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Self-Choking vs. Critical Flow Model )

> Self-Choking
m Use fine nodalization to directly calculate the limiting flow rate

m Computationally iﬁefﬁcient (requiring many more nodes and
small time-step sizes)

m Not applicable for choking at double-ended breaks because of
discontinuous variation of flow area with respect to length

A
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Self-Choking vs. Critical Flow Model
(Continued) J

> Critical Flow Model

m Fluid dynamic and thermodynamic processes for choking are
approximated by quasi-steady state flow relations

® Provides boundary conditions for transient solutions
m Eliminates the need for fine nodalization

m In LOCA events, the critical flow is initiated and sustained by the
large pressure gradient at the break

® Friction and heat addition mechanisms are important for gas
dynamics, but do not play any role in LOCA

A
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QSubcoolet:l!Cthokin‘gc: Implementation J

> The limiting fluid velocity at the throat is calculated as [Equation
(5-24)]
(R-R)
Py
The throat pressure P, is obtained fr~om- the Alamgir-Lienhard-

Jones correlation for onset of nucleation
R=Pu=-8P . = < T s Lo ar

- Lt s "

) ' "T"’“,h 1325(2)° " AN,
AP=0258 +1325(x)” oo7(ﬁ) (eev?)
P A
ql‘BTe(‘l_—)
P

m Jones defines “A” as the upstream flow area

m Depressurization rate, Y, in the correlation is in units of Matm/s

A
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Subcooled Choking: Implementatmn -
_ (Continued) ST J

l »The depressunzatlon rate for steady ﬂow in a nozzle [Equatlon

(5.23)] - )
Z’____plvg(dA v

is in units of Pafs. Proper unit conversion is done in'the coding

> The area change rate is approximated as [Equation (5.25)]

)52
dx ), 05Ax.- %) - \

for smooth area change option

A
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Subcooled Choking Implementation
(Continued) J

and [Equation (5.26)]
dA) _A-A
dx , 10Dy

for abrupt-area change option. The approximation has been used
since the model was implemented in RELAP5/MOD2
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Subcooled Choking Implementation
(Continued) J

> [f the velocities calculated by the momentum equations are
higher than the limiting fluid velocity, the velocities are replaced

by

(P -R)
Ps

n+1 _ ,n+1 _ _ 2
Vg =Vi =V, =,V +2

> Linearization leads to

av,
dP,

n+l o n+1 _
Ve =Vi=v o+

(R - P2)

A
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Two-Phase HEM: Crltlcal FIow S
_Implementation .. J

>.For HEM the choking relation,:Equation (5-20) =,

a‘gpfvg + afpgvf
Qgpy + OyPyg

- ?}HE

becomes
r e

'v—v—aHE SR

The equilibrium sound speed is evaluated at the throat ‘
requmng the computatlon of thermodynamlc state at the throat

(Junctlon) ’ IR

— =t - . -
Tt -« N - -

[

A
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Two-Phase HEM Critical Flow.- -~
“Implementation (Continued). - =~ -~ " ¢ . J

> Thermodynamlc state at the throat is approxrmated by integrating

" the steady-state mlxture (sum) momentum and energy equations
from the volume center to the junctron assumlng no phase
change and no heat addition along the (short) path

> The mlxture energy equatlon becomes [Equatlon (5 31)]

fgelioafetieiefodfesd

s - [ ¥
h - oo B

Under équal velocity assumption, v, <=V and Vg, =V

A
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Two-Phase HEM Critical Flow
Implementation (Continued) J

> The steady state mixture (sum) momentum equation is [Equation
(5.28) plus friction and gravity terms]

1 v 1 v 9P
2 gpga_;+§afpfa_)(f=—_a_x+p8x _afpfFfo —agngng

The vapor generation term is not present due to the assumption
of equal velocity

> In the integration from the volume center to the the throat, the
“op” factors for the friction and gravity terms are approximated by
the volume center values since their contributions are negligible
for short lengths
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Two-Phase HEM Critical Flow
Implementation (Continued) J

> The “op” factors associated with the momentum flux terms are
approximated by average quantities that are adjusted to produce
HEM critical flow rate

> If the calculated velocity from the momentum equations is higher
than the two-phase equilibrium sound speed, the velocity
solution becomes:

Vo~ Vraue

> A transition region from subcooled choking to two-phase choking
is implemented to smooth the critical mass flow rate

A
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3 Single Viapo/i"S‘ouhdiébeed .

> Single phase sound speed is calculated with

> For two-phase:

V =xV, +(1-x) V;

(2], +24) wcn(22),  (um (),

> If the sound speed for single phaee vapor is calculated from the

two-phase formulation with x = 1, the sound speed is called
equilibrium sound speed

S e ACRS Meeting i
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. Critical Model Validation

- RN l
- - N &
2 - - -

> Nine Marviken critical flow tests are analyzed for the critical flow
uncertainty S

m Tests 2, 6, 8, 16, 1_7' 20, 22, 24,25

m Critical flow multiplier 1+2c

r‘ﬁv
P

S

. -~ S
e T T T B
—

]

> Additional assessments are performed on four LOFT and two
semiscale tests

m LOFT tests L2-3, L2-5, LP-02-6 and LP-LB-1
m Semiscale LBLOCA tesie 3-06;3 and S-07-1
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Calculated and Measured Mass Fluxes for
All Nine Marviken Tests

ACRS Meeting:; i
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Marviken Critical Flow Test
Calculated vs Measured Mass Fhxes
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LOFT LP-LB-1

ACRS Meeling -

November 13-14, 2002

Flow Rate (kg/s)
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LOFT LB-1 S-RELAPS5 ANALYSIS

Broken loop hot leg mass flow rate

3000 T v T T T T T
—x FR-BL-205
———o0 milow]-400030000
2000
1000 |
00 XN X o -
~1000 L L . L "
-100 100 300 500 700 900 1100 1300 1500

Time (s)

