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PilYSICS OF REACTOR SAFETY

Quarterly Report ,

January-March 1984

ABSTRACT

This Quarterly progress report summarizes work done during
the months of January-March 1984 in Argonne National Laboratory's
Applied Physics and Components Technology Divisions for the
Division of Reactor Safety Research of the U.S. Nuclear Regulatory

Commission. The work in the Applied Physics Division includes
reports on reactor safety modeling and assessment by members of
the Reactor Safety Appraisals Section. Work on reactor core
thermal-hydraulics is performed in ANL's Components Technology
Division, emphasizing 3-dimensional code development for LMFBR
accidents under natural convection conditions. An executive
summary is provided including a statement of the findings and
recommendations of the report.
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A2015 Reactdr Safety Modeling and Assessment ,

A2045 3-D Time-dependent Code Development
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y EXECUTIVE SUMMARY,

.

'The'FPIN2 code is being used for parametric studies of LMFBR oxide fuel
i : pin failure.' An important feature in FPIN2 is the ability to calculate the'

" ' restraint on axial fuel expansion due to fuel / cladding binding when the gap
between the fuel and cladding is closed. Previous' calculations with FPIN1 and

SS M/ EPIC,E which did not include this effect, have been felt to overestimate
axial _ expansion of the molten fuel cavity which is a source of pressurization

~

affecting fuel pin failure. Indeed, FPIN2 calculations of a TUP with the
fuel / cladding gap closed at steady state show a 0.5% axial expansion of the
cavity and a total cavity volume decrease of 3% rather than the larger axial
expansions and. total cavity volume increases calculated by SAS/ EPIC (1.5%
axial, 6% total) and FPIN1 (7-8% aFial,.10% total). These differences in

' 1 cavity expansion could be significant in the determination of fuel pin failure_

time under TOP ccaditions. .

The BIFLO code for analysis of two-dimensional sodium boiling in a fuel
'

. assembly has been modified to implement a more implicit numerical formul,eion,
'an equation of state for pure sodium vapor, and lateral heat conduction

. between sodium flow channels. The modified code is being used to perform a
posttest, analysis of a flow coastdown performed in a 15 pin bundle in the

10PERA Facility.- A'one-dimensional simulation through the time of inlet flow
reversal has'been completed; stability problems are being encountered shortly

" ~
:after boiling in the two-dimensional simulation.

'
. . 'In the area of single-phase COMMIX development, the following four major

infforts were made'this quarter. They are:

Initia' tion of free surface boundary option.?+-

^

+y Implementation and partial validation of turbulence model for low
" ,Reynolds number flow.

,

.'' - * ' Interfacing of COMMIX-1B by establishing a master file and rerunning+

four test problems.
.

*;1 Implementation +f second fluid option with a desire to enhance COMMIX
' applicability to the analysis of Direct Reactor Auxiliary Cooling .

System (DRACS).
1

. .In'th'e COMMIX-2 development work, we have continued effort to simulate
German seven-pin problem with thermal-equilibrium model with slip. The results
cUsimuistion are in good agreement with most parts of the transient except

'

'
,

during:the-period (after power switch-off)~when condensation of vapor dominates.
FFurther. investigation of this problem suggested several modifications:

# ~

Different heat transfer correlation to account for the increase in*u

.

- " heat transfer due to liquid coolant film at the structure.

1 , - Use of extrapolated value of velocity at the phase boundary for+

convective terms instead of using pure upwind differencing scheme.
.g .

(

-, . . _ - - - _ , , _ . _ _ , . . . - -- ,m.____,-___--.. . . . ~ ,,,... _, _ .., . , - . . _ _ . , . , . _ , . . . , - - .-
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To reduce the energy imbalance and increase the convergence rate, we+-
.<

have added a term (that goes to zero when the convergence is achieved)
on both sides of the difference equation to increase the diagonal
dominance to the matrix of coefficients. ,

W:
These modifications have improved the results but the problem is not completely
: resolved. -Further investigations are being made.

~

In the area of two-fluid-model COMMIX-2 development, formulations have
;been completed, subroutines are written, and debugging has started.

,
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C' I. -REACTOR SAFETY MODELING AND ASSESSMENT

_ (A2015)1 >

Jn { '

. ?A.= 'lhael Pin Failure Studies (H. H. Hummel)
EY::

.

. . The' FPIN2 code has been made available to us by the developers and is
~

1being .used in parametric studies of pin failure in LMFBR oxide fuel. This
code represents a considerable' advance over FPINI in that it uses an improved

,.

inumerical procedure. involving use of finite elements. It also models crackP
volume,Lwhich'FPINI did not. A further advance is that restraint of axial

iexpansion'of. fuel by binding to clad when the fuel / clad gap is closad is an
available option. ~ 1The code is still rather expensive to run but is practical

- sto' use with judicious choice ~of computing priority.
e

-The FPIN codes are of particular interest in that they are the only'

'ones available to us that. model fuel stress relaxation in detail. LAFM +

1 as;an approximate treatment of stress relaxation involving use of a softeningh+

> temperature. The DEFORM-III module of-SAS4A currently does not have any
= treatment of fuel stress relaxation. An approximate model for this was

.

