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Outline

Code development and validation process
CATHENA — Network code (AecL,Ha,NBP)
TUF — Network code (opPG,BP)

ASSERT — Sub-channel code (AecL)

MODTURC-CLAS — Moderator code
(OPG,AECL,BP,NBP,HQ)

NUCIRC — Network code (AECL,0PG,BP,HQ,NBP)



Introduction
Definition:

“A code is a mathematical representation of the
physical world which allows simulation of system
design and performance”

Code Development Methodoloqgy:

 Perform small scale tests to develop understanding of a
physical phenomena

 Write mathematical model to capture understanding

* Integrate series of physical phenomena models into a code to
describe behaviour of system or component

* Perform integral tests on system or component under
controlled conditions to test code (validation)

* Define uncertainty of code predictions

« Apply code to simulating performance of system or
component within range of validated conditions




Safety Analysis Codes

WIMS, RFSP
DRAGON

CATHENA,
ASSERT,MODTURC
NUCIRC

ELESTRES,
ELOCA, TUBRUPT,
MAAP

SOURCE, SOPHAEROS,
SMART, ADDAM

REACTOR PHYSICS

THERMALHYDRAULICS

FUEL & FUEL CHANNEL

FISSION-PRODUCT
BEHAVIOUR

CONTAINMENT




Safety Analysis Codes Interfaces

cansient - power transient
- power transien

- coolant characteristics

- header boundary
conditions

- power transient - thermalhydraulic boundary

conditions

- pressure tube strain

- post-contact pressure tube/

- local moderator calandria tube behaviour
behaviour - high bullding pressure trip

- ECC conditioning signal
- activity release

l

- fuel/sheath temperatures

- metal/water reaction

- fission product inventory
distribution

- fuel failure

- fission product release

- weather scenario

- release height/location ‘
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Safety Analysis Codes

INITIAL CONDITIONS
RFSP - Fuel Burnup
ORIGEN - Radionuclide Loading

NUCIRC/CATHENA - Thermalhydraulics/Materials/

Fuel Temperature

MODTURC_CLAS - Moderator

Fuel Conditions

Discharge to Containment

v _Channel Discharge

Containme

CONTAINMENT/RADIONUCLIDE BEHAVIOUR

EIL ESTRES - Fuel Condition
v LOCA Initiator
THERMALHYDRAULICS Coolant PHYSICS
| Density/Temperature 1 wIMS-AECL - Lattice
CATHENA - coolant conditions . Fuel Temperature 5 MULTICELL - Supercell
- discharge rates i i RFSP - Kinetics, Power

l Discharge to Channel Fuel Temperature Neutronics
FUEL CHANNEL/MODERATOR Cooolant [y
CATHENA - Oxidation, ELOCA -Transient Fuel Temp

- Thermal Conditions PT Heating COREFPR - Fission Product Release
MODTURC_CLAS - Moderator Temp. ORIGEN - Fission Gas Inventory
TUBRUPT - Calandria Loading Source Term to

nt

Y

GOTHIC - Pressure/Temperature/Flow
SMART - Leakage/Discharge
- Radionuclides
Aerosols

Source Term to Environment

DISPERSION & DOSE
PEAR - Dilution
- Mixing

- Doses
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Thermal Hydraulics Codes

NUCIRC/CATHENA
Coolant Fuel Temperature| Reactor Material
Conditions Temperature
Discharge to CATHENA
Containment -Stratified Flows | Core Physics
-Local Flow Conditions
-ECC Timing
-Natural Circulation
-PT Temperatures
-Fuel Temperatures
Discharge through channel | | Fuel & fuel channel conditions

Fuel Channel/Moderator

Discharge to Containment

A

Y

Containment/Radionuclide




CATHENA

CATHENA is a one-dimensional, two-fluid thermal-hydraulic
computer code designed for the analysis of two-phase flow and
heat transfer in piping networks

The acronym CATHENA stands for Canadian Algorithm for
THErmal-hydraulic Network Analysis

The primary focus of the development has been on the analysis
of the sequence of events which occur during a postulated loss-
of-coolant accident (LOCAs) in a CANDU

The code has been applied successfully to the simulation of a
wide range of thermal-hydraulic problems, from test facilities

The hydrodynamic model used in CATHENA is a one-
dimensional, two-fluid non-equilibrium representation of two-
phase fluid flow

The model consists of individual mass, momentum, and energy
equations for the gas and liquid phases together with flow-
regime dependent constitutive relations that describe mass and
momentum, and energy transfers across the interface and
between each phase and the piping walls (energy)



CATHENA - Conservation Equations

Mass equation
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CATHENA - Non-condensable Equations

Mass conservation equation
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CATHENA - Horizontal Flow Regime Map

Fa = W,Fs+(1 - W,)Fy

1 W, =1.0 1.0 = W, = 0.0 W, =0.0
(stratified) (transition) (mixed)

lc| j*<10 [0< j* <100 7 =100

Ip Jr < Jf.min Jrmin = Jf < Jf.max Jf = Jf.max

2 [UF<075] 075<UF <1.0 U =1.0
“ a, > 0.1 [0.1: 1 x 107 [, < 1 x 1077

Y —

3 .
4 C* < 1.0 ]. n < 5.0 C" = 5.0
5 .{" - 1.0 1.0 ;.{,-j = 11.0 U* = 11.0
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CATHENA - Inclined Flow Regime Map

W,=1.0
(annular)

1.0 = W, = 0.0
(transition)

W, = 0.0
(mixed)

i < 3.0

,h = 5.0

a, = 0.8

08> a, > 04

w, =04

U¥ < 1.0

1.0 <UF < 11.0

U= 11.0

L sl b —

lve| < vy

v < |vg| < v

vr| = v
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CATHENA - Mixed Flow Regime Map

Youd Fraction

Dispersed Droplet

0.8 —

0.6 —

Transition Regilons

0.4 —

0.2

Dspersed Bubble

0.0

| |
2300 F000
Mass Flux 7 (kg/m’-s)
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CATHENA - Heat Transfer Logic Diagram

Thermalhydraulic node conditions
passed to GENHTP (flow regime,
orientation, fluid type, channel
type, fluid properties).