45800

1800

-200

-2200

(s/q1) eyey moj4

A

FRAMATOME ANP




Conclusion J

> The presentation provides description of subcooled choking
and two-phase HEM critical flow model used in assessment
and plant application calculations

> The model uncertainty is obtained from assessment of nine
Marviken critical flow tests

A
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. Statistical Resolution D

> |ssue: The NRC request to report the PCT, maximum nodal
oxidation, and total oxidation as a joint probability

A
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Statistical Resolution J

> Original Proposed RLBLOCA Methodology

m Reports an individual 95/95 value for each of the criteria: PCT,
maximum nodal oxidation, and tota! oxidation

= Joint probability not addressed
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~ ¢ Statistical Resolution J

> Resolution:
» Regulatory Guide 1.157 indicates:

*The revised paragraph 50.46(a)(1)(j) requires that it be shown with a
high probability that none of the criteria of paragraph 50.46(b) will
be exceeded, and Is not limited to the peak cladding temperature
criterion. However, since the other criteria are strongly dependent
on peak cladding temperature, explicit consideration of the
probability of exceeding the other criteria may not be required if it
can be demonstrated that meeting the temperature criterion at the
95% probability level ensures with an equal or greater probability
that the other criteria will not be exceeded.”

A
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Statistical Resolution J

> Resolution:

m Based on this, Framatome-ANP has agreed to amend the
proposed methodology to only report the 95/95 PCT case and its
associated maximum nodal oxidation and total oxidation

A
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"'General RELAP5 Questions
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- “Washington, DC

A
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_ General-Response ©:: =" o .0 -0 J

> Topics
® Transient discharge of mass and energy *= -~ -

m -Propagation flows -1’ T

" m 'Forces on piping and structures

m Selection of node size
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Transient Discharge of Mass and Energy J

Please describe how the discharge mass flow rate is obtained
for the postulated instantaneous rupture of a long pipe before
the quasi-steady blowdown rate is reached. The pipe is
attached to a pressure vessel

Concern:

The earliest RELAP calculations for this case sometimes
resulted in flow rates exceeding critical flows. Too much mass
lost

A
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Transient Discharge of Mass and Energy J

Background
> Numerical Considerations

m Using fine nodalization and small time-steps, RELAP5 codes have
demonstrated the ability to mechanistically capture the choke flow
phenomenon

B This approach is computationally intensive and undesirable

m To achieve fast execution speed, implicit evaluation i1s used for
those terms responsible for the sonic wave propagation time step.

This allows a maximum stable time step to approach the Courant
limit

A
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. Transient Discharge of Mass.and Energy J "

> Subcooled Choke Flow Model ’

m Alamgir-Lienard-Jones used to determine throat pressure and
choke velocity (discussion in Section 5.1.2.1 of EMF-21 00).using
local conditions

- -
B A Ls v ew
O

B When (Bernoulli) calculated /veloci‘ty“ éxceeds the chplge veiocity,

velocity is set to the choke velocity

A

Transient Discharge of Mass-and Energy . J

Choke Mode! Timing
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Transient Discharge of Mass and Energy J

> Conclusion
m May for a very short period (< 0.002 s), over predict flow
m Still use small time steps

m Short period of over prediction is inconsequential and
conservative for LOCA

A
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Propagative Flows J

1 el

Please describe how moving pressure or velocity disturbances
can be tracked by the code as they propagate through a
subsystem either as sonic (waterhammer) or shock waves

Concern:

Volume/time-averaged properties may distort spatial gradients
that drive the propagation of pressure waves

A
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y_P"OPagationﬂFlows;-: U L J

Background

>“Pressure waves velocny will typlcally range below 1000 m/s

|L

> Most RCS Ioops are |ess than 50 m

> S-RELAPS5 implicitly simulates the dynamics of short wavelength
phenomena (small time constant), including pressure wave
disturbances (not Courant limited)

> No formal effort is made to track the ‘propagation of pressure
waves in S-RELAP5; however, sound speed is calculated

A
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Propagation Flows:& ;. ;- - - . J

Framatome Experience '~ =" .7 "% s

> Small disturbance are imperceptible in plant analysis

> Break provides the singular large disturbance in LOCAs
m Begins to dampen when choke model is applied

> |nitiation of ECC may induce a pressure disturbance; however,
this is also imperceptible in LBLOCA

Conclusion

> Generally not important for LOCA applications

A
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Forces on Piping and Structures

J

Please describe how transient properties from S-RELAP5
calculations are employed to predict forces on stationary solid
surfaces, such as pipes, containing walls, and submerged
structures

Concern:

Miscalculations of forces

A
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Forces on Piping and Structures

J

> Realistic LBLOCA has not been developed to address this
type of calculation

A
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Selection of Node Size . J

Please describe how various node sizes are selected in a given

system, providing assurance that the dominant phenomena are
.+ _-predicted, representative of.the actual system-response being

analyzed

i

Concern:

o -

Coarse nodalization may mask important phenomena

A
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Node Size J

Quotes from “Quantifying Reactor Safety Margins”

> "The plant model must be nodalized finely enough to represent both
the important phenomena and desrgn charac!erlstlcs of the NPP but
coarsely enough to remaln economrcal "

> "Thus, the preferred path rs to establ/sh a standard NPP nodalization
for the subsequent analysrs ~This minimizes or removes nodalization,
and the freedom to manlpulate ‘noding, as a contributor to uncertainty.”

> "Therefore, a nodalization selection procedure defines the minimum
noding needed to capture th‘é important phenomena.”

> “This procedure starts wrth analyst experlence in previous code
assessment and application studies and any. documented nodalization
studies. Next, nodalization studies are performed during the simulation
of separate- and integral-effects code data comparisons. Finally, an
iterative process using the NPP model is employed to determine
sufficiency of the NPP model nodalization.”