uq originally included, but.it, proved unsuccessful and was removed. FPIN2 will

a _ be'quiteruseful.inLjudging the importance of modeling fuel stress relaxation1

1.and the validity of approximate treatments of it.-

"

iA sealed cavity model is used to evaluate bCrst failure of clad in the
'FPIN' codes,1 n LAFM, and in the SAS codes,. including SAS/ EPIC. Definitions1,

eg , of thefcavity boundary. range from the point at which the fuel attains its
: solidus temperatur? to that_at which melting is complete. Assuming 0.50
Leelt fraction at the cavity boundary,is typical. -In the FPIN codes the fuel

.y isolidus~ temperature is used. Because the validity of' assuming a sealed cavity

f
'

.in a slow' TOP seemed,to us to be open to question, in SAS/ EPIC uniform
~

.
pressurization of~the-whole pin in the core region is also an option. A

J problem relating to the_ cavity.model we have been concerned with for some time
is the effect of fuel pin mechanics on the cavity volume. Pecause we did

ino~tLhave a' fuel dynamics calculationsLavailable in SAS/ EPIC,.we assumed that*

Ithe fuel atitheicavity boundary was displaced during the' transient from the
. original steady-state position according to free thermal expansion. This
itypically led;to a cavity expansion of about 6%, about 4.5% radial and 1.5%
axial.I ;FPINI tended to give about the same or slightly larger cavity- ,

expansions, up_tofabout 10%, but with all but 2 or 3% being_ axial expansion.'
:ItLwas-always' felt, however, that this axial fuel expansion was too large

'

te Ebecause:the' restraining-effect of clad was not taken into account. First
' ~resnits from FPIN2'for TOP cases with' fuel / clad gap assumed closed in steady

,
-state indicate-that this is indeed the case.. Axial fuel expansion calculated

. -f assus ng " fuel / clad binding when-the gap is closed and with-the plane strain' i,

INi impproximation always used in fuel modeling codes' amounts to only about-0.5%.
. Radialicavity expansion'up to the time of runaway plastic clad strain is

$b: _ rectually negative so that the cavity volume change:from fuel displacement is

INV~ ' about -3%.at the time burst failure conditicus are attained. This difference
~

- fin'. cavity volume at. failure from fuel displacement from previous resulta can
Hk

~

;be significant infdetermining failure time as it is about half'the fuel volume
' increase from eteadyJstate to melting'and is of the same order as typical fuel-!

, 2

- porosity.~- 'Different results may be'obtained for LOF-TOP cases because of
Q

.

,
,

.theipossibility'of_ opening ~of the fuel / clad. gap.

f

. 4, b

. . ~
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* Results from FPIN2 are found to be quite independent of time step size,

, which was~not the case for FPINI, and is reassuring with regard to the accuracy
loffthe calculations.. The balance between time step size and iterations

' '; required per time step seems to be such that it is advantageous to use time
- steps as-large-as possible without having the calculations fail.to converge.

B. ' BIFLO Code Development (P. L. Garner)
1

The BIFLO code is'being' developed for two-dimensional analysis of sodium:

boiling inia fuel assembly within the context of a whole-core teactor accident
analysis calculation. Work has continued on the recent code revisions which,

~

were made to implement a more implicit formulation of the equations, an
- : equation ~of state for pure vapor, and lateral conduction of heat between sodium

flow channels. Calculations are_being performed for loss of flow and total
Tinlet flow area blockage cases using both one- and two-dimensional fuel
- assembly models to assess the new modeling as it is developed.

~ A-posttest analysis of a sodium flow coastdown experiment, which was
performed in a 15 pin. triangular bundle in the OPERA Facility at ANL, has
continued. In the experiment 3, -localized boiling occurred 9.4 s af ter the

.

. start of the flow reduction; the localized boiling propagated to involve the-
,

full' bundle flow area'over the next 1.6 s. Initial reversal of the inlet flow4

= occurred 12.0 s after the start of the flow reduction; thereafter, the inlet
flow | oscillated at a frequency of ~2 Hz.,

- Difficulty has been experienced in trying to develop a characterization
of the OPERA Facility's hydraulics (especially for the region between the
sodium' supply vessel and the inlet to the heated pin bundle) in a form suitable ~~

- for use in BIFLO. This relationship must be properly modeled since the time
his, tory of the mass flow rate and the pressures are important factors in
determining the boiling initiation and progression; a simulation of the test -

needs.co be driven'by measured pressures which lead to the calculation of the
measured flow rate (rather' than being. driven directly by the measured flow
rate). .The pressure and flow rate data measured in the Facility for a series
of steady-state runs have been obtained from the experimenter in order to aid~

:

in this analysis. The-data are, unfortunately, rather scattered when converted
to mass flow versus pressure drop, which tends to amplify errors in absolute
pressure' measurement at low flow rates. Although the scatter in the data
precludes a definitive analysis, a hydraulics characterization has been
developed which will allow calculations to proceed.

