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NUC_LEAR REGULATONY COMMISSION DISCLAIMER

IMPORTANT NOTICE REGARDING CONTENTS AND USE OF THIS DOCUMENT

PLEASE READ CAREFULLY

This technical report was derived through research and development
programs sponsored by Exxon Nuclear Company, Inc. It is being sub
mitted by Exxon Nuclear to the USNRC as part of a technical contr
bution to facilitate safety analyses by licensees of the USNRC which
utiize Exxon Nuclear-fabricated reload fuel or other technical services
provided by Exxon Nuclear for licht water power reactors and it 1s True
and correct to the best of Exxon Nuclear's knowledge, information
and belief. The information contained herein may be used by the USNRC
in its review of this report, and by licensees or applicants before the
USNRC which are customers of Exxon Nuciear in their demonstration
of compliance with the USNRC's regulations.

Without derogating from the foregoing, neither Exxon Nuclear nor
any person acting on its behalf

A. Makes any warranty, express or implied, with respect to
the accuracy, completeness, or usefulness of the infor
mation contained in this document, or that the use of
any information, apparatus, method, or process disclosed
in this document will not infringe privately owned rights
or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of, any information, ap
paratus, method, or process disclosed in this document
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When the break flow is not choked, N independent equations are
obtained by using L loop equations where L is the number of loops
(N = J-1 +L).

When the break flow is choked, N independent equations are obtained
by using L-1 loop equa‘tions (the loop containing the break is not used) and
one specified choked break flow. The bréak flows are determined by entering
the choking tables (either HEM or Moody as specified by the user) with the
pressure and quality in the break nodes. These choked flow values are com-
pared to the break flows calculated, assuming that the flow is unchoked, and
the lesser of the two flows is used.

The equations solved are implicit in the node average densities,
CPe The rate of change of pressure, %%, is updated iteratively during a
time step using the depressurization model described in Section 5. The
nodal inlet and outlet densities, which depend on ;n’ are also updated

iteratively. Equations are solved by a Newton-Raphson Technique.

2.3 TREATMENT OF CORE AND BYPASS REGIONS IN SYSTEM NUMERICAL SOLUTION

A special pipe node is designated in the system model to represent
the core and bypass regions. Detailed solutions for these regions are obtained
using the models described in Sections 3 and 4, and the results from these
models are treated as boundary conditions in the system solution scheme.

Two equations are affected, For the flow loop containing the core
and bypass regions, the core pressure drop (equal to the bypass pressure drop)

is defined by the core model instead of using Equation 2.14. The junction
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- Rod and channel to vapor convective heat transfer

- Rod and channel to liquid film convective heat transfer

- Vapor to liquid film convective heat trarsfer

- Varor to droplet convective heat transfer

- Two-dimensional radiation heat transfer, for as many as 65
different surfaces (8x8 rod array and a channel), assuming
gray and diffuse surfaces and non-scattering media

- Radiant rod and channel to rod heat transfer

- Radiant rod and channel to vapor heat transfer

- Padiant vapor to droplet heat transfer

- Quenching and rewetting of rods and channel (rates may be

Timited by temperature, liquid availability, or by film

velocity)

Countercurrent flow limiting at top of core

- Two-phase mixture level progress through core during reflood

- Liquid entrainment from the two-phase mixture level during

reflood.
The core model considers one average vertical thermal-hydraulic

flow channel per fuel assembly and has the capability to consider more
than one rod type in a fuel assembly.

3.2 CONSERVATION EQUATIONS

Six conservation equations plus the state and interphase relations
are used to describe the two-phase dispersed flow region. Two equations
are used to conserve mass in the vapor and liquid phases. Two momentum
equations define the effect of the interfacial forces on the dispersed droplet phase,

and the spacial pressure gradients of the combined phases. An energy equation
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3.2.1 Conservation of Mass

The conservation of mass equation in Table 3.1 for

vapor flow in the dispersed flow region can be written as,

a .')p D
P 3V a "V 3 a . p_ U - +
Y 3TVt VT L T Sy (3.1)
S R
where i indicates the droplet of film phase. rv is the vaporization rate and

<

5, 1s any other source of vapor. a 1s the void fraction (same as a). The

partial derivative °°v can be written as
at
Py P e (
:.’t JP dt '

W
~No
S

The rate of change of pressure, %g , 1s taken as a boundary
condition. It is assumed that the density of the vapor is at caturated
conditions, and the rate of change in vapor density is described in
Equation 3.2, with the derivative g%3~ determined following the saturation
line, Equation 3.1 shows that the vapor mass flow rate increases spacially
according to the rates of vaporization, displacement, and expansion.