Identify surfaces attached to node.
Determine integration method and
inferred scheme used in wall models.

Determine liquid contact fraction
with wall surface (flow regime, o, v).

Determine location on boiling curve.
Identify heat transfer correlation to
be used. Calculate surface heat
trans fer coefficients.

Calculate surface heat fluxes.

Update wall model temperatures
(radiation, solid-solid contact,

surface heat fluxes, radial conduction,
circumferential conduction).

Integrate wall heat transfer to fluid
(previously calculated heat transfer
coefficients and new wall temperatures).
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CATHENA - Calculation Sequence

{ CATHENA J

Input file, input wstart
'4 . P P

Read lnpllt File fileand data files

. and Initialize Arrays

A Timestep contml

information for screen

lblinf_Iah: Fluid Properties| | - a.

For "B E-DO" all
variahles are reset
to their previous
time value

Y

Update System Control Mndclﬂ—’ System cantrol
:} LIS file
Update GENHTP Models J———)ﬁiﬂ“i‘n‘T{’,;},‘{}ﬁ'
M

¥

Ejalculatc Finite-Difference Cncﬁicicnts]

\ Thi.‘r!11-:l|hf-'{|rilll|i{
Llpdatc "OUTPUT! Mf}dﬂli] data in LIS file

_Eilvc Sparse Finite-Difference Matri@

P
Timestep Control
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CATHENA - Gas Mass Equation
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CATHENA - Gas Energy Equation
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CATHENA - Gas Momentum Equation
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CATHENA - Liquid Mass Equation
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CATHENA - Liquid Energy Equation
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CATHENA - Liquid Momentum Equation
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TUF — Two Unequal Fluids Code

State-of-the-art system thermal-hydraulics code for
transient analysis of CANDU Nuclear Generating
Stations (OPG and BP owned)

Uses Eulerian approach, which uses time and space
coordinates as independent variables

One-dimensional conservation equations of mass,
momentum and energy obtained by averaging the
three-dimensional, instantaneous equations over
time and over the cross-sectional area
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TUF - Overview

THERMAL- HYDRALLIGS

- DWE FLINO MCOEL

- SIMFLIFIED TWO-FLLID MODELS

- TG FLUID MODEL

REACTORA PHYSICS

- POINT KINETICS

HEAT CONMDUJCTION

- FIFMG WALL

- BOILER TUBE

- FRESSUREFCALAMNDRLA
TURE

- FLAEL PINE

CONTROL SYSTEMS

= UMIT CONTROL

- AEACTOR REGULATION

- STEAM GEMERATOR
PRESSURE CONTROL

« AEACTOR SHUTDOWN SYSTEM

SPECIAL COMPONENTS

= PLIKP

- WALVE

- PRESSURIZER
- BOILER

SPECIAL MODELS

= CRITICAL FLOYE
« BWELL CALCULATICHS
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TUF — Modeling Options

LOCAL
INETANTANEDLUS
AFFROACH

APPICATIONS OF

‘-

THREE DIMENSIONAL

INTEGHAL TECHMIGUES
VOLUME ELEMENT

MACAOSCOPIC BALANCE
EQUATIONS
TIME AND AREA
AVERAGING
3 VAPOLUR
3 LIGLID COMSERVATION
ECILIATEOMS (ane dimersian
Do Simaamional EOMETITUTIVE AND
*—-— JUBAP EORDITION
EQUATIONS
OME DIMENSIONAL
MIXTURE EQLIATIONS
OTHER DYMAMIC
EQUATIONS FOR PHASIS
VELOCITIES AND TEMPERATURE
LINECILUAL DY TARTID
TEMPERATURE SLIE ﬁg gﬁrms
iy (usy
COMPLEXITY OF
EQUATIONS
RELATIMG
PHASIC
ECHANL ERAPLIFIED VELOCITIES &
VELOCITIES & LMEDUAL AT TEMPERATLUREES
HEM (EVED) (SUT)
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TUF — General Conservation Equations
Mass conservation equation

d d

ﬁﬁm*p#+ﬁﬂu#plv#-;4ﬂmk

Momentum conservation equation
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TUF — Jump Conditions & Mixture Equations

ZAm, =0
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=[]
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d aW
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TUF — Mixture Mass and Energy Vapor and
Non-condensable Equations

Vapor Mass
dM
¢« LW -L W-+T-T
in ° out ° -
Vapor Energy
du, o,
?""’P?’f}“aws‘ifﬂnwa*r“w'um

+Qu+ Qu+Q

oa

Non-condensable Mass

aM, ¥
=3 W-Y w-+r, -+T
at  ip out oo

Non-condensable Energy

au da
3,V a
5 P

-E hlwl-E hlwl-a,ﬂ'l-ﬂﬂl*ﬂllf
in out
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TUF — Mixture Mass and Energy Liquid Equations

Mass equation

dM,
— =3 W-Y W-T-T,
da i out

Energy equation

all okx
.:fr, +vp?’-2 h W -Y hW,-Th,+Q,~Q+Q,~Q,
in out

Jump condition

[ (P - h) + Qp+ Qu+ Qu+ Qp+ Qp + Qy = Q,, ~ Q,

o
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TUF — Momentum Conservation Equations

Vapor and non-condensable equation

1 |9W, 3 ap da,
ﬁ[ar " Cogs W "'4‘]* 3 * % WP - poP) S = Fu B,

Liquid equation

1 |9W, p 9 da,
I[T + C, 5‘5 (W, VJ}]"‘ E’E +T.:E o, (o-p) + (p-p) o Fon + E;