- A oae-dimensional BIFLO calculation of this experiment has been completed
- which~showed sodium boiling at 11.8 s (which is, as is to be expected from a

~

,

one-dimensional model,'too late relative to the experiment), inlet flow
reversal at 12.5's (which is later than observed in the experiment but is
consistent.with the trend observed in pretest calculations 4 that a one-
~ dimensional ~ calculation overestimates the time of inlet flow reversal), and
= subsequent oscillations of the inlet flow at a frequency of 5 to 9 Hz. . :
Although.this one-dimensional calculation is not a particularly good repre-

i sentation of the two-dimensional behavior in the experiment, the calculation
- is useful for' comparison with one-dimensional calculations being peformed by

* .others.and as a base against which two-dimensional calculations may be compared.
Stability problems with the lateral momentum equaticu have arisen during the
process of performing a two-dimensional analysis of the experiment using BlFLO.

,

w - .~w re-n,- - w-,- . - .,.--,------e,,,-.----~_n--~ ,--,-,--,v--n---------, , -,ne.,.e-.e --,----w---------r,-- - - , , ,--m-v--m,,,--,
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The calculation has been stabilized prior to boiling by adding an extra
iterative sequence which performs a simultaneous solution of the axial momentum,
lateral momentum and state equations. Although the technique used is not

3
_ particularly efficient and does not provide sufficient stability after boiling
begins, the modification has allowed a two-dimensional analysis of the experi-
- ment to proceed. The two-dimensional BIFLO calculation shewed toiling initia-
tion at 9.5 s after the start of the flow reduction, which is in good agreement
-with the experiment result. The calculation became unstable over the next
- 0.1 s; various methods for restoring stability are being examined.

.
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II.. TIREE-DIMENSIONAL CODE DEVELOPMENT FOR CORE
THERMAL-HYDRAULIC ANALYSIS dF

, LMFBR ACCIDENTS UNDER NATURAL CONVECTION CONDITIONS .

A2045

'A . INTRODUCTION

The objective of this program is to develop computer programs (00MMIX and .
_ which can be used for either single phase or two phase thermal-BODYFIT)

: hydraulic analysis of reactor components under normal and off-normal operating
| conditions,- especially under natural circulation. The governing equations of
conservation of . mass , momentum, and energy are solved as .a boundary value
problem in space and as an initial value problem in time.

COMMIX is a three-dimensional, transient, compressible flow computer code
- for reactor thermal-hydraulic analysis. .It is a component code and uaes a
porous medium formulation to permit analysis of a reactor component /
aulticomponent system, such as fuel assembly / assemblies, plenum, piping
; system, . etc. , or any ' combination of these components. The concept of volume
porosity,. surface permeability, and distributed resistance and heat source (or
sink) . is employed in the COMMIX code for quasi-continuum thermal-hydraulic

.

. analysis.. It provides a greater range of applicability and an improved
! accuracy than subchannel analysis. By setting volume porosity and surface
-permeability equal to unity, and resistance equal to zero, the COMMIX code can
equally handle continuum problems (reactor inlet or outlet plenum, etc.).

.

B. 00MMIX-1A. COMMIX-1B, Single-Phase Code Development (M. Bottoni, F. F.
Chen, H. N. mi, T. miang, H. M. Domanus, R. C. Schmitt, W. T. Sha,

*

V.'L. Shah, and J. E. Sulliv.tn)

B.l. Free Surface Boundary Option

We are starting to c'evelop a "f ree surface boundary" option for
COMMIX-18. Several approaches that are reported in the literature have been
examined.

The Lagrangian representation of the free surface has been ruled
out on the ground that the constant deformation of the free boundary is not
suitable for COMMIX.

The Marker-in-Cell 5 (MAC) procedure requires a lot of computer
storage and is very sensitive to how the Marker's velocities are averaged.

-Furthermore, the Marker displacement, which traces the free surface movement,
. requires artificial (numerical) limitation to maintain a recognizable shape of
thd free surface. Such restriction may not suit the current fully-implicit .

framework of COMMIX-1B.

We have therefore, decided to develop a new scheme based on the
volume of fluid 6 (V0F) approach. The new method to be developed will be

*

fully-implicit and compatible with the COMMIX environment.

._ ._. -- _ . - - _ _ . _ . _ . _ . __ _ _ _.-_ _ _ _ _ _ _ , _ . . , . _ ,
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' B. 2 - . Turbulence Model for Low Reynolds Number Flow

Implementation --of the low Reynolds number version of the 2-
~ equation k . turbulence model into the COMMIX code has been completed. A new

_

' subroutine-called TKDLOW has been introduced for the calculation of additionals

-terms that arise in this model. A new variable called LOWREY is introduced to-

activata this'model -

. ITURKE = 12 and LOWREY = 0; High Reynolds number version of k-c
model

ITURKE ' = 12 and. LOWREY = 1; Low Reynolds number version of. k-c
,

model. i

Details of .the low Reynolds number version of the k-c model were

_

?discused in the last quarterly report.
' '

7 The results of an isothermal fluid in a circular duct at three
-different'Reynolds numbers are presented here to demonstrate the capability of

- Lthe low Reynolds version of the k-c turbulence model. Due to axisymmetry, the
"

flow is e two-dime _nsional. A total of 500 cells (10 in the r-direction and 50-

in;the z-direction) were used to model the geometry.

