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H. Denton

code (Ref. 7), which solves the three-dimensional elastic-
shell equations in the solid structural material. The
resulting calculational tool is called K-FIX (3D, FLX).
The code was completed and released to the National

Energy Software Center in 1980.

K-FIX (3D, FLX) replaces an earlier code, SOLA-FL) (Ref. 7),
because K-FIX can calculate 3-D effects with a two-fluid
hydrodynamic model, while SOLA-FLX was restricted to 2-D
with a drift-flux hydrodynamic model.

II. DESCRIPTION OF K-FIX (3D, FLX)

A
A.

K-FIX (3D) (References 5 and 6)

K-FIX (3D) solves the two-fluid conservation equations in three-
dimersional geometry, in either R-8-Z or X-Y-Z coordinates. Each
fluid phase is described by its own density, velocity, and temperalure.
six field equations for the two phases are coupled through mass,
rgy, and momentum exchange. The code is written in 2 highly
ar form to be easily adaptable to a variety of problems. Thus,
are separate modules, or subroutines, for each of the inter-
exchange terms, These subroutines can be easily changed as
ed models become available.

o
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stress, viscous work, and the heat conduction terms
fluid phase, exist only in the 2-D option; they are
D option.

yrammed in the code: no
; prescribed inflow; and
are adiabatic or nonconduct

ions are solved using an Eulerian finite difference technique
1citly couples the rates of phase transitions, momentum,
y exchange to determination of the pressure, density, and
fields. The implicit solution is accomplished iteratively
ut linearizing the equations, thus eliminating the need for

i derivative forms.
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flow through a break i i For subcooled conditions

The shell equations are solved numerically by explicitly
integrating a system of finite-difference equations. The

shell is subdivided into many computational cells that collectively
form a two-dimensional computing mesh. The circumferential
dimension of each cell is constant, while the axial dimensions can
vary from one row of cells to the next. The maximum value of the
time-step is limited by inequality conditions obtained from a
linear stability analysis.

K-FIX (3D, FLX)

The fluid and structure code modules are coupled together explicitly
(Ref. 9). Four each calculation cycle, the fluid pressure field is
ysed to determine the differential pressures that drive the shell
notion through the radial acceleration equation. The shell equations
are often integrated for several time steps per fluid time step,
because of their more restrictive stability criteria. After
integration through a fluid time step, the shell radial motion is
assigned as a boundary conduction to the fluid. The core barrel
motion causes a fractional change in volume of the fluid cells
adjacent to “he core barrel, which is responsih': for additional
terms in the fluid conservation equations.
This coupling technique has been used successfully within one-,

and three-dimensional fluid-dynamic simulations. The results
one-dimensional fluid dynamics that exhibit axial, circumfer-

d radial motion separately have been compared with analytic
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case of no-phase transitions
ode was applied to this
the exact lytical solution was
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B. Vapor Generation Model

1.

Description of Model (Ref. 14)

The rate of production of vapor mass per unit of the mixture
volume is obtained from an equation describing the growth of a
given number of bubbles. The rate of growth of the individual
bubbles is controlled by ceiduction of heat within the liquid
phase. The liquid thermal diffusivity and the average bubble
radius used in this mechod take into account the combined
effects of relative motion between phases and turbulence.

Stated differently, the model considers bubbles, with an initial
radius determined by specification of initial values of the
void fraction and number of nucleation sites. These bubbles
grow at a rate close to but somewhat larger than the conduction
controlled rate, because of the enhanced heat transfer from the
bulk liquid to the bubble interface due to relative motion and
turbulent fluctuations in the liquid. The bubbles continue to
grow until they reach a critical size, determmined by a Weber
number criterion, and then begin to break up. From this point
on, the typical bubble size is taken as the critical size and
the number of bubbles is determined by the local void fraction.

Both the critical bubble size and the 1iquid thermal diffusivity
depend on the relative velocity between the bubble and the
surrounding Tiquid. The relative velocity is a combination of
the difference between the average velocities of liquid and
vapor and the contribution due to local turbulent fluctuations
in the liquid. To minimize the complexities of the model, in
view of the Timited departure of the mechanical equilibrium
calculations results from data, the model describes the combined
effects of these contributing elements by expressing the relative
velocity as a product of the liquid velocity and an empirically
determined function of void fraction. This empirical function
has been tested against critical flow data at both low and high
pressures, &s described below in Section III.8.2.

Comparison with Data
a) Single bubble

i two-dimensional calculation, with several computational
cells, was made with K-FIX of the growth of a steam bubble
in a 22°K superheated water pocl. Comparison witn data
was good (see Figure 2). A similar calculation of a
bubble condensing in a 9°K subcooled water pool was also
made, with the evaporation model replaced by a symmetric
%gnge?g?tion model. Comparison with data was equally good
ef.15).
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b)

Critical Flow

i.

ii.

