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Abstract

The VIPRE-W/MEFISTO-T code package constitutesnap$ified approach to sub-channel film-
flow analysis whereby the transport equations ffar liquid films are decoupled from each other.
The approach allows fast and robust simulation withh axial resolution of realistic BWR
transients. It has previously been shown that adgtstate version of the model agrees well with
dryout measurements in full-scale fuel assemblykngas performed at the Westinghouse FRIGG
loop. In this paper, we present validation of thensient version of the code with around 300
transient dryout experiments from the same loog ffansients involve realistic variations of flow
and power and three different axial power distiting at conditions typical for BWR operation. The
results from the film-flow analysis show high pigon in the dryout prediction but a hitherto
unexplained bias that reduces the accuracy.

1. Introduction

Safety analysis for boiling water reactors (BWR)typically performed with one-dimensional
system codes equipped with purely empirical dryowutrelations to predict the thermal margins.
Three-dimensional effects, such as the influencethef internal power distribution, must be
implicitly handled by the dryout correlation. Comeiing that these effects develop over a length
scale that is comparable to the height of a typiaal assembly it is questionable if they can be
incorporated in a simple algebraic correlation [This is the reason why several three-field
subchannel codes for BWR thermal hydraulics hawn leeveloped, e.g. the COBRA-TF code [2],
the NASCA code [3] and the FIDAS code [4]. The MOISAode [5] may also be classified as a
three- field code even though some of the momergndenergy equations have been lumped. The
development of these models is an ongoing effotth Wie main focus to improve accuracy and to
bring the empirical parts of the models closeh® underlying physics. A recent contribution irsthi
direction is the work by Lane et al. [6].

Three-field two-phase thermal hydraulics differs@gptually from the more commonly used two-
phase (two or one-field) models in several waysyTéliminate the need for empirical correlations
for phase-slip, two-phase multipliers and the caitiheat flux. Instead more mechanistic concepts
such as interfacial friction factors and variougidal mass-transfer mechanisms are introduced. The
mechanistic concepts are believed to be more ggneggplicable and to capture phenomena that
might be overlooked by the simpler empirical foratidns. On the other hand, it is difficult to
obtain the detailed experimental data that is oftecessary for the direct validation of such models
and the complexity of the models can make the codpsactical for engineering applications. For
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this reason, we believe that mechanistic modelsldhoe used when they are necessary in order to
describe relevant an important physical phenomenavhen there is no such clear advantage one
should consider simpler models that are easiealidate.

The present work is an extension of a previousgs@nted and extensively validated model [7] in
order to include transient applications. It pursaesintermediate path between a full three-field
formulation and most common two-phase flow modeke technique is based on the decoupling of
the film equations so that they can be solved pas&process, relying on a standard two-phase flow
approach. Our main goal is not the elimination lbEmpirical models and correlations. Instead we
want to eliminate complexity and use additional amns only when similar capabilities could
clearly not have been achieved with a simpler moa intention is not to create a general purpose
thermal-hydraulic model. Instead we focus striatly the modelling of the high-quality dryout
phenomenon as it appears in boiling water reactors.

2. Basic equations

In this section we present the fundamental conservaquations, which form the basis of the film
model. In the steady-state limit they reduce todbeations used in [7]. In that case, however, the
momentum equation (section 2.3) decouples frormtbédel and it can be excluded.

The typical modelling approach and equations usedtandard two-phase subchannel codes are
described in [8]. Complete three-field formulationave been published by Sugawara [9] and
Jayanti and Valette [10]. A slightly simplified #e-field alternative was described by Hoyer [11].
Based on the three-field formulations we preserg hesimplified set of equations for the liquidfil

in annular two-phase flow. Terms that are of mingportance in the annular flow regime have been
removed from the equations. Further simplificatioihnthe energy and momentum equations is
achieved by introducing a few equilibrium assummighat are motivated by the length and time
scales that prevail in a typical BWR nuclear fusdeambly. The equations are presented here for a
single liquid film in order to simplify the notatio In the actual implementation we allow any
number of films in each subchannel. We assume tthatphase (mass and enthalpy) solution is
available from the driver code when the film-eqoas are solved.