Figure '1 shows the axial velocity profile at Z/P = 48.0 (Z being
the ' axial distance and D being the pipe diameter) at Reynolda number equal to ,

W, 1000. ..Since the Reynolds . number is low and the flow is laminar, the results
*.

of ' using the high Reynolds number version of the k-c model (called model-2) |
~

are not good, whereas the results of the low Reynolds number-version of the k-
.c model (model-1) are very good. The results of model-1 are very close to the
results of '_ using the laminar flow model. However, if the Reynolds number

'

*:' . increases' to '10000. (turbulent ' flow), the results of model-1 are not as good as
J 'model-2, but the difference is small. The results of axial velocity at Z/D =

R 140.5 are presented 'in Fig. 2. The axial velocity at Z/D = 40.5 for Re = 3.38
5x.10 Eare' presented in Fig. 3.=

..

. The results of model-2 are very close to the experimental results
of Rd. -7; whereas the ,results of model-1 are' not good anymore. The reason
for [the _ bad results of model-1 can be explained. Since the near wall

: logarithmic: velocity profile is not used in model-1, the calculated turbulent
-viscosity near ' the - wall is . very small. Therefore, for the case of highly
' turbulent . flow, wall functions similar to .those used by the high Reynolds k-c

-

model are needed for model-1. = Further studies of model-1 especially for the-

-- case of. highly turbulent flow, will be done later. At the present, it is
concluded that. for the case of a natural circulation problem where flow may
-undergo. transition from turbulent to laminar or vice versa, the use of the low

J Reynolds ' number -- version : of ' the kc model is recommended. For the case of
highly turbulent. flow, we recommend . that the popular high Reynolds number

: version of -the k-c odel be used.>

7
'

B.3 Interfacing of COMMIX-1B

* 'In order to prepare the' release of 00MMIX-1B, version 1.0, a
master file of COMMIX-1B must be established. Since previous implementation
of new subroutines, involving turbulence modeling ' and various skew-upwind j

.2-
. .

1

~-.. _ ._ .- __ _ _ ----,, -
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difference schemes were based on version 12.0 of COMMIX-1A, an interface -

procedure between these new subroutines and the latest version (12.7) of
COMMIX-1A is required.

.

In the interface procedure, all the modifications to existing
subroutines and new subroutines were carefully examined. Several
typographical errors were found and corrected. At the present time, a total
of 16 subroutines have been added to modify COMMIX-1A to COMMIX-1B; six for
turbulence modeling and ten for skew-upwind and volume-weighted . skew-upwind
difference schemes.

A new master file for the COMMIX-1B has been established and is
now ready for release. The output summary related to the turbulence modeling
has been modified to provide a better output arrangement so that users can
check and verify the turbulence related parameters very easily. To simplify

.the input, the input block for turbulence modeling has now been incorporated
into the main input block - namelist data. This simplification is especially
convenient in the re-start process.

Since the interfacing procedure required thorough testing, we ran
four test problems to ensure that no coding errors have been introduced in the
new COMMIX-1B master file. An isothermal developing turbulent flow problem
was run to check the turbulence modeling section. To check various skew-
upwind difference schemes in the cartesian coordinate, a thermal mixing
problem of two fluids at different temperatures was used. The SAI thermal and
fluid mixing test was used to check both the turbulence modeling and the
volume-weighted skew upwind difference scheme in the cartesian coordinate.
Sample problem No. 2 of the released version of COMMIX-1A (CRBR outlet plenum .

simulation) was used to check the volume-weighted skew-upwind difference
scheme in the cylindrical coordinate. A bug was discovered and corrected in
the cylindrical portion of the volume-weighted skew-upwind difference ,

scheme. The last test problem (CRBR outlet plenum simulation) is a first test
problem for volume-weighted skew-upwind difference scheme in the cylindrical
coordinate for which no comparisons with test data have been made.

B.4 Second Fluid Opting

The other activity in the development of CDMMIX-1B is the
implementation of a second fluid option to analyze a system such as the Direct
Reactor Auxiliary Cooling System (DRACS). At the present time, the physical
properties of the second fluid are computed using the first order function of
temperature, such as:

DENSITY = FCOR02 + FCIR02*TC

VISCOSITY = FCOMU2 + FCIMU2*TC

CONDUCTIVITY = FC0K2 + FClK2*TC

where TC is the temperature in degrees ' C, and coef ficients FCOR02, FCIR02, --

FCOMU2, FCIMU2, FC0K2, and FClK2 are constants.

With the current capability of COMMIX plus the second fluid .

option, the analysis of DRACS, such as Na/Nak or NaK/ air heat exchangers, can
be accomplished.

- - - _-- . . - _ _ _, . _- - - -
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C. DEVgLOPMENT OF 00MMIX-2 (M. Bottoni, H. N. Oti, T. H. Osien, H. M.

Domanus, R. W. Lyczkowski, C. C. Miao, W. T. Sha, and J. E. Sullivan)

C.1 Thermal Equilibelum Model with Slip'

C.1.1 Properties of Water

A full set of functions ~ for calculating the properties of

water _as a coolant has been made available, beyond those for sodium which are
currently being used.- These functions have been tabulated and checked with a
program L independent of C000tlX. For the sake of completeness a list of all
functions used for calculating the coolant properties is given in Table 1.