Mixture momentum equation
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TUF - Flow Regime Selection Logic

-

Is Flow Single Phasa 7 Yes s Vapour
p Mo Licuid
Is Flaw Countar-current 7 Yas sl AnAular Flow
Tw »= TmF Wapaur on VWal
Ma Tw-c T'r:HF Liguid an 'Wall
Y
45 T“:". T EHE T | \I'a: (= ] |:|.2 t'liplmﬂd
™| m<=02 Inversa Annuular
* Ma {vapour on wall)

|z Flow Horizontal 7

¥ Mo

ts Flow Stagnani 7 Yea

f No

Chack Which Reglon Flow iz in According to
the Verical Mag

Bubbile

Slug

Mis1

Churn - Turbulant

Annular

Lol

Is flow Stagnant 7 _..“3_.,_.._

v

—

Check Which Raglon Flow is in According te
tha Haorzental Map

Stratified

Slug

Annular

Churn - Turbwant

Bubbia

Disporsad Droglat

Varlically Stagnant Flow

Harizontally Stagnant Flull
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TUF - Vertical Flow Regime Map

Mass Flux (kg/m"2-sec)

2500

Bubbly Churn-Turbulent Mist
g
=
S| g
Bubbly Slug 2| =
| | | |
0.0 0.5 1.0

Vold Fraction o
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TUF — Horizontal Flow Regime Map

Mass Flux (kg/m"2-sec)

2500

175

Bubbly Churn-Turbulent Mist
b}
Bubbly Slug S
Stratified
| | | |
0.0 0.5 1.0

Void Fraction o
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MODTUR-CLAS: Introduction

MODerator TURbulent Circulation Co-Located
Advanced Solution

Consists of coupling CANDU moderator related specific
modules developed by OPG (Ontario Power Generation)
with the general purpose CFD code CFX-TASCflow 2.9, a
commercial CFD code owned by AEAT ESL (AEA
Technology Engineering Software LTD)

Jointly owned by AEAT ESL and OPG

One of the IST (Industry Standard Toolset) suite of safety
analysis codes specifically used by the Canadian CANDU
industry to model three-dimensional moderator flow and
temperature distributions in the calandria for different
calandria vessel designs

V2.9 is currently being qualified for nuclear applications
(verified, validated and documented)
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MODTUR-CLAS: Background

 The functions of the OPG modules are as
follows:

calculation of pressure losses in the calandria tube array
modelling of the buoyancy term in the momentum equation

calculation of the volumetric heat load distribution in the
calandria vessel using the pre-processor module MODHEAT
and input from steady-state and transient neutronic power and
radioactive decay distributions

calculation of moderator subcooling
simulation of the moderator temperature control system

modelling of the moderator heat exchangers and associated
control valves

the setting up of transient boundary conditions (inlet/outlet
mass flows, transient poison concentration and other scalar
inlet/outlet conditions, and restart capability)
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MODTUR-CLAS: Background

« Used in nuclear safety analysis to predict velocity,
temperature and/or poison concentration distributions
(corresponding to SDS2 activation).

* This information is in turn used

to determine moderator subcooling availability for the
following postulated accident scenarios:

large break LOCA'’s with and without ECC(involving PT/CT
contact heat loads to the moderator)

loss of moderator circulation

loss of moderator cooling and to determine the poison
distribution corresponding to

In-core, single-channel breaks in an overpoisoned guaranteed
shutdown state
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MODTUR-CLAS: Governing Equations

* Porous media approximation - volume-based isotropic porosity and distributed
hydraulic resistance.

* Boussinesq approximation of buoyancy in momentum equation.

» Two-equation k- € epsilon turbulence model.

Mass
V-(7)=0

Momentum

;;, V-V )+Vp = V-[(u+ NV ]+ pgB(T -T,))

>,
P4
3
LY gy p(w) =0
21
Energy

or MM
Crv o vV-T)-V|C A LT -0 =0
p.Cor—+pC, () { py(Pr a,j } Y0
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MODTUR-CLAS: Closure Relationship

Thermophysical Properties
Specified to be constant at a selected reference temperature

Volume-Based Porosity

2
w(d
y=1- Z(Ej p and d = calandria tube pitch and diameter, respectively

Distributed Hydraulic Resistance

p,,y‘V‘d

—-0.1655
f—4-5626( P j cross-flow friction factor

[ =D COS(CZ) distance between tube rows

() function that accounts for pressure loss due to flow along tube axis;
allows for pressure loss due to both cross flow and parallel flow
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MODTUR-CLAS: Closure Relationships

Volumetric Thermal Expansion Coefficient

5= _L(@_pj _ 1 [p=p, ) canbe specified to be a constant or
p,\oT),  p \T-T. a function of temperature
Turbulent Viscosity
kZ
H=C,pP, ; k and & from two-equation turbulence model

Volumetric Heat Source

O=f(0,,x,v,z,1) Space and time function of neutron power, fission product decay,
' and heat transfer from fuel channels, if PT/CT contact occurs

38



MODTUR-CLAS: Numerical Solution

Governing equations transformed to control volume
equation analogues

Vector and scalar solution variables co-located using
orthogonal/non-orthogonal grid

Several options for discretization: upwind difference,
modified linear profile, physical advection correction,
linear profile skew, etc

Options of coupled and uncoupled multigrid solvers -
iteration used to handle non-linearities

Relaxation during iteration using distorted time step
or true time step

Implicit steady-state or transient solution
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MODTUR-CLAS: User Input

Ten input files:
» Solution control parameters
 Grid file generated by TASCgrid pre-processor