Continuity of the film mass determines the excess liquid

available (Nf d) at the rewet fronts.

o Sk et I R (3.3)
where Ua is the quench front velocity. The excess liquid at the rewet

front is a source of droplets.

XN-NF-80-19(NP)
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Conservation of liquid and vapor masses in this region

determines the rate at which the mixture level rises,

Y y
& . E 3 P i
dt °© ‘( _Yy A A fos"- dy A ﬁ ‘9.,V dy + wgo Nz/y ’ (3-8)

y y Ayp
1 » . .9 dy :
wv/y A }é P dy + A./g s, dy > at - (3.9)

Equations 3.7, 3.8 and 3.9 and a momentum relation for the relative velocity

of the liquid with respect to the interface (NQ/ ) are solved simultaneously.

Y
3.2.2 Conservation of Energy

The eneryy conservation equation in Table 3.1 defining the

vapor superheat can be rewritten as:

at a Ao, 3z ‘v ap A 23z ‘Mv

G

L L I
+ a1 *r’v H‘* _T;;D—;— (hg - hv) . (3]0)

The form of Equation 3.10 is consistent with the donor cell logic used within

the program.

Vaporization rates of liquid in the presence of superheated

vapor are defined to be
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3.3 HEAT TRANSPORT MODELS

Energy balances and correlations are used to define the
rate of transport of thermal energy between mediums. Includec are
convection from the surfaces to the fluid phases, convection between
the phases, conduction limited quenching models, and radiation in an
enclosure with participating media.

3.3.1 Convective Heat Transfer

The core model considers four convective heat
transfer components. They are:

® surface to vapor

© surface to film

? wvapor to film

Y vapor to droplets

The surface to vapor and vapor to film paths are

both governed by the Dittus E.zlter relation(g),

Nu = 0.023 ReQ-8p.0-4 (3.26)
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Referring to Figure 4,1, it can be seen that three distinct regions
can exist between the upper and lower junctions where the pressure drop
boundary condition is applied: a liquid region (between Z and ), a
region between the falling film quench front and the liquid (between Zq and
ZL’ called Region B) anc Region T which contains the films on the channels.

The gravity terms are:
= -q [ - _— - -
Apgrav‘ity g (7, ZQ) fe = 9 (Zq Z )[aBpg + (1 08) pf]
- g (Zu - Zq)[uTng + (1 - “T) of] (4.3)

The friction and form losses considered are:

fu! "y qu' qu
!\P 5 = - K ——— S SS———t N +
frichon,formu U ap 2 og og
& g [ Ml Mg Mgl Woe
frictvon,formi i 2A§ P og . (4.4)

The friction losses through the lower bypass junction are by far the dominant

term in Equation 4.4,
The void fractions (aB and JT) appearing in Equation 4.3 are cal-

culated assuming steady state flows of .iquid and vapor above the liquid level

(uﬂJ and ng). The relative velocity nf the dronlets and vannr are calecylated

assuming that all droplets have a size corresponding to a Weder (We) number of

)
12.0‘9', and the drag coefficient (CD) is consistent with Equation 3.41,
. (aveyiza Olog = gl 1y
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5.1.2 MWilson Bubble Rise Model
The Wilson Bubble Rise Model(zg) is an approved phase

(30). In

separation model in ENC's Evaluation Model version of RELAP4
addition, the experimental swell test data from which the Wilson model

was developed was representative of JP-BWR lower plenum LOCA conditions.
Thus, the Wilson Bubble Rise Model was iﬁzluded as an option for a phase

separation model.