C.I.2 Heat Transfer coefficient

In the one-dimensional case, a full transient calculation,
' . up to recondensation of the two phase flow region af ter power switch-off, is

now possible. The calcu .ated development of the two phase flow regime is in
good agreement with the experimentally recorded data, as long as power is on.
This-implies that the vaporisation dominates over the condensation of vapor in
the uppermost cold part of the test-section. After power switch-off, when the
condensation of vapor dominates, the agreement is poor, because the condensa-
tion of vapor is not modeled correctly. The pin to coolant heat transfer

-. coefficient is calculated with the same formula used for the single phase flow
region, which is not suitable in the boiling region.

, .

The existence of a -liquid coolant film at the structural
~'

_

enhances the heat transfer as long as the uurfaces are|and1 rod surfaces_

wetted.. To simulate this behavior, an equivalent liquid film thickness 6 has
'been calculated -from the known value of liquid volume in a cell ((1,

-

a )y V ' ,1g , eere y, is the volume porosity). The two phase heat transfer*<
,coelfcientisthencalculatedas

- h = f (W/s|20 )
~

C (1)

where k .is the ' liquid film thermal conductivity. When 6 is smaller than a
given sintaua value (typically 6,g, = 5 x 10 6 m) dry-out is assumed and the

'

2. heat-transfer coefficient drops to a very low value (typically 3000 W/m *C)
which takes into account the'residusi heat transfer due to radiation. A model
setting an upper boand ' to h, accounting for reaching the critical heat-flux
conditions, should also be developed. For the time being, the cond!. tion h <

2h ,,=.3.5 x 106 (w/m *C) is imposed.e
,

C.1.3 . Modification

Since July 1983, 00MMIX-2 (thermal equilibrium model with I

-slip) -has .been revised, restructured, and improved. For the sake of i
y

completeness, the most important of these program improvements are listed
'hereafter:

t

!1 (a) . As an alternative to the iterative Jacobi point-method of
solution of the Poisson equations describing the pressure f

_

and enthalpy ' fields, a direct solution technique based on',
t

I
- -. , - . - . - , . - . . - . - . - - - - - . - - - - - - - . - - , . - _ . --
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matrix- inversion has been made available. In more-
dimensional ~ cases, the matrix inversion is applicable in
case of a definition domain consisting of a square array

,,.(2D), or cuneisting of a parallelepiped (3D). He gain in
computer running time is by . a factor of two to three in '

the two-dimensional case.

.(b)- The double precision has always been used in 00MMIX-2
calculations. When applying the matrix inversion method,
the double precision is a compulsory requirement. '

(c) . he subroutines and functions 'needed for calculating the ,

physical properties of the two phase flow mixture have
.been completed and revised.

(d) . All physical properties of the coolant (liquid, two phase
. mixture, and vapor) are calculated only once per iteration
loop and that too in only one driving subroutine (PHYHEM).
.herefore, all physical properties are with reference to
the same values of pressure and specific enthalpy.

(e) he terms describing the momentum-slip and the energy-slip
for the cross-flow directions have been completely
programmed, so - that simulation of three-dimensional
problems became possible.,

(f) 'he term describing- the sonic propagation has been
linearized according to the formula: *

b= S M N* (2)\8h/p at +' ap/h 8t
' -*

8t

^
_(3) A new calculation of the two phase heat transfer

coefficient has been made, as explained above.

LWith these improvements, the bulk of the programming of 00MMIX-2 (equilibrium
'model with slip) is basically considered complete, although refinements of
~ detailed aspects (for instance, correlation for two phase pressure drops) will
- be continued.

C.1.4 Simulation of German 7-Pin Experiment of the NSK Series

With the '" Thermal Equilibrium with Slip" version now
~ available, several one-dimensional and three-dimensional calculations have
been ,asde for the 7-2/16 experiment of the NSK series. No numerical '

difficulties fere experienced in the 16-second transient simulation, i.e., up
to the end of simulated pump coast-down accident (from 0 to 16 sec. of problem

,

ties;= from 9.5 to 16' sec. in the two phase flow region). He agreement
between computed and experimental data is very good from boiling inception up
to power switch-off (coolant temperatures, spreading of two phase flow region.

- etc.). Csiculated vapor velocities attained about 30-50 n./sec both in one- *

and three-dimensional simulations. After power switch-off, the recondensation
of -the boiling region does not appear to be simulated correctly because the

. - . - - - -. - - - . . - . - - . - . _ - - . _ - - - . - - - - -
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.two- phase flow spreads unrealistically upwards. The 3D simulation is better
than the ID simulation.

r
. ..

During further investigation of problems of incorrect
simulation of. recondensation. of boiling region, two reasons for some
. inconsistencies were identified.

(i) Use of Upwind Differences at Phase Boundaries

#
The reasons for the incorrect behavior appears to be due,

to the application of the upwind finite-difference scheme at the boundary
between the two phase and the single phase flow regions. Let us assume, for
instance, that in the one-dimensional simulation, the coolant flows in the
upward direction. Then application of the upwind scheme to the lowermost mesh
of the uppermost liquid slug implies that we are using a vapor velocity (from
the . uppermost mesh in the boiling region) to calculate a liquid mass flow.
This produces an error of the order of magnitude of the slip ratio. Thus, the

_

mass flow at the phase boundary is overestimated and forces an erroneous
spreading of the two phase flow region.

This problem, related to the use of upwind differencing,
very' similar to the one that occurs when flow is sharply inclined tois -

coordinate grid lines.