A
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Node Size

> Necessary Conditions (and method of resolution)

Discriminate key structure characteristics (drawings)

Obtain acceptable steady-state agreement with plant (shakedown)

Preserve dominant phenomena (code models, shakedown)

Maintain reasonable computational economics (shakedown)

Maintain scalability (assessments)

Preserve accuracy, numerical stability, and convergence

Issue Evaluation
Accuracy Assessment
Stability Semi-Implicit Numerics
Convergence Time Step

A
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Node Size

y
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—» User experence

!

Assessments

v

NPP Analysis

<

v

Nodalization

FLECHT-SEASET
CCTF

SCTF

LOFT

Semiscale

UPTF

Nodalization

Break spectrum

Time step

PIRT and process
parameter studies

A
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Node Size )

> Conclusions
m Initial nodalization based on experience
m Revised based on plant studies and assessment results

m Final nodalization validated through the performance of final

assessments

A
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Discussiion of Momentum -
~ Equations '
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_Introduction J

> Purpose of the presentation is to address momentum equation
issues raised by ACRS member comments. Several comments
concerned application of the S-RELAP5 momentum equation in
the solution of flows in a typical NPSS system.

m Will provide discussion of several momentum equation terms

= Will apply S-RELAPS5 to several problems and discuss dominate
terms

m Will address specific questions

A
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Momentum Conservation Equations J
> Contents > Example Problems

® Definttions m Straight Pipe

= Conventions = 180° Bend

® Momentum Discussion » Area Change

= Example Problems m Tee

u Response to Comments ® Plenums

= Question Resolution ¢ simple example

u 2-D Problems

A
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o/ §
1 Definitions o . J

> Control Volume

® Volume where integration performed (cell)

> Hydrodynamic Volume = ™ *-*: - T

v e -

m Represents s'paoé!céﬁtaihing huiq (node, volume5
> Junction RN
- m Connection between hydrodynamic volumes

m Center of the momentum control volume

> Components )
m Collection of hydrodynamic volumes and/or junctions
# Automation tool for generating input

e Specialzed processes (i.e., pumps, separators, etc )

- FP S Db B A ’
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Definitions (cont.) L e J

> “Old-time”-(n) and “new-time” (n+1) are used to designate current
time level and the time level at which the solution is being obtained

> Cross-Flow

m Orthogonal junction connections
® Special momentum treatment that yields no dissipation

PR —

A
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Conventions <J

> Hydrodynamic volume and junction orientation (1-D)

= Volumes have a designated inlet side and outlet side
¢ Flow s assumed to be positive from inlet to outlet

¢ [nclination angle is formed from inlet to outlet
— Implies gravity effects not a second dimension
— All 1-D nodes are In the ‘x-direction’

¢ Multi-volume components arrange volume order from inlet to outlet

® Junctions have a designated inlet side and outlet side

e called ‘from’ and ‘to’ in the manual

® Logic tables keep track of orientation for use in volume velocity
calculation

A
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Conventions (cont.) JJ

> Hydrodynamic volume and junction orientation (1-D)

Pipe

Flow direction >

Junction orientation

1 o 1 o 1 o

—_— ] —» — > | —

1 o 1 (4] 1 [ 1 [}

volume orientation
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Conventions (cont.) ) , : 4)

v v

> Hydrodynamic volume and junction orientation (1-D)

Simple Lower Plenum

volume i, 0 junction

. . orentation
orientation o i 4/

A
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> Cross-flow junction connects to midpoint

> Areas

Conventions (cont.) ... -

3=

of hydrodynamic volume

m Flow across junction orthogonal to, flow
in connected volume .

= Volume .flow area constant throughout
node

® Must satisfy V=AL
e Length and volume should be preserved

m Junction area defaults to minimum of

adjacent volume flow areas or user
defined

m Smooth or abrupt can be specified
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Conventions (cont.) 4)

> Volume Average Velocity '

. |
B What is it used for? L I
® Wall fnction factors
® Wall-flud convective heat transfer () o

o Difference formulation of the momentum flux terms

N Why is t needed?

® Value needed for velocity at center of mass/energy cell and the face of
momentum control volumes

¢ Need to account for possibility of multiple junctions on a cell face

M How does it work?

e Averages phasic flows at cell faces and uses area ratio to translate junction
values to a mass/energy volume value

A
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Conventions (cont.) JJ

> Volume Average Velocity' for simple, single-phase junction
connections in cocrdinate direction 1

A A (Vf)u + (Vi )Ltom
(Vf)u.mzvf.ui (Vf)L.l.out=vf.11+1 1+ (VI)LJ:— An 5 1o

A

L L

1j+1
vl 1j+

[ .

A
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Conventions (cont.) .. - J

> Volume Average Velocity’ for complex two phase junctlon
- connections ~ T e

= Get average veloc:ty for all junctlons connected to the mlet face of ;
" the masslenergy oontLoI vo!ume ' -

LY

P PR S 5 B Z(“rPfo)iJlnA‘jn ZA'J"

(Vf)u,m -
Z(ufpl' ). ;..-Aun AL
! L LR e -
where Z >
nn

is the summation- .. e I

over all junctions on e

the inlet face | ’ . —_—
1 > L -
L > ]

outlet

e 1l FRAMATOME ANP

. Momentum Equation Discussion - : J
> Momentum Equatibn ‘.‘ = Response to Comments -
B - m Field Equatxon Questlon ™ Questlon Resolutnon ’
*"m RLBLOCA Nodallzatlon ) »TN > Example Problems
-~ m Momentum Equation Discussion m Straight Pipe
m.:.:w- . COntleolume 1D Bl 1. m- Simple Elbow ~ ' -
- " e1D Spatlal Duscrenzahon

:  ® Example Problems = 180°Bend

_m_Control Volume - 2D 'm Area Change T ' ;
. ® 2.D Spatial Discretzation _m Tee

) " e2D Flnne Difference Equatxons m Plenums ' ‘

e 1.D to 2-D Connecnons
® Example problems b

e Simple Exag'\b[e
m 2D

A :
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Momentum Equation Question J

; > Draw some control volumes to which Equations 2.3 and 2.4 from EMF-
i 2100 apply, explaining the meaning of the various terms