5.2 UPPER PLENUM MODEL
The presence of ECC sprays in the upper plenum results in the
occurrence of phenomena such as droplet entrainment and countercurrent
flow which do not exist in other FLEX system nodes. A special mocel is
therefore provided to describe fluid behavior in the upper plenum.
The FLEX upper plenum model is shown schematically in Fiqure 5.2.
The ECC spray flow wspray is input by the user as a function of time or
pressure. The values for the inlet boundary flows wCCFL and Nin are computed
by the FLEX core model and supplied as boundary conditions to the system
model. The mixture 1avel, HZﬂ' is computed using the drift flux phase Separa-
tion model discussed in Section 5.1, The nodal flow, wout‘ results from the general
system flow solution discussed in Section 2. The droplet entrainment flow

W and the surface liquid entrainment flow, W

ent.d , result from interaction

ent,t
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The critical droplet size for entrainment is calculated
assuming a balance between gravity and drag forces, and is described by:

2
0.75 °q ‘o Vg

' i 5.17
de g(t'f " Og) ( )

where Vo is the vapor velocity and the drag coefficient is consistent with
Equation 3.41. The droplets which are entrained are thus those with diameters
less than or equal to de. The volume fraction of droplets with diameters less

than or equal to de »$, can be obtained by integrating the size distribution

as given by:
d

[ €3 ,
‘o _d” N(d) dd

¢ - [*.3 (5.18)
d? N(d) dd
0

where N(d) is given by Equation 5.16. The total droplet mass entrainment
rate is then computed as:

went ¢(“spray) (5.19)
where wgvrdy is the mass flow of the spray into the upper plenum,

2
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yne obtains the relation
ug duv
4 5 ; 3 " = ” {y i v . o—— A
tq (M ov + .ung) Q - Q, + Plvgy + gwg) + “gv(“v ug) LW
Ju u av ou u av u v
. 4P f, fq _ f .49, fg g fa g
dt [Mf(' ap ! Ufg ap ) ¢+ Mg( ap ' Jfg 3P } * Mv vf P | (5'34)

In deriving Equation 5.34 it was assumed that the density of superheated
vapor is the same as saturated vapor; this assumption is justified since the
mass of superheated vapor is small relative to the total system mass.

The superheated vapor is assumed to exist only in the active core
region, and is produced only by heat transfer to vapor (Qv). Writing the
continuity and First Law relations for the superheated region alone, one

obtains, after rearranging

= W )+M(-j-u~\"+M pdP g (5.35)
Q - gv Yy 7 Yg v dt v tap ‘

ubstituting (5.35) into (5.34) and solving for ~Pryie1ds

Q
4P S hfg 48 gq
" TFue. 3h, % Ve, o 3 Ju, 19.36)
M ,hfﬂ (pf . Vf) . ﬂf* i M h,fﬂ (’\‘ﬁg VR g § P e |
f fg R o g fg ( g aP v 3P
which is used by FLEX to determine the rate of pressure change of the system
at any point in time. It is assumed that %% is the same in every FLEX node,

including the core and bypass regions.
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The QS term appearing in Equation 5.36 is the net heat transfer
rate into the saturated liquid phase only, and is assumed to produce saturated
vapor.,

5.5 PASSIVE HEAT CONDUCTORS IN SYSTEM VOLUMES

The slab heat conduction model used in FLEX is a one-dimensional
finite element solution of the heat conduction equation based on the Method |
of Weignted Residuals (MWR) and employs the Galerkin Approach(zs). The
model has five degrees of freedom and can treat two different materials. Within ‘
each of the two regions, a quadratic temperature profile is used.

The general one-dimensional heat conduction equation solved by this

d - d:sr n'h § ) dT
ax (kgx) tP o= ec g (5.37)
which is subject to arbitrary initial conditions and convective boundary

\
|
\
\
\
method 1s }
\
|
\
.
|
|
|
|
.

conditions, See Appendix A for a detailed discussion of this passive heat
conductor model . :
5.6 EQUATION OF STATE
|
The equation of state used in the core and system models was obtained
from the HAMBO(PA) computer code. The coolant saturation properties are
represcnted by a polynomial curve fit of the Keenan and Keyes(zs) steam tables
and have errors of less than 1% in the pressure range of 14.7 - 2400 psia (0.1
to 16.4 MPa). The curve fit is of the form:

f(x) = C] + sz + C3x + qu + CSX B i (5.38)

|
|
|
|
|
i
3 5 .
\
i
|
|
|
|
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The total cross-sectional area of the upper plenum is
m 2
= 5.29
Aup 4 Dup ( )
where DUp " the diameter of the upper plenum. The area above the fuel

bundles is

= N (L

Acore asm ) (5.40)

chan

where N is the total number of fuel assemblies and L is the inside
asm chan
dimension of the fuel channels.
The mass flow rate of spray liquid available to the active core
region is