An attempt to resolve this difficulty has been made by
computing the velocity at the phase boundary by extrapolating the liquid

,

j velocity .in the ' adjacent slugs. . This artifice works, and prevents the
spreading -' upwards ' of the two phase flow region, but introduces a local masso

imbalance and therefore convergence problems. It therefore seems necessary to
'

introduce a local modification of the upwind differencing scheme at the phase
#~ ~

. boundary. .

(ii) Energy Imbalance during Two-Phase Flow Calculation

The second reason appears to be that during the two phase
flow. calculation, the energy itabalance is generally large with peaks up to 10%
of the input power. The reason for this discrepancy has been detected,
although the problem is not yet completely solved.

The specific power released to the coolant is given by:

h = - la ( T, - T ) (W/m ] , (3)>

f
f

'

where.
wetted surface of the power-source structureA =

tT ,T, coolant and wall temperatures=g

- vg - volume of the fluid=

heat transfer coefficient.a =

y

The difference between two consecutive values of the
specific power at' iteration steps r, r+1 is given by

. _ _ _ . _ _ _ _ _
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= - f(T
# #~

g) (4)-T -

f
f f

- or, using
e- *

dT = dh/c (h = coolant specific enthalpy):o

= _- (h - h*) . (5)
~

.

f. f.cv
p

When convergence'of the solution of the energy equation

a .h =b (6)a .-h -

g
i=1

L is ; approac'ned, both sides of Eq. (3) tend to vanish. It is therefore

legitimate to add to the right and left sides of Eq. (4), the terms and
e

r+1 fp
, respectively (these terms are added by modifying the coefficients bo

tp
and s in Eq.:4). Ihfs artifice, which is used both in 00MMIX-1 and 00MMIX-2,o

9. provides the diagonal dominance to the matrix of coefficients of Eq. (4) and
thus enhances the convergence rate.

4- .

Unlike the single phase flow case where the speciff c heat
"c is well defined, there is the difficulty of correctly defining c for the ..p p
two phase mixture. Replacing the liquid value of - specific heat (which has
been so far erroneously used) by

.

p

(1 - x) + c .x (7)c =c .

Pa Pi Pg

(where x is the ' thermodynamic quality, and the indices i, g, and a refer to
liquid, vapor, and mixture, respectively) has reduced the energy imbalance
considerably. - However, the problem has not yet been solved satisfactorily.

C.2 Two-Fluid Model

The following system of basic conservation equations forms the
' basis of the theoretical and numerical development of the two-fluid version

f (referred to herafter as COMMIX-2/4).

a. Continuity Equation

The continuity equations written separately for the vapor
and liquid phases are -

Sp'
d + 7 . (p 'u ) = M , (8) .

8t gg

|

.

,-r - , _ . _ _ . . _ _ _ , - - _ . _ , , , - , , - - . . ~ _ , - , , , . - . . . , . _ _ , _ - . _ _ , _ _-. --__ ,- ---- __ .--- 7 - __. ,,w_-__. . . - - , . - - - ,
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# and
30

+ v Cais ) - -u . (9)at i,

, where M _is the coolant mass evaporating or condensing per unit time and unit~ -

volume; u , u are the phase velocities, and p ', pj denote the macroscopicdensitiesdef$nedby8 8

p ' = ap (10a)8 5,
- and

pj = (1 a) pg, (10b)

with a= volumetric void fraction,

p = vapor microscopic density, andg

pg y liquid microscopic density.

In a computational cell,'both evaporation and condensation can be present with
respective sources S,,, and S,c. In this case, M represents the net mass
balance given by

M = S,, - Sac - (II)

M is considered positive by net mass evaporation. The macroscopic density of
the coolant is defined by

.

p , = ap + C1 ~ ") # ~ #h + (l2}s 1

- b. Momentum Equations

-

The momentum equations for vapor and liquid phases are:
s

a(p;U)+Va (p 'u_ u_ )gg g

= M ( E - u ) aV p + Y + p ' g + K( E - u ) (13)g g g

and

a(pis,) __~

Cal"ii)+'- u.ae

= -M ( E - u ) - (1 a )V p + Y + pj j - K( E - E ) , (14):*-
g g g g

where a

___
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V,VA = nomentum density sources (in vapor and liquid) arising fromg
viscous dissipation, and

a'

K = drag function (to be specified).

c. Energy Equations

The energy equations for vapor and liquid phases are:

~

"S e

+ Y * (e S ) - e Vu = S ,g - S +9 +p g ie g L gg gg g g g

+K(u - U )2 + y . ( YaV T .) + V pv . (au + (1 - a) U ) , (15)g g

.

and
~5 e

-S +9 - R( T -T)pj g g + V . (e u ) - e S ,tV.u a
g ic 1 gg g g

L--

'

+ V . (K (1 a)?T ] + V W,g g
g

..

where

S,Sge = Sources to internal energy arising from evaporation org ,.

condensation (including latent heat release or
absorption),

Qy, Qg = heat sources in vapor, liquid,

e,eg = specific internal energy of vapor and liquid,g

R = heat exchange function, describing the transfer of
heat between fields,

K(U - u )2 = represents the effect of drag dissipation, which isg assigned completely to the heating of vapor,
_

pVe au = work arising from vapor compression,
g

pv . (1 - a)u = work associated with liquid acceleration, andg

Vgg, Vgg = energy sources arising from viscous absorption.
-

Combining the continuity and momentum equations (Eqs. 8 and 13 for the vapor .