> Equations 2 3 and 2 4 are the liquid and vapor field equations and are
expressed in differential format using vector notation

> Should be reduced to the 1D and 2D spatial discretization form before
: discussion

m Show nodalization of system model and relate portions of plant medel to
momentum effects

m Show field equation and spatial discretized form

m» ‘Nodalization-to-control volume’ mapping and discussion

A
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= RLBLOCA Nodalization )
,_ Loop Nodalization

¥ > 1-D is sufficient to model the
pnmary system

= Pump overwhelms losses
from inertial effects

Sl e T g T I

m Limited inertial effects by
design

> Secondary system 1s a quasi-
steady boiler

u Inertial effects imited to
separator

pei m  1-D s sufficient to model
the secondary system

Uned 11 andy sa'e ki ke baony |
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__ RLBLOCA Nodalization (cont.) -~ .- - y

| > Significant inertial effects at cold Vessel Nodalization
leg to downcomer and lower oI

. plenum

)y e e v

® Overwhelmed by pump . _ . ,

5

m Effects diminish after blowdown

> Significant multi-dimensional .
_effects in downcomer and lower
“plenum ’

iy
fe

[

= Exacerbated in downcomer during
blowdown T ‘
¢ Downcomer requires n}{,m}
dimensional modeling . ~ -
e 2-D sufficient

!
{
!

= Effects diminish in lower plenum

after blowdown I .
"o 2-D may not be required A
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2 Propietary T LT

' RLBLOCA Nodalization (cont.) = " .

'__ Core Nodalization | { .L| ! T

—2

=ip N

[ &1 - -
>, No significant inertial o] == ;T_ i u‘} . -
.. effects . . = - —1sH]
' T i
> No significant mutti- - - -} II- g 1ty
.. dimensional flow effects . _ |} i - 11
R . e 4 I—r—
>Significant radial - - - I8l I F— : ]
-temperature profile effects - E A B~ AR
m Effects intensify after -~ <ji= z oy t——— y i e
blowdown begins - - Eg B g : P i: -
» Muttidimensional ' | FHE——+F— —
modeling required i i .11
R 3{" ¥ 5 a1l
n 2-D sufficient l’ ! } -
P Y 20501 } Faad

LA
—
]
=
B

Iy

T ety - S S e LA M FRAMATOME ANP




RLBLOCA Nodalization (cont.) J

> Summarizing

®m The primary and secondary systems do not have significant multi-
dimensional effects nor significant inertial effects

® The downcomer and core regions have significant multi-
dimensional effects during blowdown

e The multi-dimensional effects in the lower plenum diminish during the
transient

® The downcomer region initially has significant inertial effects which
diminish during the LOCA transient

o The nertial effects in the lower plenum diminish dunng the blowdown
transtent

A
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Momentum Equation Discussion J

> Assumption

m  For reactor safety analysis applications using thermal-hydraulic system
codes, the conservation of mass and energy is of paramount importance
The conservation of momentum is considered to be of secondary
importance and a less nigorous approach can be used (providing, of course,
that this simplified treatment does not sernously degrade the solution).

m Consequently, in the formulation and discretization of the momentum
equations, approximations are made to
® Accommodate volumes with multiple junctions on a cell face
- e g, the downcomer to lower plenum connection
¢ Render the equations easier to solve numerically

@ Ensure the stability of the numencal solution

A
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“Momentum Equation Discussion (cont.) - J

> Momentum Field Equations

m The phasic conservation of momentum equations are used in an expanded
form and in terms of momenta per unit volume usmg  the phasm primitive
velocity vanables vgand v ‘ .

u The pnmary ‘reason for use of the expanded form is that is it more
oonvement for the development of the numencal scheme

m The guiding pnnuple used in the development of the S-RELAP5 momentum *
formulation is that momentum effects are secondary to mass and energy ’
conservation in reactor safety analysis and a less exact formulation
(compared to mass and energy conservation) is acceptable, especially
since nuclear reactor flows are dominated by large sources and sinks of
momentum o

A
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3‘« Momentum Equation Disciussion (cont.) - - J

rl -

> Equations 2.3 and 24 are the IIQUId and vapor fi eld equatlons |n
differential format =~ "~ «* ¥ -

N,
o, F +a,pV Vv, = —u,VP + apB
:?(BIFWFYI - I, (Va -vy)
= X - )
—apFIF(v, -v,)- Ca,u,p-a—t(v, -v,)

T A g LT L I
{ Vi T e
CE oy \

ov,
o0, _at_' +a,p,V, Vv, =—a,VP+a,p B

~0,pFWGY, + T, (V4 -v,)

—a,p FIG(v, - V)~ Ca,u,p%(v, ~v,)

-

A <hL
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" Control Volume 1-D J

Generalized Momentum Control Volume

Mass and energy
control volume of cel

hadeivll FRAMATOME ANP

Field Equation Reduction to 1-D J

> The field equations are rewntten in terms of the primary direction for 1-D
m Decomposing the vector notation into it's components
N, 1V, oP

Py _5tL+ O Pg EE‘ =0y a"" P9y

-afptFWvax.l - rg (vx i~ Vx.f)

—a(p!FlFx (Vxl - ng) —Cutagpg(vxf _Vug)

A
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o Efé!? Equation Ré:c[ﬁc:_ition to 1-D, Single-Phase J

> The’ﬁeld eqdations are rewritten in ten}ls of the primary direction
, for1-D ; -

n Decomposing the vector ;wtétion intoit's comp;ments for single-
- phase liquid -
o Void fractions have been left in place

3

N, 1ovi, - P .-
4Py ; ,at" +“j?r > ax" ‘Z‘%-&""fxtprgx -afpl!::W,vax,f

A

B el FRAMATOME ANP

- Reduced Single:Phase Field Equation |

*"Applied to Typical Geometries » I
£, Straight Pipe ** Elbow .
— Tk o L B
oo I 1 — K= 1
i Paralle! Branch . ¢ H
: : 1 I+ ’ ee’ .
pal TH