-1
"eore max (wspray " Went) Acore Aup . (5.41)

The mass flow rate of spray liquid available to the bypass region

- -1
bypass,max ° (wsprdy = o)1 - Reav Aup)- (5.42)

wgpray is the spray mass flow rate, including the liquid produ. .

by condensation in the upper plenum, and we is the rate of entrainment of

nt
spray liquid out of the upper plenum and into the downcomer region (see '
section 5.2). Equations 5.41 and 5.42 specify the maximum allowable flow

rates of liquid into the core region; the minimum of the CCFL flow (Equation

3.31) and the maximum allowed 1 quid downflow (Equation 5.41 or 5.42) is used.
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Figure 5.2 FLEX Upper Plenum Schematic
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where j = 1,2,...n undetermined parameters and Nj is some weighting coefficient.

In FLEX, Equation A.4 is expanded to include two distinct regions as

fijdx +f Wi Rdx=0. (A.5)
0 L]
In region one (from 0 to L]) the temperature profile is chosen as
= .6
T(x) NTy + NTy + Ny Ty (A.6)
L
where T] is at x=0, T2 at x=§l-and T3 is at x=L].
The quadratic influence coefficients are(27)
Ny = z({-—)2 - 3R D)+ (A.7)
Nz - ‘4( ) ( )

]

N, = 2(5— - ().
3 L -G

In region two (from L, to L) the temperature profile is chosen as

T(x) = N3*T + N, T

3
L-L
7+ L] and T5 is at x=L. The quadratic influence

alg * NgTg

where T4 is at x =

coefficients are

x-L} ’ X= L
Ny, = 2(L_L]) - Y T, LEREA (A.8)
x-L x=L
RN it 1Y 1
Ny 4(L-L]) ML = ey » )
x=-L x=L
1.2 1
Ng Z(L-L]) B ™ L])
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are instrumented with thermocouples at each foot of elevation, with the
exception of the 11 ft and 9 ft. levels. Spacer grids and an upper

tie plate are included in the simulated assembly. Thermal shields,
designed to approximate the hydraulic and geometric boundary conditions
around each channel in the reactor, surround the channel.

FCTF instrumentation provides for measurement of the following
parameters: selected pressure drops; bu;die power; rod, channel, and
thermal shield temperatures; various flow temperatures, and steam and
liquid flow rates sufficient to determine a mass balance.

B.2 SPRAY TEST WITH STEAM UPDRAFT

The initial conditions and boundary flows for Test 2901, a spray
test with steam updraft, are listed in Table B-1. For FLEX simulations,
the test bundle was divided into five nodes of equal length with one rod
type (average rod). Comparisons of predicted and experimental values
are shown in Figures B-3 through B-7.

Figure B-3 shows the average rod temperature comparison. The value
plotted from FLEX is the midplane nodal temperature for the average
heated rod while the data is the average of all thermocouples at the six
foot elevation. These temperatures agree quite well. Figures B-4 and
B-5 show the temperature profile at 100 second intervals for the average
rod. The measured results of Figure B-4 show the average of all thermocouple
readings at eleven elevations, while Figure B-5 shows the five nodal
temperatures calculated by the FLEX core model. These plots also compare

favorably.
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of reflood. Figures B-8 through B-9 present the FLEX results vs. the data
for this test.

Figure B-8 compares the total bundle pressure drops. The pressure
drop 1s a measure of the mixture level and entrainment. Thus the good
agreement between the pressure drop predictions and data support the
mixture level and entrainment models in f}EX.

Figure B-9 shows the predicted 1iquid flow rate into the midplane
node. The sharp rise in liquid flow rate at 14 seconds is taken as
the time the two phase fluid reaches the midplane (time of hot node
reflood) and the Appendix K reflood coefficient of 25 BFU/hr.ftZ.F°
(0.142 rw/mg.C“) is to be applied. The change from Appendix K spray
to reflood coefficients is sufficient to cause the slope of peak clad
temperature to change from a positive to a negative value (PCT turnover).
14 seconds is also the time FLEX predicts the turnover of the midplane
rod temperature. The measured average and peak rod temperatures at
the midplane both turnover at 9 seconds. (Time of actual hot node reflood).
fhus, this data comparison indicates that the FLEX prediction of time of

hot node reflood is cunservative relative to data by about 5 seconds.
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