phase, and Eqs. 9 and 14 for the liquid phase) with the usual ICE (Implicit
Continuous Eulerian) technique, one derives the following system of algebraic
equations for the velocity components (u, v, and w in the x, y, and a
directions, respectively) of both phases:

_ - _ _ _ _ _ _ _ . - . _ . _ _ .._ . _ _ _ _ _ . . __ _ _ _ . _ _ . _-
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u n+1 [n+1 n+1\
*

~( + }i+1/2,j,k O("A ~ "g f i+1/2,j ,k
Y*04 "1,1+1,j,k " "21*

* -dg(1 - a) { p p0 1+1.j,k * ( *

u n+1 / n+1 n+1
^

.

*0g * "g,1+1,j , k " "2g + (" + } i+1/ 2,j ,k
o ("A

~ "g i+1/2 j ,k
Y

-d a P PO i+1,j ,k *2g

i

v n+1 n+1 n+13
*

(" + Y*04 '1,1,j+1/2,k " V41 i,j+1/2,k O *1 ~ "g i,j+1/2,k
* ~

+-dg(1 - a) p p0 +1,k * (l7")

y n+1 - ^ f n+1 n+1

*0g * 'A,1.j+1/2,k " # g + (" + }i,j+1/2,k O (*1Y ~*
4 g i,j+1/2,k

"
(-d a

4g p4 p
0 1.j+1,k *

w n*1 [n+1 n+1)
*

*01 * "1,1,j,k+1/2 * "61 (N + )i,j,k+1/2 O ("A ~ "g /1 j,k+1/2Y~

-d6t (1 ' 0 ) P PO i.j,k+1 * ( "

2

-w n+1 / n+1 n+1)
*

"Og * "A ,1,j ,k+1/2 " "6g + (M + K)i,j ,k+1/2 o ("A ~ "g Jij,k+1/2Y

6g " P" P (-d
6 O 1,j,k+1 *

In Eq. 17 the indices i,j,k refer to the center node of a cell; n refers to
the time level, VO is the fluid volume in the cell, M represents the mass of
coolant vaporising or condensing (considered positive by vaporization), K is a
drag function (to be developed) between the phases, and the other coefficients
a0, d, and w are the COMNIX usual symbols (see Ref. 8).

Moreover, two discrete Poisson-like equations are obtained
.for describing the pressure distribution in the separated phases

I

O'PO i "i * P =bA. (18a)a ~

0
1

.:, s

af p" ~E a = bf . (18b)O i
pe

1

a t
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The coefficients of the Poisson-equations for the
separated phases have been derived analytically, and are given hereaf ter for
ths liquid phase

t

A=-
g (1 - a) (pjA) d (19a) (

a . .

1-1/2,

A
(1 a) (pjA) 2 (19b)da =- .

2 ,i+1/2
A

(1 a) (pjA) 3 (19c)da =- .
3

.j-1/2
,

I

a4=- (1 a) (pjA) 4 (19d)d.
. . ,

j+1/2
.
.

A

5 (1 a) (pjA) 5* CI'*)da =- .

.k-1/2.
. .

. " , = - (1 a) (pjA) 6* (III)de

.", - a*1 + *2 + '3 + * +* + '6 (20)
,

= - 3- {p 'i p 't
V "+l "8b +'

at \ c oi *\
<o

p ' A'"
. .

g NI(M + K) (u -u)+ Vo .
.

-
g,

"oi.1+1/2 .i+1/2
.

~

o ' A' '
g '+I

(M + K) (u -u,)Vo +- .
g,

* t 1-1/2 1-1/2o.

pjA'
~

.

el(n + g) (y
#)

+ Vo .y. .
gy

* t.J+1/2- J+1/2o ..

p ' A'
.

~
. ,

g r+1[g + g) [y .y)Vo- .
y

"ot j-1/2 .j-1/2
.

~

p j A' .

r+1g + g) (w, . ,)+ Vo . ,

,

* t,k+1/2 . k+1/2 ,o.

~

p/A' .

r+1(x + g) ( ,* ,)Yo ,- .
, *g

* t. k-1/2 .
k-1/2o.
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g ^ -

+ (p 'A)i-1/2 * - (p 'A)i+1/2 * "24 + (p 'A)i-1/2 31 *#
11

6
- (p ' A)P1/2 44 + (8 '^} k-1/2 - (p ' A)k+1/2 61 * (#

51

It will be remarked that in case a = 0, p ' = p M=K=
'O,'and Eqs. 19 through 21 reduce to the usual ones for the kingik, phase flow
calculation.

Similar formulas far the vapor phase are cbtained simply by replacing
*

pj = (1 - a) p with p' =up ,,; g

(1 a) with a , and

(M + K) with -(M + K).
,

. Assuming that.a no pressure gradient between the phases exists in a cell, Eqs.
-20 and 21 can be summed to give a combined Poisson equation ;

6 |

A+88 A+a8g p =bA+b8 (22)-[ga
0 P a

0
1

Equation 22 can be solved numerically with the usual Poisson solver, thus [O: . yielding the coolant pressure distribution. i

The system (17) can be solved algebraically, wich respect
O' to the velocity components, to obtain the following solution.