3
A

G~ FRAMATOME ANP
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Reduced Single-Phase Field Equation (contﬂ

Straight Pipe Control Volume
Nodalization ;

K1 ) I+

= 0f horizontal

. 1 ov? oP
0Py 7' + 0P EF“ =—0 E +apd ~opFWRY,,

# 0 vertical

The momentum equation is integrated over the shaded area of the
control volume

A

LGA40r ) FRAMATOME ANP

Reduced Single-Phase Field Equation (contﬂ

o
. T 90° Bend (elbow) Control Volume
Nodalization L K L
e K a ! "
-1 ! = total elevation head
v, 1ov? oP /
Py L+ pr = L= - —+a;,pG, —opFWF,v,,

ot 2 ox ox

The momentum equation is integrated over the shaded area of the
control volume

A

[ FRAMATOME ANP
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Reduced Single-Phase Field Equat‘ion;(conty

Parallel Branch Control Volumes
Nodalization -~ - « -, o T |
> ’ « I N _t ‘. K4 B ::f; - i L
j1-1 Ki 1 : - . . N
- . L!_ . B -
oy R R R " I+
T T I
.- T 4 j2 j2+1
v 10v2 oP, ’
al’pl'?atif""alpl'i a;' ="‘at‘a_x'*'afpfgx - o, pFWFV,

-
s -

The momentum equation is integrated individually over the two
shaded areas of the control volumes A
L S LR FRAMATOME ANP

Reduced Single-Phase Field Equation (contﬂ

T . - .~ Tee: = - , ST
. Nodalization -
L (ljz - g . , z -
- Control Volume
= o] -
-—_’ K »> AL N - ~ TR 4
Pl
1'1 - . Fa 5 i K A L
N - - e - R e i X - "y t - -
. ¥ N > A i " 4 -
1]3 ' I
]
1 avz aP - ¢ - % -
Py 6:" + 0Py > a;'f = =0y &""atprg: - a,p,FWFv,,

EIL S

“The momentum equation for a Tee is integrated from the center of
‘K’ to the center of ‘L’ using the cross-flow model to define the ‘L’
limits of integration. Control volumes centered at ‘j2’ and 'j3’ use
straight pipe formulation.

A

Al FRAMATOME ANP
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Field Equation Reduction to 2-D J

> Considering Equation 2.3, rewrite in terms of the spatial ‘x-y’
coordinates and expand the derivatives

= X-momentum equation

P, &.},up .1..a£_'.+v & =—q £+(ng
P P35 vt 2y *ox 1019,
—a,pFWFv,, - T, (v, ~¥,,)

a
—alerIF(vxl - vx,n) - CQ'GUPE(V' 1=V g)
® Y-momentum equation

ov o2 av
uvpv_é' +u1pl[1 ARV 1

oP
5 EY xt F = -0 §+ apg,
~a,p,FWFv,, — T (v,s-v,,)

—a,pFIF(v,, -v,,)- Cu,a,p%(v, =Vya)

A

(-3 FRAMATOME ANP

Field Equation Reduction to 2-D, Single-Phase J

> The field equations are rewntten in terms of the primary direction for 2-D

® Decomposing the vector notation into it's components for single-
phase liquid

e Void fractions have been left in place

® X-momentum equation

x 10V; v, P
4Py at’+a'p{2 axr‘*’vy,r W'Jz_ara‘*arprgx‘arPtFWFxVx_r

¥ Y-momentum equation

10v2 ov oP
arPr?”*“rPf (E#*‘Vu a;']:—a,a+a,p,gy—a,p,FWF,Vy,

A

3ol FRAMATOME ANP
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_ Reduced Single-Phase Field Equation -~
[_- .. Applied to Typical 2-D Geometry ) -

Nodalization T Control Volume

—

LL

" praprietary e L, T FRAMATOME ANP

{ _ Momentum Field Equation'Summary: = ¥ J

~a PN
Y - I

t

_ > ‘Several control volumes representing plant component
nodahzatlons have been shown

-. -

"> How specnf c terms from the momentum fi eld equations are
applied to those control volumes was shown

. Reduced to smgle phase 1 D and 2 D for clanty

> Now gonng to apply the momentum equatlons to 5|mple
problems with nodalizations similar to a plant model .

m Consider single phase frictionaltless flow for clarity

m Will use the 1-D and 2-D spatfal discretized form of the momentum
equations

sis"

- will compare with either analytlc solutlons or CDF code calculations

A ‘

- KEC 02 002 FRAMATéME ANP
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Momentum Equation Simple Problems J

> Straight Pipe > Multiple Connections
> Elbow m simple lower plenum
> 180° Bend > Cross-Flow
m S-RELAPS solution B Tee
m STAR-CD solution > 2-D
> Area Change m flow-through (1-D to 2-D
® smooth connections)
® abrupt ®” STAR-CD flow visualisation
of vessel

A

Propuetaty - ; B FRAMATOME ANP

1-D Spatial Discretization J
Single-Phase Liquid

> The reduction steps from the field equations to the numerical
solution formulation have been previously presented. Thus,
consider the sum momentum equation (Equation 2-120) applied
to single-phase liquid.

0 0

(ﬂo/)(vj“ V2 )%+ (wn (v -V ),Ax#%(@ﬁ,"[:n NVt - (vl et

9
+3 e ) [V~ (v )RR ] At

0
=~(P.- ) at+ 078, - (0{)lv'| FWG]

~ (@ Vi FWET )y, - v,)) ] axat

A

Azl FRAMATOME ANP
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',1-D Spatial Discretization(cont.) = . J

> Add form loss term and assume single-phase steady flow
..., without wall friction, the momentum equation: . .