« Boundary condition file generated by TASCbob3D pre-
processor

« Initial distribution of dependent variables

 Input parameters used by BUNPOW subroutine to create
the bundle power map

 File containing axial flux distribution by BUNPOW to create
the bundle power map

* File names & input parameters used by MODHEAT pre-
processor

« Bundle power map produced by BUNPOW and used by
MODHEAT pre-processor

* Volumetric heat source distribution created by MODHEAT
« Time-variation of heat source 40



MODTUR-CLAS: Applications

Simulation of CANDU 6 Moderator Flow

(Steady State and Transient analyses)

Description of the CANDU 6 Moderator System

Calandria vessel is approximately 6m long and 7.6m in diameter at its widest
point

380 calandria tubes displacing approximately 17% of the calandria vessel
volume

The moderator fluid is heavy water which is extracted from the vessel through
two ports at the bottom of the vessel

After discharging through the outlet ports, the moderator fluid mixes in a
header and passes through one of two 100%pumps to be cooled via two 50%
parallel heat exchangers and is returned to the calandria through 8 inlet
nozzles located on the circumference of the vessel in the reflector region

Under nominal operating conditions nuclear heat generation induces
approximately 100MW of power to the moderator fluid
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MODTUR-CLAS: CANDU 6 Application

Schematic of
CANDU 6
Main
Moderator
System

P T
£ROM MODERATOR COVER GAS SYSTEM
I —
CALANDRIA & [
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283 m
3211-TKI I
CALANDRIA SHIELD
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1 TO LIQUID POISON
- SYSTEM AND COVER
: 0AS SYSTEM
Y
70 D,0 SAMPLING SYSTEM

o
Do
‘e

Vi v2
_ PUMP
P TO AND FAOM p2
4 D:0 SUPPLY .
Vo TCV62 \ W va SYSTEM V4
X i eVl oYX\
s s RCW
\ > : : < \Vidl
\ AV Teve V5 V6 \
é v? V8 TCV8
e TO PURIFICATION SYSTEM ¥ s
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MODTUR-CLAS: Nodalization — Cross-Section

MODTURC_CLAS
Butterfly grid
representation of the
Moderator Cross
Section ) Y
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MODTUR-CLAS: Nodalization — X-Y Plane

Z
MODTURC_CLAS I L
Grid representation [[ / | ,] | I \ \\ H
in the X-Y plane | i
) %w% Y
|
L
L |
WY 1]
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MODTUR-CLAS: Nodalization — Wire Frame

N
ik

AHniinatt
MODTURC_CLAS 3-D 0y @WM
wireframe grid R
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MODTUR-CLAS: Velocity Field
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MODTUR-CLAS: Temperature Field
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MODTUR-CLAS: Temperature Field
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MODTUR-CLAS: CANDU 9 and ACR View
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MODTUR-CLAS: Nodalization — Cross-Section
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MODTUR-CLAS: Velocity Field
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MODTUR-CLAS: Nodalization — Wire Frame
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MODTUR-CLAS: Validation

m In order to perform MODTURC_CLAS validation
several experiments were conducted in a 1/4 scale
3D moderator test facility (MTF) designed and
constructed at CRL

m Both steady state and stylized accident tests were
performed

m The following slides show comparisons between the
experimental results and code predictions
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MODTUR-CLAS:
Validation
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MODTUR-CLAS:
Validation
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MODTUR-CLAS: 1 !
Validation : O *
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X=0.743m

MODTUR-CLAS:
Validation
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MODTUR-CLAS:
Validation
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MODTUR-CLAS: Validation

Measured and Calculated Temperatures Near Top of Core During Stylized Large LOCA

Transient
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MODTUR-CLAS: Validation

Measured and Calculated Temperatures Near Top of Core
During Stylized Large LOCA+LOCLIV Transient
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ASSERT-PV: Background

= ASSERT: Advanced Solution of Subchannel
Equations in Reactor Thermalhydraulics.

* Developed by AECL to model flow and phase
distributions within horizontal subchannels of
CANDU PHWR fuel channels and provide a
detailed description of the CHF distribution
throughout a fuel bundle.

= General enough to be applied to vertical PWR- and
BWR-type bundles and in simple geometries
ranging from single tubes to multiple
interconnected subchannels.

» Uses drift flux formulation of governing equations
to handle thermal and mechanical non-equilibrium.

Based on the subchannel approach used by the
COBRA IV computer code (see next three

61
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ASSERT-PV: Background (cont.)
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ASSERT-PV: Background (cont.)

Subchannels in a 43-Element Bundle

Subchannels in a 37-Element Bundle
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ASSERT-PV: Background (cont.)

 Two different versions developed: ASSERT-IV and
more recently, ASSERT-PV.

« ASSERT-IV initially developed to model subchannel
thermal hydraulics at nominal or slightly off-
nominal reactor flow and power conditions. No
further development planned.

« ASSERT-PV solves the same equations as ASSERT-
IV and has similar closure relationships. Main
difference is the use of a more general numerical
solution in PV, which will enable it to handle very
low flows, including flow reversals, under both
steady and transient conditions.
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ASSERT-PV: Background (cont.)

 Current release version of ASSERT-PV is V2R8m1
used to model the subchannel heat transfer flow
and phase distribution up to and including CHF, in
uncrept and crept pressure tubes.

* During 2000 ASSERT-PV will be formally
designated an IST (Industry Standard Toolset) code
to be used by the CANDU industry for subchannel
thermalhydraulic analysis.

* Two new IST versions will be released within next

two years:
— V3RO - and extension of V2R8m1 with the following additional
capabilities:
« modelling of the effects of local geometric variations (due to design

or operation) of fuel element diameters and offsets from pitch circles,
as well as interelement spacer heights and bearing pad heights,
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ASSERT-PV: Backround (cont.)

« improved header-to-header boundary conditions,

 new phenomenological CHF models in addition the the
currently used tube look-up table for CHF, and

» improved relationships for intersubchannel single and two-
phase mixing, void drift and buoyancy drift.