2.1 Mass equation

Selecting a control volume that contains the lidiilitt to be analyzed and assuming a single film
thickness, d, throughout this control volume and an averag®a fikelocity, u,, we arrive at the

following mass-balance equation:

2 Mpe)+2(unpa)=n(-E-r)+w )
ot 0z

where is the wall perimeterp, is the liquid densityD, E andI" denote the rate of deposition,
entrainment and evaporation, respectively andis the cross-flow of liquid film into the control

volume per unit axial distance (see section 3.4¢. Weve the following relation between the film
flow-rate, W, , the film thickness and film velocity:
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W, =u,Mpo, 2)

which may be considered the definition of the filmtkness. Inserting (2) into equation (1) gives:

(Wi ). 0 () i e
E[IJ+E(\M)—I—I(D E-T)+w, 3)

Equations (1) and (3) are equivalent; the onlyedéhce is whethed or W, is considered as a

primitive variable. We prefer the latter form besauit decouples the mass-equation from the
momentum equation in the steady-state limit.

2.2 Energy equation

By considering the same control volume as in secBd the following equation for the energy
balance is obtained:

0 W 0 "

a[hf u—f}a(hfwf):n(ohd—Ehd—rhg+q)+wfhf, 4)
f

where " is the wall heat flu¥y denotes enthalpy arfdd andg refer to the film, drop and gas

fields, respectively. This equation may be simetifiby assuming thermal equilibrium, i.e. that the
temperature of both phases are always equal tos#bhgration temperature, which is a good
approximation for the annular flow regime. Thiswmssgtion is equivalent to settin, = h, =h,

and h; = h,,. Substituting this and subtracting equation () h, gives:

S

oh, ohy _ "
( ail: +uf a; jpld__rhgs-i-rls-'_q (5)

and introducing the pressurg,,

op op)  dh "
—+Uu; — 0=-Th+lg+ 6
(at f aszl ap gs Is q ( )

For pressure between 20 and 200 lpedh, /dp <100. Setting the pressure rate of change to 10

bar/s and the film thickness to 0.1 mm the leftchaitle is equivalent to a heat flux of less than 10
kW/m? which is negligible compared to the typical soefaheat flux of a nuclear fuel rod.
Neglecting the left hand side we get:

q" q"
r= = (7)
hgs - hls hIg

This simplification of a partial differential equah into an algebraic relation has been achieved
primarily by assuming thermal equilibrium betweére tphases and by neglecting secondary heat
sources such as frictional heating and phase chatgied to change in pressure. It may be noted
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that (7) does not include any time-dependent teantshence is identical to the energy equation of
the steady-state model.

2.3 Momentum equation

Again considering the same control volume as ini@ec2.1 and assuming that droplets are
deposited with the average droplet velocity, and entrained with the film velocity, , we get:

0 d ad
awf +a(ufwf):n(udD_ufE_ufr)+ufo —I_IJ(a—rZ)+g,0,j+|_|(Z’i _TW) (8)

where 7, and 7, denote the shear stresses at the film interfacettite wall, respectively ang is

the acceleration of gravity. Multiplying equatids) {vith u, and subtracting from equation (10) this
can, by using equation (2), be rearranged into:

1 0u, du, J(Op j
——+— |pdlu; =MNDlu, —u; )-MJ —+ +Ir, -1 9
[uf ot 5z 1% f ( d f) o7 a0, ( i w) 9

Because the film is very thin the contribution frahe pressure gradient, gravity and inertia terms
are negligible. The momentum transfer by depositian, however, be considerable and should not
be neglected [12]. Introducing these assumptionbave:

D(ud —uf)+ r,-r,=0 (10)

and have thus reduced the momentum equation frpantel differential equation to an algebraic
equation. This has been achieved by neglectinghréa and the weight/buoyancy of the liquid film,
which is motivated as long as the film is thin.