0
(arpf)';(v""‘ ‘vﬁ;ﬂ- -;—(drﬁ:):[(\'h (v, ): — (Ve lVy )','(] A’t+ %;-(&;b')'l‘(vin Vo D]
= (P, ~ Pt [p]B, = (a0, Vil FWF7 | &t )

L LN

can be simplified to

e[ - G e v ),
=R - PK)M"‘ g(p'& ‘rzi"’ o %‘)

— A

P ERAMATOME ANP

1D Spatial Discretization (cont.) . : .., J

> Volume Average Velocity in the i® direction:- - -~

x-direction = i = 1, y-direction = i = 2, cross-flow = i=3

(Vo) (BB A Yo+ (Ve gound (8P A, jour
(Vo= E— b
Z(ulpl At Z(uipl Adipu
. =

i

gives
iy

PGBV )Pun 2 A
n Vidoiou=

;(dif’f)u.ﬁu" A g(dlf’l)w Alm

PYCHAT NNy e
jok - - jout .

A

Viduw=

A

-l FRAMATOME ANP
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Straight Pipe Problem J

> Straight pipe with uniform single-phase liquid and steady flow

m Nodalization

+1 i j+1

m Control Volume

A

L= Lol FRAMATOME ANP

Straight Pipe Problem (cont.) J

> Nodalization of hydrodynamic volume * L’

x-direction = i = 1, y-direction = i = 2, cross-flow = i=3

V10w 100t
A

L

VI l.nA]I,n

A

Lo FRAMATOME ANP
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2 “;i 3

32’ Straight Pipe Problem (cont.) '~

J

1 A T
2

R

e

> From the assumption of unlform smgle-phase liquid with steady
flow and w1th smgle inlet and outlet the volume average velocity

is
t Vv
(V= ( f)“" AL (Vf)u,out
oo AR . -
and
(Ve)oan + (Ve )isou
( ')L,‘I B

KEC 02 0C2

( 1’)1ov.nAl1<>ut

L1

T

A

FRAMATOME ANP

_ Straight Pipe Problem (cont.) -

> Straight pipe control volume = ©~ .«

K } "M

yields no change i in momentum

LTt~y

—(wpf); [(V:)L(Wx(vn)x] }!(;P«)
""*\E"Qﬁ(ff"x}\,

0 0

TTTTITTTKEC 02002 ¢

N J:

FRAMATOME ANP
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Simple Elbow Problem J

> Horizontal to vertical nodalization and control volume

o |

L K L
- > K J'1 I 1+1
-1 !
g 1 _—
il 5 o[ ] =5 () (v 2))
TN
s =—(PL—PK) 1+Q(PK'L+9L_L‘]

A

FRAMATOME ANP

180° Bend Problem )

> Honzontal 180° bend nodalization with dimensions and
boundary conditions

— 05 ftle ‘_—‘"‘\

0976 m

P=10x 108
T=400K
v=30m/s

r=06096 m

d=06096m

A

[ FRAMATOME ANP
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_180° Bend Problém (cont) - - .-i J-
>Nodalizationis 1-D . ; L
m Control volume shown with junction * j* at midpoint of bend

m Use form loss from Crane
-Kloss = 0 354 B
4 oL
dL
i j+1

A

EENTRTTE FRAMATOME ANP

L f ~ -
Lo . - - P 3

> Momentum equation ’ -

- e ot d o e
¢ I B MR 4 nr ~

0

%(b,)f[(v.):(y"(/w;:(v.);}—";i(ﬁ,):(vr‘ G

=4a—px)""+*g(b:%\g¢i%)i S
Lt iy o Mg .

' . 1

-~ r R Lo

N -
> S-RELAP pressure change is 0.1502 MPa

i
3

.

'y

i T : *

s
H
i

A A et geme = - .. A e e o !

Raaed -1 r B FRAMATOME ANP
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180° Bend Problem (cont.) J

Pressure Drop Through U Tube

T T T T

Pressure (MPa)
9
wn

-

[=}

[=)
Y
L

0S5 - b

DsSo 1 1 1

oo 20 40 60 80
Tube Length (m)

[Cva FRAMATOME ANP

CFD Application to 180° Bend )

> STAR-CD was used to model the same U bend as previously
discussed

> Model was built using hexahedral cells with smaller cells next to
walls

> The assumptions for the problem were
= High Re k-¢ turbulence model
®m No wall frictton nor buoyancy forces
= Inlet velocity of 30 meters/sec
> Resultant pressure drop 1s 0.1505 Mpa
® Resultant pressure distribution and velocity vectors are shown
m Cross-section view of velocity vectors at bend midpoint _I

A

(s FRAMATOME ANP
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Velocity Vectors in Center of U Bend J

N B

PROSTAR3.10
31-0CT-02
PRESSURE
RELATIVE
PA
ITER= 186
LOCAL MX= 0.2458E +06
LOCAL MN=-0.8885E +06

024586408
T 016456408

i R L e

RELAP Model of 180 cegree bend
413551 Fiu Cels
30 /3 Infet velocity

Prosietary . i : s - B : Rl FRAMATOME ANP

Area Change Problem J

> Smooth area change
M No loss assumed = reversible pressure change
> Abrupt area change
B Irreversible loss assumed and calculated by code or user
* RLBLOCA methodology specifies user calculated loss

B Orifice area (if modeled) applies to junction area in the volume
average velocity calculation

> Purpose of problem is to show pressure change variation
between smooth and abrupt using same volume flow areas

A

sl FRAMATOME ANP
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o

.. Area Change Problem (cont.) . : ." - J

> Nodalization examples with control volumes overlaid

Abru;;t Smooth .
K: L ki ! L |
11 gl B

l FRAMATOME ANP

Area Change Problem(cont) "~ : . - J

> The volume average velocity for the * K’ volume (both cases) is

- . v[
Vedeam= M (Vedkaoun= .(_)fi

and

! i

Voea = (Vedkaim F (Vidkaoum

A

T FRAMATOME ANP
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Area Change Problem (cont.) J

> The differences are from the form loss used in the abrupt case
M Area change 1s 2:1 = form loss from Crane K, =025
> Nodalization