E. n+1 1 KL2 . XG3 + XL3 . XG1
"i+1/2,j ,k " XL1. XG1 - XL2 XG2 * ( "}*

|

n l,A , YL2 YG3 + YL3 . YC1 |
a

23b)1.j+1/2,k YL1 . YG1 - YL2 . YG2 * '

n+1)1,j,k+1/2 * ZL2
203 + ZL3 201

( *}
.

'
ZL1 ZG1 - ZL2 ZG2 *

l
*

n+1 g XL1 . XC3 + XL3 . XG2
"i+1/2.j,k " XL1 . XG1 - XL2 XG2 * ( }

@- n+1 3 * XL1 . YG3 + YL3 . YC2 (23e)1.j+1/2,k YL1 YG1 - YL2 . YG2

b n+1j , ZL1 ZG3 + ZL3 ZG2
(23f)1 j,k+1/2 ZL1 ZG1 - ZL2 ZG2 *

i

,

y

_ . _ _ _ _ _ . . _ _ _ _ _ _ . . _ _ . . - - -
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[ .In Eq. 23, the symbols are defined as follows:

El = "a04 * Y (M + K)i+1/2 j ,k *o ,

.XL2 = V (M+K)i+1/2.j ,k *o
^

XL3 - u -dh (1 - 8) P P *g

XG1 = Ya0g * Y (M + K)i+1/2,j,k *o

XG2 4 XL2 .

XG3 = u -d a P P *
2g 2g

YL1 = Va04 + Y (M + K)i,j+1/2,k *o

YL2 = V (M+K)i,j+1/2,k *o

YL3 = v -d4t(1 - a) P P *4g

YG1 = Va0G + Y (H + E)i,j+1/2,k *o

YG2 = YL2 .

p[ pYG3 = v -d a .

4g 4g

ZL1 = "a04 * Y (M + E)i,j,k+1/2 *o ,

ZL2 = V (M+K)i,j ,k+1/2 *o

ZL3 = w ~d6t(1 - a) P P
**

61

ZG1 = "a0g + Y (H + K)i,j,k+1/2 *o

ZG2 = ZL2 .

2G3 = w -d a P P *
6g 6g

So far, the following subroutines have been programmed
^

oftheliquidI(aUIRTL) 3 (a DU6L) from the x-componentCalculates u and dXMOMIL :
momentum.

IMONIL : Calculates v4g (s VIRTL) and d4g (I DV6L).
^

ZMONIL Calculates. wg (I WlhTL) and d *
64

~

XHOMIG : Calculates u2g (a Ul TG) and d2g (I DU6G).
'

8 ('YMONIG : Calculates v (s VinTG) and d *
4 4 -

^

2MONIG : Calculates w (a WIMTG) and d * ##0 *
6g
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PF.QNL : Computes the coefficients AC0Fei, AC0FIL AC0F6L, BC0FOL....

for the pressure Poisaon equation derived from the liqui 3
momentum equation.,.

PEQNG : Computes the coefficients ACF(G, AC0F1G.... AC0F6G, BC0 FOG for
the. pressure eq. nation derived from the vapor momentum equation.

.

w

4

.)
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Table 1. List of Functions used to Calculate Coolaut Physical properties

| FUNCF1018
.

:WRWS : -To signal the presence of sodium or water properties. !

Coolant, specific heat at constant pressure Cg.- @ LIQ :

@VAF : Vapor specific heat at constant pressure Cpg.
DRODIE. : Derivative of liquid density with respect to enthalpy at

constantpressure(3pg/3 h)p .
DRODIIF . : Derivative of vapor density with respect to enthalpy at ?

constant pressure (3p /3h)p.g

DROOPL Derivative of liquid density with respect to preasure at
constant enthalpy (Sp /ap)h*g -

'

DRODFV -: . Derivative of vapor density with respect to pressure at
constant enthalpy (3p /3p)h*g

IE.IQ Enthalpy of subcooled and saturated liquid.
. IIVAF : Enthalpy of saturated and superheated vapor.

FSATI : Coolant pressure p = p(T) at saturation temperature.

.ROLIQ Liquid coolant density at saturation pg.
: ROVAP : Vaper density at saturation pg.

SURTEN : Surface tension of liquid coolant c.
'

. TitCLIQ Thermal conductivity of liquid coolant K .g

TitCVAP : Therasi conductivity of vapor K . ry

g = T (h, p). *;TLIQ Temperature of liquid coolant T g

TSAT11 : Coolant saturation temperature T1 = T (p).g

-TVAF : Coolant vapor temperature T =Tg (h, p). jg

DFSADT : Derivative of saturation pressure with respect to i

temperature [Sp(T)/3T).
DISPL Derivative of liquid coolant enthalpy with respect to

pressure at constant temperature (3h /3pjT*g

DIEFV ~ Derivative of vapor enthalpy with respect to pressure at
constant temperature (3h /Sp)T*y

VISLIQ Liquid coolant viscosity ut " Wi(T).
Vapor' viscosity ug * p (T).VISVAF : '
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