We could now proceed to introduce models for treasistresses and the droplet velocity and solve for
the film velocity. The result would be an algebraguation for the film velocity, which provides the
coupling to the mass-equation. However, the twospltaiver code already solves another momentum
eqguation and applies a void correlation. In orddve consistent with the driver code we assume that
the wall shear stress,,, as calculated by the driver code is correct atated to the film velocity

according to

r =5 CupUl. 1)
whereC,, is the wall-to-film friction factor that we modatcording to Wallis [13] as
C,= ma{ 16 ,0.005], (12)
Re,

where Reis the film Reynolds number. We get the followalgebraic equation for the film velocity

2r
= w_ 13
Uy \/CWpl (13)
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The momentum equation (10) has not been used @kplio the present approach it serves only as a
motivation to use a simple algebraic expressiortferfilm velocity rather than a differential eqgoat

3. Constitutive relations

3.1 Deposition

We use the formulation by Okawa et al. [14], whisha slightly modified variant of the model
proposed by Hewitt and Govan [15]. Explicitly:

-05
D o632 & g (14)
C Iog pgdh
where
C= W (15)

W, /0 +W, /p, "

3.2 Entrainment

The entrainment correlation presented by Okawa. ¢14) is used with modifications according to

[1].

C.G;o,
E=kep .
ap,

(16)

Here C, is an interfacial friction factor and; is an estimate of film thickness. It is, howevent the

same as thed as defined by equation (2) but the one estimatsl iy Okawa et al. [14] in
developing the correlation, given by

CuPy W; 1

O. = - 17
; Cilol rl Gg ( )
The interfacial friction factor is given by
75
C =0051+—{1-)> di)|. 18
. 5[ N )} (18)

where the sum goes over all walls in the subchagain this is consistent with the original work
by Okawa et al. but generalized to accommodate heutmels with more than one wall. Other
generalizations are conceivable but we believettiee should be only a single interfacial friction
factor for the entire subchannel, not a local ooe dach wall. The application of entrainment
correlations, which were developed for pipes, tdtirwall subchannels has been discussed in more
detail in [16].
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3.3 Spacer grids

Spacer grids are known to have a significant angliyspositive influence on the dryout margins.
This is usually attributed to an increased depmsitate downstream the grid as a result of incoease
turbulence. We model this by multiplying the depiosi rate downstream the spacer grids by a
factor k. (z,6), which is a function of the spacer blockage raficand the distancez, to the

closest upstream spacer. The model has been addiptetly from the steady-state version of the
code [7].

3.4 Cross-flows

Most two-phase subchannel codes and, in partictilarVIPRE-W code used in this paper model
two types of lateral transport mechanisms, usualfigrred to as diversion cross-flows and turbulent
mixing, respectively [8]. The diversion cross-flasva net mass-flowy,,,, from one subchannel to
a neighbor subchannel driven by a lateral presgradient. In VIPRE and most similar codes it is
assumed that the enthalpy carried with the divarsioss-flow is the mixture enthalpy of the donor
(i.e. upstream) subchanndi,, .

The turbulent mixing, on the other hand, may be ehexdi in various ways. In single-phase flow it
would typically correspond to the transport of higatm one subchannel to a neighbor without net
mass-transport by heat conduction and by randobuliemt motions of the fluid. This concept has
been carried over to the VIPRE-W model [17] evesutih it is not obvious that the mass-transport
should be zero when a net density gradient is ptea® in two-phase flows. This issue is further
discussed by Lahey and Moody [8]. For the purpadehis text it suffices to note that the VIPRE-
W model is empirical and that it is mainly motivatiey its agreement with experiments [18]. The
VIPRE-W model for turbulent mixing thus assumesmmass-transfer (in addition to the diversion
cross-flow) but a net transport of enthalpy eqoawt,, Ah, wherew;,, is a virtual mass-exchange
rate per unit axial length anfih is the difference in mixture enthalpies betweenttho neighbor
subchannels.

A three-field model that does not use enthalpy paraitive variable cannot directly adopt a cross-
flow model as described above. Instead all lateaaisport must be modeled as net mass-flows,

w, andw, , of the film, droplets and gas fields. In the prescase we obtain these mass-flow terms

implicitly, demanding consistency with the modeltioé driver code in terms of mass and enthalpy.
That is, we require that

Wdiv = Wv + VVI (19)

Wdiv h

don

+WryAh =w h, +wh (20)

The liquid cross-flow,w, =w, +w,, must be further divided into a film cross-flow, and a

droplet cross-flow,w,. This information cannot be derived from the twwape driver solution.