Smooth-Smooth Abrupt-Smooth

LEail FRAMATOME ANP

. Area Change Problem (cont.) J

Pressure Drop Through Area Change

0510 T T T

W smooth-smocoth
@ abnpt-smooth

0s05

o
% o [}
A
I -
k I 0.500 | | Q
3
& &
% 0495 |
o a
D490 L A L
i 0D 10 20 30 40
Length {m)

Ll FRAMATOME ANP
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\ Multiple Junctions = -~ : -

1
.
[

> Nodalization and control volumes -

Lt FRAMATOME ANP

- MUItiple JUﬂCtioris (Cont.) Y S “,,.’ L. J

»

> Simple lower plenum model nodalization and control volumes

2 J2+1

A :

Ol FRAMATOME ANP
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Multiple Junctions (cont.) J

;
> Simple lower plenum model, volume velocity - inlet side
o
e Z(afp'vl)inAin ZAin
(V=1 2

Z(d,p,)m/\]“ A

m
_ (a,p, (_Vf)A),, +(arf’lV1A),2 (A“ +Al2)
§ (o:,p,A)“ + (a,p,A)R A
: _ VAtV A,
b AL
: -0

A

FRAMATOME ANP

Multiple Junctions (cont.) J

> Simple lower plenum model, volume average velocity

(Vl )LJn =0, and (vl)Lom =0

0 Z(arpr A in F 0- Z(dlpi A)”M

n jout

Z(ulpl A )|,]w| + Z(dlpr A )A,;oul
I Jout

(Vt )L =

=0

A

(Gl FRAMATOME ANP
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e - s ek - e ~ .
- e . L * -
- . X P, .- ?
’ - ~ a - - v 3 -
[N SN L - -

L —(urpl),[(vv)L(Vr)L (Vt)x(vv)x]%lpt) Vl Ivnl . . ,: -

net -
“ =_(PL "PK)*’ +g(Px‘?+PL 2) - e = -
T “ G, . R N T . RS
G e e A R Ny T .t .
RO L AR PR R

> Since the ‘ L’ velocity is zero, a pressure rise is expected
W Reversible pressure rise since dissapation terms are neglected

A

YT FRAMATOME ANP

Simple Lower Plenum - - - ' .-« .. J

Pressure Change Through Simple Plenum .-
- Toee R
: 0520 T v T -
o . - T -
— .- :;w ” ' ) )
B Rl =~z
0515 | T -
.- - FriTea et ey BB -
— = '
o . . -
s -
® | PR - » - N
-, S 0510 SR KR DR
. & i
Y a a
&
; D505 | . » .
! -
i
0.500 L t -
00 1.0 20 30
Length (m)
Framatome ANP Propnetary -
- ”~n
- FRAMATOME ANP
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Cross-Flow J

> Cross-flow junctions are used to model pressunzer and ECC
surge line connection to the primary loops and used for the
hot/cold leg connections to the vessel

> Flow directions of connecting hydrodynamic volumes are
orthogonal (transverse momentum not modeled)

> Cross flow junction connects at mid-length or inlet/outlet ends of
hydrodynamic volume

A

Sl FRAMATOME ANP

Cross-Flow (cont.) J

> Nodalization and control volume of
typical connection

> Control volume cell length of L
downstream set to diameter of ‘L

> Geometry at control volume exit set to " )
junction 7§ values

> Yields no upstream pressure change

G-l FRAMATOME ANP
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- Cross-Flow (cont.)) = .- ".. .~ 7. J

> Demonstration calculatlon nodahzatlon

A

e Lol FRAMATOME ANP

' 2-D Momentum Equations: .~ ;. 1 J

[ (S -

IR 5 & T L0 B ;
l > Spatial Discretization .
et oy " S s 4T -

® 2D Noding . N

. . @ Orthogonal ooordmate systems ¢ used
® One cpprdlnate is always vertically aligned

m 2-D Momentum Equations ™ “ . o )

1 -~ L N
o e @ Equations are identical to 1-D formulation except for the introduction of
the cross-product momentum fluxterms - & . .. s . .

. ® The normal momentum flux terms’ (e.g., axial convection of axnal
R momentum) are differenced as for the 1-D component -~ - :

s

e Interfacial friction and wall drag are considered separable - I
T ~"le [ they are computed for each flow direction independently |

PO o e L L , T FRAMATOME ANP
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2-D Momentum Equations (cont.) J

| > Spatial Discretization

® Cross-Product Momentum Flux Terms

» Step 1

— For junction ), calculate a volume averaged axial (z-direction) velocity for the
momentum control volume

g,:g
[
3
K Vi =T L
Yyi
vy K vyl
ol
()]

Ax v, ¥ Ax v,

%
s (VY)] = AXK + AXL —I

el FRAMATOME ANP

2-D Momentum Equations (cont.) J

| Cross-Product Momentum Flux Terms

> Step 2: Decide on the donoring for the
axial velocity gradient

= If the junction axial veloaty ts positive, K L
the velocity gradient will be computed
—— L]
across the bottom face of the momentum YiK

control volume

® Conversely, if the junction axial velocity

ts negative, the velocity gradient will be Vi KK
computed across the top face of the ? L.K
KK

momentum control volume

v,) 20 J

el FRAMATOME ANP
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2-D Momentum Equations (cont.) - - _ .- J

l_— : Cross-Product Momentum Flux Terms

el
'w“'x" i"}-wi

> Step 3: Evaluate the axial velocity T
gradnentforthe Khalf-volume: s e, x| - lg’

L S | . e

B A PN

(vx.K) (V-,KK) ) o YK
i o
. %(AZ«+ az) L. x
3T 0 7 - B - Lo , &« - x
> Step4 Repeat Step 3fothalf volume CYSKK -~
— - [ ]
D . - KK ¢ - - . LK
> Step 5 Add the contnbutlons from the s
; two half volumes: R SO - -
(AV J (Vxx) = (Vaxk ) ( <L)y - (Vax),, R
Co\gy Ay + AY) Ay + Aym) I
L | A
1 Preprietary . - [ R [l FRAMATOME ANP