— V3R1, an extension of V3R0 with the additional capabilities
to model steady-state and transient Loss-of-Flow, Loss-of-
Regulation and small LOCA-type scenarios, up to and
including post-dryout conditions

* formal validation of each version will be completed

approximately one year after its release.
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ASSERT-PV: Thermal-hydraulic Equations

Based on three-dimensional two-fluid modelling of Ishii (i.e.,
six equations two-fluid model leads to conservation of mass,
energy and momentum vector equations for each phase).

Two-fluid equations combined to obtain a five-equation set:
vector equations for mixture mass, energy and momentum,
and vector phasic equations for vapour and liquid energy.
also referred to as diffusion model of two-phase flow.

Mixture equations used with phasic equations for thermal non-
equilibrium analysis.

Relative velocity between phases from semi-empirical
correlations.

Time- and volume-averaging concepts used to convert five
fundamental vector equations into simplified subchannel
equations that follow.

Subchannel control volume: subchannel bounded by rod
surfaces and gaps between rods over incremental axial length
along channel.

Constant flow or pressure drop boundary conditions with
specified outlet pressure. 68



ASSERT-PV: Thermal-hydraulic Equations

Mass:

Z;ijj (,0 ;;?’1)+ (sz — 1'71.]_1

Axial Momentum (F = axial flow rate, U = axial velocity):
(F _ Fn

As
Xj At

)+ D, W, = 0

)i j — * — * — * — *
/ + [(FZ Ul )i,j+1 B (Fl UZ )i,jjl—i_[(Fl Ul )l',jﬂ - (Fl Ul )j,j]
+ Dix [(Wz U}k )k,j +(W, Ui )k,j ]+ ‘Zly <Pij+1 N Pl/)
+ (IZIK‘F‘F)U_ + g(,&?l)y. Ax; cos@=0
Transverse/Lateral Momentum (W = transverse flow rate, V = transverse velocity):
(7 W) p-w'),
Ay, s HF;
N
= Vi (ﬁk,j _ﬁk,j-l) + 4, (Pj(k)j 'Pz'(k)j) +(AKI VWW),{J tg(pA),;Ay,sind cosp, =0

V;)k,j - (ﬁz V;k)kj_] +(ﬁv I/T/)k,j B (ﬁv V:)kj-l
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ASSERT-PV: Thermal-hydraulic Equations

Liquid Enthalpy:

(hl - h;l i,j * .
At =+ (Fih Jij=(Fihi)yyy=hy, (Fi - Fi,,)

+ Di,k (Wl hl )k,] - h[,‘ﬂ/ Dl‘,k W[/\»_‘/' - qili,_j - l//i,n qun,j + Di’k (al qlmix )k,] - 0'

Zi,j ij (CX,O )71',.]'

Vapour Enthalpy:

. (ho-h)
" At

T Dix (Wv ]’li )k,j - hv,-n/- D Wv,\.,‘,— - qivm‘ Vi qun,_/ T Dy (5/ qvml)\, )k,j =0.

Zi,j A Xj (ap ) S + (FV ht )llj B (FV hi )llj-f B hw,_/ (th,f B th,f—f)

Mixture Enthalpy:
(h-n")

A (F k)= (Fihi )y T (Fuli )= (Ful )iy =hiy (Fij= Fip)
At | ’ j |

+ D (Wihi YW, h, Jii=hij Dic We;-W,, (qw”,j) T Dik Gy, = 0

- n
Az',j A X IOi,j
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ASSERT-PV: Thermal-hydraulic Equations

General Expression for Gas Velocity:

—

szcoj + ng - % \% (a - aeq)
Mixture Volumetric Flux:

jZO(I?VJr(]—O()[?Z
General Expression for Relative Velocity (distribution, buoyancy and void diffusion
& drift components):

- _C, - I - V o Ea
= + - \ - o)
Vr ]-a] l-a a(l -a) (@ - aw)
Simplified Axial Relative Velocity (no void diffusion or void drift):
U,ﬂ: (Co - ])J+Ug]
-
Simplified Transverse Relative Velocity (distribution parameter, C, = 1)
V.
y=l8 _fa yl4_g,)
|-« a(l — a)
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ASSERT-PV: Closure Relationship

Thermophysical and transport properties:

— User-specified tables for air-water and Freons; internal
property package for light and heavy -steam-water.

Wall-to-fluid single- and two-phase skin friction and

form losses:

— User-specified single phase friction factor functions and
geometry-based form losses; implicit/explicit Colebrook-
White.

— Two-phase multipliers: user-specified polynomials; user-
selected models ranging from homogenous to Friedel.
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ASSERT-PV: Closure Relationship (cont.)

« Wall-to-fluid single- and two-phase heat transfer:
— Dittus-Boelter for single-phase flow.

— Six user-selected options for two-phase flow:

« Chen; Ahmad; Rouhani & Axelsson; Hancox-Nicoll; Maroti;
Lahey & Moody.

* Interphase heat transfer:
— Hancox-Nicoll.

« CHF:

— Tube look-up table (default); phenomenological models of
Hewitt-Govan (film dryout) and Weisman and Pei (DNB).
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ASSERT-PV: Closure Relationships (cont.)

« Single- and two-phase intersubchannel turbulent
mixing:
— Single-phase thermal mixing
» User-specified or Rogers and Tahir.
 Two-Phase Mixing Void Mixing/Diffusion

— User-specified coefficients for constant Peclet number
model with Okhawa-Lahey multiplier; void-fraction-
dependent Rowe model; new void-dependent relationships
based on air-water mixing data with flow regime correction
factors for higher pressures.
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ASSERT-PV: Closure Relationships (cont.)

« Equilibrium void:
— To reflect tendency of higher void to occur in larger
subchannels.

» Choice of Lahey or Rowe models (both based on the same
air-water data)

 Buoyancy drift (or phase separation):
— Okhawa-Lahey model in vertical axial flow.