Instead we divide the cross-flow according to thepprtion of film and drops in the main flow of
the subchannel, i.e.
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W, =W —— 21
W, (21)

where all fields refer to the same subchannel. Tuoslel is directly adopted from the steady-state
model [7]. It has the advantage to decouple time fibws of the individual subchannels so that all
subchannels can be analyzed independently oncevtiiphase solution has been obtained. It has
previously been shown [7] that the model is nottipalarly sensitive to the details of this
assumption.

4. Flow-regime transitions

The film-flow model of MEFISTO-T is valid for thenaular flow-regime only. The steady-state
version of the model [7] was hence applied onlyhi part of the channel where the flow regime is
annular and the upstream boundary condition wagetkfat the location of onset of annular flow.
For transients, however, this location will movetlas transient progresses at a velocity, which may
exceed the velocityy,, of the liquid film. In that case, defining the usmlary condition at the

location of onset of annular flow will result in @hposed set of equations. We have addressed this
problem by creating a simplified model of the floegimes with less steam content than the
annular, here collectively referred to as pre-aanfibw. The only purpose of this model is to gave
robust solution for the drop- and film-fields tregiproaches hydrodynamic equilibrium at the point
of transition to annular flow in order to be comsig with the steady-state model. In pre-annular
region, the droplets and film have been assigneds#me velocity, which is reasonable since it is
not possible to distinguish between droplets almd ifn these flow regimes. In order to be consistent
with the solution from the driver code it is thezcessary that

W, +W, 22)

u, =u, =4—~—,

C (t-a)p A
wherea is the void fraction as calculated by the drivede. With this assumption the separation of
the liquid phase into droplets and film should béeayarbitrary in the pre-annular region. However,
at the transition point we want these fields t@belose to equilibrium as possible. This is addev
by estimating the equilibrium droplet fraction dtet transition point and introducing the
corresponding mass-flow of droplets already atctiennel inlet.

The onset of annular flow is determined from theedon by Wallis [13], which may be rearranged
into an explicit equation for the transition stequality

X, = o.6+o.4\/gd“(p'G_pg)p' }/(om,/p/pg) (23)

where G =W/ A is the average total mass flux in the subchanifel.define the pre-annular flow
regime to be any part of the flow whexre< x,, . Ideally none of the constitutive relations theg a
valid only for annular flow should be applied hedmawever, the model (23) must be considered as

approximate. In fact, the very concept of a flowinee transition is an idealization. It thus makes
sense to phase in deposition and entrainment mgdadsially as the transition point is approached.
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This has the numerical advantage of avoiding aodgitiguity in the model and, more importantly,
the deposition and entrainment rates will stadagproach the desired equilibrium already within the
pre-annular region.

5. Validation

5.1 Transient dryout measurements in pipe

As a first step the model was validated in simpleet geometry, thereby excluding the relatively
uncertain cross-flow and spacer models and stagiioge to the geometry for which most of the
empirical constitutive relations have been developEhe results of this validation effort were
presented in [19] based on an early prototype efrttodel described in this paper and transient
measurements by Moxon and Edwards [20]. Even thdogimodels are not identical in all details,
the present model yields very similar results.

5.2 Transient dryout measurements in rod bundles

The main validation of the models is the comparismainst the dryout measurements from
Westinghouse FRIGG loop, performed in full-scalealistic 24-rod quarter bundles including
spacer grids and part-length rods. The validatieer the steady-state database (1364 data points)
has been presented in [7]. In this paper we prefentvalidation against the transient dryout
measurements from the same loop and in the sammeeggousing the same model parameters and
discretization with 35 subchannels and 100 axidesso The experiments were performed with three
different axial power distributions: top-peakedsio®@ and bottom-peaked. Various flow-decrease
and power-increase transients were included as aslcombinations thereof. A total of 294
transient measurements were performed, all of waiehincluded in the present validation.