_2-D Momentum Equations (cont.) -~ - . J

I > Two Model Options ~~* " =¢" .0~ 7 .x .7 . o-

" l Downcomer defaults to z-8 coordinates and mtemally T
"~ connects first and last thétaiodes~ ==~ "~ * -
e x-direction maps to the vertical coordinate (z) v -

- s . "- e y-direction maps to the azimuthal coordinate (6)
m Core defaults to z-r'coordinates e, e

# x-direction maps to the vertical coordinate (2) -
& y-direction maps to the radial coordinate (r) |

_ KEC 0202

L prapnetary FRAMATOME ANP
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1-D to 2-D Connections J

2m/s
> Momentum treatment for 1-D to 2-D end

connections

® 2-D nodes connected via external junctions
to 1-D nodes are treated as a 1-D to 1-D
connection

e e g. straight ptpe control previously shown

B Same 1-D process applied for 2-D to 2-D
connections using external junctions

» Demonstration calculaton shows same
pressure distribution between TWODEE-A
(downcomer), TWODEE (core), and three
parallel pipes

e P =55862 Pa for each case
2m/s |

A

" meprietary e R ‘ sl FRAMATOME ANP

2-D Momentum Equation J

, |7> Flow Visualization study using STAR-CD CFD code

m Flow path simulated for study consists of cold leg, downcomer,
lower plenum, and core entrance (lower core support plate)
m Vessel model was developed for ISP-43 simulation
e Rapid Boron-Dilution Transient Tests using 1/5 scale B&W 2x4 vessel
® Boundary conditions modified for flow visualization study
- 9m/s inflow

- 1MPa
- 400K

m Test facility schematic

®m Flow patterns in downcomer and lower plenum

A
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2-D Momentum Equation (cont.

)

i3
;

Iy

- Prapuetary -

fafomif v f o

2ed¥

¢

At

MER= 238
LOCAL MX= D.B47SE
LOCAL MN--~0.4488E

05437E403
D47TIESDS
D.3845E405
02919405
01933405 .
B1087ESDS
14135
~TB44
~01710E+05
| -02838€.05

-0.
«04480E+05 >

RS FRAMATOME ANP
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2-D Momentum Equation (cont.) J

N1
A
1
N
N1
3 T
at :r,:
< i
3 A9
A
TREdny RYACER
Y La?el
NEEIE yEcs
s EAece
- ) Egt
PLe
% $
¢
by L4 N
J
4
Dy &
!
X
<V
el % "
Ny 4
o OS] L 3
- \
™ 4

PROSTAR 310
06-NQV-02
PRESSURE
RELATIVE
PA

ITER= 230
LOCAL MX~ 0847SE+DS
LOCAL MNe-0 448BE +05

0 B475E+05
0 7543E+05
0 E8B2IEQS
0.5B37E+05
04771E+05
0.3845E+05
0.2819E+05
01993E+05
01067405
1415

-7644

~01710E+05
-0.2636E+05
~0 JSB2E+05
-04488E+05

gzl FRAMATOME ANP

Question Resolution

> Remaining questions:

= Pump head

u Added mass

A

La-rl FRAMATOME ANP
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[

 PumpHead ~.-ocoosem o 0 J

> Pump head is added explicitly to momentum’'equation
> Requires two control volumes (e. g two junctions)
m inlet side has half of the pumb head added

= outlet side has remaining half of the pump head added

TTIEl FRAMATOME ANP

2

“Virtual Mass LU S J
> lnterphase drag consrsts of steady (F1) and dynamlc (FA) drag

w FA is the added mass or virtual mass force

. o I

FA= -Ca,a.p[aat(v —v,)+v,-§'—v. -67] L
®m Spatial terms neglected in field equations N
= Temporal terms have the effect of slowing down the rate of change

of the relative velocrty

R c=—nuld ) (= Ofor horizontal stratified flow) :
max(a,, ,)

- _d ‘)o p is the mixture densrty‘

’ - p should be the density of the continuous phase
" - ® Cagp is not flow regime dependent
= Cap should be flow regime dependent

A
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- Momentum Exchange from Mass Transfer J

> Mass times velocity at interface

Vﬁ =Vg| =V|
v, = v, +(1-14vy)
1

m settng A= E implies the process is reversible

m use a donor formulation

A=0 ;2 0
A=1 < 0
o dissipative

> Sensitivities were made to show effects under important two
phase conditions

= used FLECHT-SEASET assessment cases

A

(G-l FRAMATOME ANP

Added Mass Sensitivity J

> Sensitivity calculations
show the effects of
virtual mass and
momentum transfer due
to mass transfer are
quite small

Bensiivity Clad Temperaturs {K)

{' + Momentum Transfer Sensitivity e
» Virtual Mass Sensitvity H

1100 120 1300 1400 1500 16008
Base Clad Temperature (Q

A

hadeil FRAMATOME ANP
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Conclusions |

> Discussed momentum equation terms

> Shown how momentum control volumes are mapped to
nodalization used for plant analysis

> Shown how various terms in momentum equation are applied to
plant specific components

> Shown flow visualizations of important geometries with the CFD
code STAR-CD

> Addressed momentum equation questions, either directly or
indirectly

A

Y "B FRAMATOME ANP
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Agenda - November 13 J

> Introduction (Holm)

> Momentum Equation (Carlson)
2-D model

m Straight pipe ]

® Bends/elbows e Cold leg/downcomer connection

m Area change = Downcomer/lower plenum connection
® Multi-junctions » Pump

@ Cross-flow m Added mass

General RELAPS Questions (Martin)
Selection of Node Size (Martin)

Critical Flow (Carlson)

Statistical Analyses (O'Dell)

A
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Agenda - November 14 J

Morning
> Summary of RLBLOCA Methodology (O’Dell)

® Requirements and capabilities
e Changes to RELAPS to create S-RELAP5S

m Assessment and ranging of parameters

® Sensitivity and uncertainty analyses

A
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