— Choice of Okhawa-Lahey or Wallis-type models for
transverse direction in horizontal flow.

e Distribution Parameter:
— Okhawa-Lahey model in axial and transverse flow.
— Option of Dix model for axial flow.
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ASSERT-PV: Numerical Solution

F=0 wWp x=X+t&x ® FR+8&)=0

dFg) . _ dFR)
‘F()Z)—i_ dx a0 » [a’x

dF(f)T
dx
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ASSERT-PV: Numerical Solution (cont.)

transverse momentum

Mv(hN’th’thﬁ’WP)zo

axial momentum

n~~/

MW, 5, 5 F.W,P)=0
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ASSERT-PV: Numerical Solution (cont.)

mass continuity
Ch,j,. 5., EW,P)=0

mixture, liquid and vapour energy

Em(h)hl’hv:ﬁyl/ff/:ﬁ)ZO
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ASSERT-PV: Numerical Solution (cont.)

0E  OE_ OE | |6E  @E  OE,
oh  0Oh, Oh, oh  0Oh, Oh,
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oh  oh, oh, oh  Oh, Oh,
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oh  0Oh, oh, |, |oh oh, oh,
0E  QE, OE. | |6E @0E_ OE,
oh oh, oh | |oh on, oh
OE, OE, OE, | |0E, OE, OE,
oh  oh, oh, oh  oh, Oh,
0E, OE, OE,| |0E, ©OE, OE,
Oh  oh, oh, | |Oh  oh, oh,

JJ

b=
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ASSERT-PV: Numerical Solution (cont.)

Fuel Model:

« Specified surface heat flux on individual rod
segments - accommodating axial and transverse
variations in bundle power,

or

« steady- and transient finite-difference-based heat
conduction model, with options for one-D radial,
two-D radial circumferential and full three-D
discretization. Can accommodate different
densities, specific heats and thermal conductivities
of fuel and sheath, and different fuel-to-sheath heat
transfer coefficients.
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ASSERT-PV: Numerical Solution (cont.)

Start ASSERT-PV

Initialize (t = 0)

Set Boundary
Conditions

Lateral Momentum

Axial Momentum

Planar Continuity

Continui
Iterations

Mass Continuity
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Iterations
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Time Step
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ASSERT-PV: Sample Calculations
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ASSERT-PV: Sample Calculations: Horizontal Twin-Subchannel
Enthalpy Migration at High-Pressure Steam-Water Conditions

@ Upper Subch - Exp.
® Lower Subch. - Exp.
& Upper Subch. - ASSERT-PV
O Lower Subch. - ASSERT-PV




ASSERT-PV: Sample Calculations: Horizontal Twin-Subchannel
Enthalpy Migration at High-Pressure Steam-Water Conditions

@ Upper Subch. - Exp.
@ Lower Subch. - Exp.
< Upper Subch. - ASSERT-PV
O Lower Subch. - ASSERT-PV




ASSERT-PV: Sample Calculations: Effects of turbulent mixing
and void drift in outlet quality distribution in vertical four-rod bundle

m Comer-1
¢ Side-2

— Perfect it o Interior-3

— Perfect fit




ASSERT-PV: Sample Calculations:

43-element bundle channel at 11 MPa
Left = experiment Right = ASSERT-PV

Onset-of-Dryout Power Q (MW)
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ASSERT-PV: Sample Calculations:

1.1 1.1
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ASSERT-PV: Applications

Assessment of thermalhydraulic performance of
new fuel designs: e.g., effects of different radial
(RFDs) and axial heat flux profiles (AFDs); CHF
enhancements.

Assessment of effects on thermalhydraulic
performance of geometry variations resulting from
manufacturing tolerances or operation: e.g.,
changes in fuel element diameter due to diametral
creep or manufacture; changes in interelement
spacer and bearing pad heights due to wear or
design non-conformances; pressure tube creep.

Sensitivity studies in support of NUCIRC
development.

Assessment of operational anomalies on channel
thermalhydraulics, such as Point Lepreau wood
and screw incident. 88

Licensing support for CCP analysis.



NUCIRC: Objective of NUCIRC Code

* Why do we need it?
—Process and safety analysis

 \What does it do?

—Predict pressure, temperature, flow and
quality for steady-state conditions of Primary
Heat Transport System
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NUCIRC: Elements of NUCIRC
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NUCIRC: Code Interfaces

REACTOR PHYSICS

- channel power maps
- radlal power distributlien
- bundle power distribution

FUEL CHANNELS

PROCESS PIPING

- end fitting flow area
- pressure tube flow area

~ feeder centre-line geometrles
- avallable feeder sizes
- axternal clrcult geometry

PROCESS SYSTEMS
— Initlal PHTS conditions

~ Initlal PHTS pump slze

= Initlal S/G size
THERMALHYDRAULICS
- minimum CPR INSTRUMENTATION/CONTROL
- CHF cormrelation VENTURI data
- ORIF data
CRNLWRNE/SPEL =
= CHF tests
THERMALHYDRAULICS
- erroslonfcorrosion veloclty limits it - : el I . iy SAFETY
- {uel bundle vibration/ endurance test i NUCIRC ) i Fr:ff;g'; :;:’;:Lﬂ; emperature [~ ANALYSES
- hydraullc loss data
N N
ROP FUE:; Cﬂﬁ; NEL CO!::PO EM:;S L STFIESgs
—_— - channel pressure/temperature AMALYS
1OP DETECTOR ||~ channel CPR profiles
OPTIMIZATION — channel flows,
pressure/temperature feader stress
SHOGESS SYSTEMS |BOILEH| PROCESS PIPING Lonl s
— pressure/temperature
FUEL BRANCH — PHTS conditions Y dlstributlons external circult
— channel pressure & = swellvoid PROCESS EQUIPMENT | \ | —_flow velocltles stress analys!s
temperature profiles ¥ + =y
= GRS |5¢PHT| SYSTEMS ~ PHT pump slzing \ INSTRUMENTATION/CONTROL
* Y - modearator ¥ — channel flows
FUEL THERMAL & STRESS ANALYSIS I:”a@e - SDCS s e — temperatures
- ete.
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NUCIRC: Description

* 1-D cross-sectional averaged steady-state
code

— Full PHTS circuit model (Full Core including inlet
and outlet feeders and channels, Headers, Pumps,
Boilers, etc.)

