
1.0 /s (16 gpm)
70°C

17°¢c

10.6

0.0913 w/s

(.0258 m/s

3.8 x 104

0.44

0.04
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Case 4: 2-equation (k-=) model with Volume-Weighted Skew-Upwind
Difference Scheme.

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

Prior to the initiation of HPI, isothermal steady-state conditions were
obtained. After that, the HPI was introduced at time t = 0O, 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 l-equation (k) model (Case 2) and 2-equation (k-t) 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-e) 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:

® Experimental data rlow a stable thermal stratification; cold fluid
from HI has completely penetrated to the bottom of the cold leg.

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

. The l-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.

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

= The 2-equation (k=) 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.



Comparison of Temperature Profiles at Junction
of Straight and Diverging Sections of Cold-Leg
(Time = 119 sec after Initiation of HWPI)

Location Baza Modal k-t Model k-= Model l-Equation (k)

(Thermocouple #) Experiment (gt = 0,06 pa=-s) without with Model without

VWSUD VWSUD VWSUD

L36 (Top) 65.6°C 64.9°C 60.7°C
L37 65.8°C 65.1°C 61.9°C
L 65.3°C 54 .4°C 65.0°C 63.9°C
64.3°C 54 64.8°C 66.4°C

64.6°C b4, 64.5°C 68.6°C

* be2® 64.1°C 69.8°C

(Bottom) 62.3°C 3 63.8°C 69.9°C

No reading reported.

fable 3. Comparison of Temperature Profiles at Junction
of Cold Leg and Downcomer (time = 119 sec after
initiation of HWPI)

P - Base Model k-« Model k- Model l-Equation (k)
(Thermocouple #) Experiment (y, = 0.06 pa-s) without with Model without
VWSUD WSUD WSUD

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
L46 64.1°C 64.7°C 65.0°C 65.4°C 63.5°C
L47 2.2°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 6.1°C
L49 (Bot om) 64.4°C 64.3°C 64.4°C 64.1°C 67.1°C

]

-
No reading ‘reported.




At the junction of the cold leg and downcomer, 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 downcomer 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:

- The 2-equation (k<) model (Cases 3 and 4) predicts stable thermal
stratification with temperatures 1in 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.

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

73.3.3 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-€) model are better than those of the l-
equation (k) and constant turbulent viscosity models. Although the adlition of
volume-weighted skew-upwind differencing improves the numerical predictions,
the results obtained by using the 2-equation (k- ) 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 downcowmer and the
cold leg. Approximately 45 sec after the initiation of HPI, we see a quenching
behavior near the bottom of the cold leg (see readings of c(hermocouples L48

and L49). Because of penetration of the cold fluid, the fluid temperature
drope about 5°C within 10 sec.

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

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

- Non-isothermal conditions in the experiment at time t=0: Prior to
the initiation of the W1, 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 Py, P,, and P were
only 67°C. 9

L 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 P17, the agreement would
have been better.

7.3.4 Velocity Field

The vector plot of velocity profile at the central plane (y=0) at t = 254
seconds after 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
dre not available for comparison.

The important mixing patterns to note are:

. Near the irjector of the HPI, the cold fluid (17°C) from the HPI
mixes with the hot fluid (70°C) in the cold leg.

o As the mixed fluid flows down the cold leg, the cold fluid from the
top of the cold leg tends to penetrate to the bottom.

o 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
side of the downcomer like 1 wall jet.

® In the downcomer, after hitting the wall, cold fluid moves down
along the core-barrel side until the downward motion i~ overcome by
the upward momentum of the buoyancy-driven hot fluid. This creates
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 HPI,
is shown in Fig. 12. Because the temperature 1s 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 cbserved in the transient result

(Fig. 11). The recirculating zone in the injector, prior to the initiation of
HPI, is in the form of cavity flow.

7.3.5 Isotherms

The isotherm plot for y=0 plane at t = 254 gec is shown in Fig. 13, The
temperature difference between two successive isotherms is 2°C. The tempera-
ture gradient is very large at the HPI location. We see a stable stratifica-
tion as the cold leg fluid approaches the downcome.. The mixing in the lower
part of the downcomer is quite good.
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The isotherm plots for the core-barrel side and pressure side of the
downcomer are shown in Figs. 14 and 15, respectively. The temperature
difference between two successive isotherms is 1°C. In Fig. 14, at the core-
barrel side of the downcomer, we see a relatively large ~old zone. This, as
mentioned before, is due to the impingement of the cold fluid from the cold
leg and subsequent downward flow motion of this fluid. At the top portion of
the downcomer, fluid motion i{s almost stagnant. Near the outlet of che
downcomer, 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.



[sotherm Plot at t=254 sec after HPI at Core-Barrel Side of
Downcomer (isotherm interval = 1°C)

TIME: 254.0 SEC.
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8. CONCLUDING REMARKS

= Besides the simple constant turbulent viscosity model, three
additional turbulence models (0O-equation mixing-length, l-equation
(k) and 2-equation (k—=) 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-t) model
predicts results that are best in agreement with experimental data.

« For flow having a dominant direction and without recirculation, the
0- equation mixing lengih and l-equation (k) models are generally
adequate. However, for recirculating and buoyancy driven flows, the
2-equation (k- ) model generally gives better predictions than the
0- equation mixing length and l-equation-k models.

k] In the third problem, thermal and fluid mixing in the cold leg and
downcomer of a PWR, we have performed two simulations with the 2-
equation (k== ) model. Although the results of both simulations are
in reasonable agreement with experimental data, the calculation with
the 2-equation (k-t) turbulence model and WSUD scheme agrees better
with the experimental results

o 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
the WSUD scheme has been prepared[24].

3 There 1is no universal turbulence model; furthermore, a turbulence
model is highly geometry-dependent. In addition, the results may
also depend on the values of k and ¢ prescribed at the inlet planes.
Therefore, to further validate the turbulence models implemented in
COMMIX~1B, more analyses in the pressurized thermal shock ard other
applications are needed.
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