In a transient it is not meaningful to speak abautical power’, which is the main validation
parameter in steady-state. The direct outcome efttAnsient measurements is instead the rod
temperature, which could be directly validated. phesent model does, however, not include post-
dryout heat transfer model. The only result of ¢$hraulation is the minimum film flowrate (MFF),
which acts as a measure of dryout margin. In tmeesaay as in the steady-state case we let the
film-flow rate decrease to artificial negative veduif the film dries out. These negative film flows
are to be interpreted as negative margin to drymittfo correspond to any measurable quantity. For
each transient we hence restrict the validatioa tivsyout/non-dryout comparison. This information
is extracted from the experiments by inspectingtédmeperature traces from the thermocouples, as
illustrated in Figure 1.

The validation results are summarized in Figur&igure 3 and Figure 4. These figures show the
maximum measured rod temperature increase versusirtiulated film flowrate and indicates for
each point whether or not dryout occurred duriregtést. The temperature increase is not formally a
part of the validation but was included in ordereiwhance the readability of the plots. In the
simulations, a dryout prediction should ideallyrespond to MFF<0. We do, however, observe a
systematic bias of the simulated MFF so that theebof dryout is typically observered for MFF
between 0.1 and 0.15 kg/s/m. As for now we do raxeha definitive explanation for this bias.
Model deficiencies cannot be ruled out but extemsensitivity studies indicate that part or altha
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bias may be explained by the choice of various nsoded numerical parameters in the VIPRE-W
code. On the other hand, the MFF interval whereotiset of dryout occurs is rather small and it has
been shown [21] that it is consistent with the d&ad deviation of the steady-state model.

Further validation of the model against the fulkdle transient dryout tests that were includedhen t
BFBT benchmark [22] is presented in [23].
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Figure 1 Example of measured temperature increa®eeahe steady-state value (black) and simulated
film-flow versus time (blue). The sudden rise aohf@erature at several positions indicates that dryou
has occurred. The smaller temperature rise thatre@arlier and simultaneously at all positions is
caused by the imposed power transient and thernpte®being located inside the heater rods rather

than at the surface.

6. Conclusions

We have shown that a simplified three-field subctgimodel, based on a standard two-phase
subchannel code extended with a multi-wall film mlods able to reliably predict transient dryout
margins in a BWR fuel assembly. A database of P&dsient dryout measurements in full-scale mock-
up bundles from the Westinghouse FRIGG loop has beed as well as measurements in simple pipe
geometry. Conditions are typical for BWR anticightgperational occurrences, such as load rejections
and pump trips, except that experiments with fassgure increase are not available. The model has
previously been demonstrated to predict the ststatg- dryout power with a standard deviation of
4.1%.[7] The transients results show that precigiathe predictions is comparable to the steadigesta
model [21]. There is, however, a clear bias indineulated film flow-rates that reduces the accuracy
The steady-state validation showed that the modslegsentially unbiased (MFF=0 at dryout on
average). It is currently not clear why this prapeloes not apply to the transient case but there a
indications that details in the subchannel model heve caused the bias.
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Figure 2 All experiments with top-peaked axial powsstribution. Measured rod temperature increase
versus simulated minimum film flowrate per unit neerimeter (MFF).

a7y

&
70
Gl
50
40
a0

20

1]
-0

SF24 5B
B Power trans. indicating dryout
: : O Power trans. not indicating dryout
: Flow trans. indicating dryout
: Flow trams. not indicating dryout
I S S ... = ®  Combination trans. indicating dryout
: | ] .f S Combination trans . not indicating dryaut
[ : : : : :
I S o e U T
[ ] : , | : :
e v *e Y : : :
we 't H : :
o .uj. .................. . ...........
: [ f'. : :
: : ] : :
Lo Y POUR L S T S L
: Cw : : :
: : : * : :
: : o : o
....................... SRR ELL- LR REEE EEIERREE ALRMERRE
: u . : :
: : =] : :
L R (n S
: ®oo  ao =
! ! ! i i ! !
A -0.05 1] 0.0s 0.1 015 02 0.25
MFF [kezim]

Figure 3 All experiments with cosine axial powestdbution. Measured temperature versus simulated
minimum film flowrate per unit rod perimeter (MFF).
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Figure 4 All experiments with bottom-peaked axiaver distribution. Measured temperature increase
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