— Detailed calculation for pressure, flow, and
temperature, in the channels

— Determines Critical Channel Powers (CCP)
— Capable of addressing BP/CP compliance issues
— Provides assessment of plant aging issues

— Provides boundary conditions and input data for
other simulation codes (RFSP,THIRST,etc.)
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NUCIRC: CANDU Components

* Fuel String

* End Fittings

* Feeders
 Headers

 Pumps

« Steam Generators
* Boundary Nodes
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NUCIRC: Feeders

,.-“ i QRIFICE HEAD LOSS (OVERALUNON-RECOVERABLE)

CANDU DESIGN .
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NUCIRC: Headers
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NUCIRC: Headers Manifold Behaviour

CANDU 6 inlet/outlet headers are not constant
pressure reservoirs

— Constant header-to-header pressure drop for all channels
— Header flow is irrelevant

CANDU 6 headers behave as manifolds

— Significant axial pressure gradients
— Channel-specific header-to-header pressure drop
— Skewed 3-D flow velocity distributions are important

NUCIRC’s 1-D header manifold model

— Momentum-correction factors to account for skewed flow velocity
distributions along header

— Model parameters obtained from literature and/or derived from station
data assessment

CFD code: FLOW3D

— Simulate CANDU 6 headers and provide detailed data to improve or
introduce closure relationships in our 1-D header model
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Pressure [ kPa ] (Normalized to Midplane)

NUCIRC: Effect of Flow Blockage on the Header
AXxial Pressure Gradient of an ldealized Header

10

-10

Reference Case ——
12 Feeders Blocked Case 1 -+--
12 Feeders Blocked Case 2 -3---

8 10 12 14 16 18
Plane Position
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: Pumps

NUCIRC
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NUCIRC: Pump Behaviour

Head
T R R
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System hydraulic characteristic l
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NUCIRC: Steam Generators

Rev. 9
STEAMGUTLET
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NUCIRC: NUCIRC Modules

« Modules are called “ITYPE’s.

—ltype 1 :
— Itype 2 :
— Itype 3 :
—Itype 4 :

Slave channel for given flow

Slave channel for given pressure drop
Feeder sizing (Design)

1 Quadrant circuit model (No longer

recommended)

—Itype 5 :
—Itype 6 :
—Itype 7 :
— Itype 8 :
—Itype 9 :

Refuelling slave channel
2 Quadrant circuit model
External circuit model
Purification model
Pressurizer piping model
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NUCIRC: Itype 1

* Objectives
— Calculate Header to Header pressure drop
— Calculate Critical Channel Flow

« Components
— Inlet feeder, outlet feeder, fuel channel, and end fittings

« Boundary Conditions
— feeder geometry
— channel mass flow rate
— channel power
— inlet header temperature
— outlet header pressure
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NUCIRC: Itype 2

* Objectives
— Calculate Channel Flow
— Calculate Critical Channel Power

« Components
— Inlet feeder, outlet feeder, fuel channel, and end fittings

« Boundary Conditions
— feeder geometry
— header to header pressure drop
— channel power
— inlet header temperature
— outlet header pressure
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NUCIRC: Itype 5

* Obijectives
— Calculate Channel Flow
— Calculate Critical Channel Power
— Accounts for refuelling operation

« Components
— Inlet feeder, outlet feeder, fuel channel, and end fittings

« Boundary Conditions
— feeder geometry
— header to header pressure drop
— channel power
— Inlet header temperature
— outlet header pressure
— F/M injection flows and temperatures
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NUCIRC: Itype 6

* Obijective
— Calculate full circuit pressure, temperature, flow, and quality
distributions

« Components
— All main HTS components

« Boundary Conditions
— HTS geometry
— Pressurizer junction pressure
— Steam Generator secondary side conditions
— Reactor power
— Auxiliary system boundary conditions
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NUCIRC: Itype 7

* Obijective
— Calculate pressure, temperature, flow, and quality distribution
from ROH to RIH
« Components
— Steam Generator
— Pump
— External circuit piping
« Boundary Conditions
— External circuit/SG geometry
— RIH/ROH pressures and temperatures
— Steam Generator secondary side conditions
— Auxiliary system boundary conditions
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NUCIRC: Itype 7 (cont’d)

PROTECTED - Proprietary

SG BC: Measured: Pstaam drum e

Theedwater

Mteedwater
(P3) Treheatsr
M
“— B1 reheater
HTéI;umP = (B2) Calculated: Recirculation ratio
Md‘la:harge—purlﬂcatrnn P1(3) thermal plate leakage

RIH2
(RIHS)

RIH BC: MroHa(7)-balancs line
TRIH2(6)

PHTH?{E} Mruturn-purlﬂc&ﬂnn ROH B C:

TRoH1(5)
ProH1(5)
XroH1(s)

—u_———_,—-———————————_———————_

SG BC: Measured: Pgytaam drum
Tl'eedwahr
P2 . Mfaad#ntar
(Pa) Treheater

Mreheater
HT Pump BC: - Calculated: Reclrculation ratio MROH7 (3} pressurizer lin

APpa(a) o0 thermal plate leakage

\
M st

RIH4
RIH BC: (RIH8)
TRIH4(8) ROH BC: ROH3
PRiMa(s) Tncn:g}} (ROH7)

MRoH1(5)-balance line

XpoHa)
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NUCIRC: Itype 8

* Objective
— Calculate flow distribution to and from HTS due to
purification
 Components
—HTS Boundary Nodes
— Purification piping
« Boundary Conditions
— Purification piping geometry
— Pump pressures and temperatures
— Purification flows and temperatures
— Feed/bleed and De-gas flows and temperatures
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NUCIRC: Itype 8 (cont’d)

Purification System Feed/Bleed System
+ MF& I""‘IF'r.lr-n!.lt MFT
- 0
—<«¢ @32/ @ > &PP'l-suctsTPhsuct)
(PFs-suchTPa-suct) Mpa.ret ; l I.""P1-neat
l P3 MDegas-bleed P1 l
Mirps Mires
(Ppa.dis; TRiHs) O—D—-@ @ « ® (Ppi.dis: TRinz)
Mp3.dis Mp1-ais
I""‘!Pr.rr-vdls
4— purification System [——»
MHX‘I-H){:E Bypass MBleed

l MPur—ret
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NUCIRC: Itype 9

* Objective
— Calculate flow through pressurizer line

« Components
— Pressurizer line piping connecting both loops

« Boundary Conditions
— Pressurizer line geometry
— ROH pressures and temperatures
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NUCIRC: Itype 9 (cont’d)

M

PROHT
TROH7
XROH7
HROH?
QROHT
_h
LiNE 3312-16
SHUTDOWN COOLING_____|
LINE 10D3341-8

M.B.: DIRECTION OF FLOW IS BASED
ON ASSUMPTION PROMT > PROH3

BOUNDARY CONDITIONS ON ROHS STDE

PROH3
TROH3
XROH3
HROH3
QROH3

—

MV2

Figure 4 Common Pressurizer Piping Between ROH3 and ROH7

LINE 3312-6
A

SHUTDOWN COOLING

LINE 10D3341-12
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NUCIRC: Operating States

* 0.0% FP Cold

* 0.0% FP Hot

* Reduced Power
* Full Power

e +/- Fuel

* Refuelling
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NUCIRC: 0.0%FP Cold

* Entire PHTS at cold condition (~40 C) due
to shut down cooling valved in.

» Usual state during which ultrasonic flows
are measured.
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NUCIRC: 0.0%FP Hot

* Entire PHTS at hot condition (>100 C) due
to shut down cooling valved out.

« Usual state just before start-up of reactor
core.
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NUCIRC: Reduced Power

* Entire PHTS at hot condition (Trih ~ 263 C).
Reactor power between 75% and 80%. No
boiling in core.

» Usually state used at Gentilly-2 and Point
Lepreau for assessment of flow verification.
Monthly (G2) or quarterly (PL) power
reductions are performed so that the heat
balance flows can be determined.

* Power is usually reduced, the system is
allowed to stabilize, and then returned to full
POWEer.
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NUCIRC: Full Power

* Entire PHTS at hot condition (Trih ~ 265 C).
Reactor power at or near 100%. Boiling is
present in some channels in core.

» Usual operating state for CANDU stations.
* Boundary Conditions for CCP analysis.
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NUCIRC: Pre-Requisites

» Site data
—Process Boundary Conditions
—Bundle Powers (Physics Code)
—Diametral creep profiles

» Site model
—Type of steam generators

—Pump curves
—Type of station (CANDU 6 vs. CANDU 9)
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NUCIRC: NUPREP (Pre-processor)

 Full circuit and Slave channel models for
all 380 channels is a large data file. Most
information required in the NUCIRC input
deck is generic from case to case.

* NUPREP is a pre-processor code used
to generate NUCIRC files from a
selection of NUPREP files.
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NUCIRC: NUPREP Interfaces

SPECIFIC CHANMNEL DATA

(PERMANENT FILES)
| E—- —~—— T - T
I FEEDER PIPE {TARE 7) |
i GEOMETRY { COMMON CHANNEL DATA
(PREPARED BY USER
I ORIFICEVENTURI S, | i ) B s
I DATA I i i
| AND EXIT LOSS | | |
| COEFFICIENTS |
| =
| BUNDLE (TAPE 10) | | I
| POWER | | |
| DISTRIBUTION | (TAPE 6) I
I - I i =1 ITYPE =3 ]
| CHANNEL POWER (REE12) | i 1
| DISTRIBUTION ]l i I
| || |
PRESSURE TUBE CREEP |
i ADJUSTMENT FACTORs | (TAPE 16) | | |
| or BUNDLE-SPECIFIC i | |
i STRAIN RATES i I - ITYPE=5 :
I [T cHANNEL DRYOUT el | | 1
; POWER DISTRIBUTION = i |
- ITYPE=6 |
| | CHANNEL PEAK CREEP | (TAPE 26) | ll [
| | SCALING FACTORS Jl LS S S e R H
[ —— T [ i FSpeS ——
YYYYYY Y O \
NUPREP-MOD2
\ Y
HARD COPY ECHO OF CHOSEN HARD COPY ECHO OF
CHANNEL SPECIFIC DATA COMMON CHANNEL DATA
Y
Y Y ‘
ITYPE=7 ITYPE=9
ITYPE = 1 TYPE =3 ITYPE=5 INPUT STREAM INPUT STREAM
INPUT STREAM INPUT STREAM INPUT STREAM ‘
3
ITYPE =8
ITYPE =2 ITYPE = 4 ITYPE =8 INPUT STREAM
INPUT STREAM INPUT STREAM INPUT STREAM
+ Y + Y Y \ Y \
‘

NSES=0
NSES DATABASE NUCIRC-MOD2.000

NSES=0

JHBAL=1 TAPES1 RTD CORRECTIO!

Figure 7

Data Flow Logic Between NUPREP-MOD2.000 and NUCIRC-MOD2.000
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Questions?
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