Various nozzles at high pressure (Ref. 14)

A comparison of K-FIX calculations was made with
critical flow data from two Semiscale tests and two
Marviken tests. For each test, two calculations were
made, one with the nonequilibrium vapor generation
model described in the previous section and one with
a very large vapor generation rate that produces,
very nearly, continuous equilibriuvm states in which
the liquid, saturation, and vapor temperatures are
the same. The two Semiscale tests were $-02-4 with a
Henry nrozzle, and S-06-5 with a LOFT counterpart
nozzle. The comparison of the measured and calcu-
lated flow rates for test S-06-5 are shown in Figure 3.
Substantial nonequilibrium exists at an early time
for these tests when subcooled water enters the
nozzle and the nonequilibrium model agrees much
better with the data than does the equilibrium model;
the latter underpredicts the flow rate. Two-phase
flow enters the nozzle at later times during which
both equilibrium and nonequilibrium models give
reasonable agreement with the data.

To investigate the predictive capability of the model
at large scale, calculations were performed for two
blowdown tests of a series made at the Marviken test
facility. Test 1 featured a nozzle throat diameter
17 times larger than in the Semiscale tests while the
nozzle used in Test 4 was 29 times larger. The
comparison of K-FIX calculations with measured flow
rates for Test 1 is shown in Figure 4. Subcooled
water enters the nozzle for about 60 seconds. The
nonequilibrium model gives a much better simulation
of the data than does the equilibrium model.

Various nozzles at low pressure (Ref. 16)

As a further check of the nonequilibrium vapor genera-
tion model, low pressure dataz from the MOBY DICK and
BNL test facilities were analyzed. These tests
involved fluid pressures between 0.1 and 0.4 mPa and
temperatures around 373°K.

txtension of the nonequilibrium model to those luw
pressures was achieved by expanding the functional
relationships for the turbulence intensity and the
nucleation sites per unit volume to the lower pres-
sure range, The calculaticnal results obtained at
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higher pressures remain unchanged. Inlet pipe
diameters to the test sections are 2 and 5 cm, for the
MOBY DICK and BNL experiments, respectively. Detailed
axial profiles of pressure and void fraction were
measured in both facilities. A comparison of K-FIX
results with measured axial pressure profile in MOBY
DICK is shown in Figure 5. Similar good agreement was
also obtained with the BNL data.

FLX MODEL DEVELOPMENT AND ASSESSMENT

dard three-dimensional, linear-elastic
the FLX code is given in Reference 7.

17, 18, and 19). The comparisons include

added mass effects, core barrel torsional vibration
d frequencies, lateral vibration frequencies that include
ooth shear and bending, and breathing mode vibrations.
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parisons with small-scale test data have also been made

Ison of FLX results with exact analytic solutions
are given in Figures 6 and 7. The deflection
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flow multipliers needed to bring 1-D calculations in agreement with
2-D calculations for various length to diameter nozzle ratios are
shown in Figure 8. The break flow multiplier curve does not represent
a universal function for nozzles. In particular, it does not extend
into very small L/D ratios typical of orifices. Nevertheless,
calculations on a variety of practical entrance and exit geometries
have shown that the corrective discharge multiplier shown in Figure 8
is correct to within a few percent,

PRETEST PREDICTIONS FOR HDR BLOWDOWN TESTS USING K-FIX (3D, FLX)

Under an agreement with the Federal Republic of Germany, the USNRC

is supplying pretest prediction for selected blowdown load tests

run on the HDR facility. Prior to performing these pretest pre-
dictions, a series of check-out and sensitivity calculations were

run on HDOR geometry with the K-FIX (3D, FLX) Code (Refs. 18 and 22).
Pretest prediction results were submitted to both tle USNRC (Ref. 23)
and the HDR project (Ref. 24)., The results of the two calculations
were almost identical, but the one submitted to the NRC included the
effect of two large pipes connected tc the vessel.

sons of ) st prediction results with

R Test 1 a shown in Figures 9 and for the
across the core barrel and for the local core

» respectively (Ref. 25). The agreement of K-FIX

with the data for this test was excellent.
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K-FLX (3D,
coupling t
this effec

FLX) can be used either with or without fluid-structure
0 assess the vendor codes that either do or do not include
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Bubble Raodius (cm)

FIG. 2

FIG. 3
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Radius of an isolated steam bubble growing in a superheated water pool.
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Comparison of the measured mass flow rate (—) from Ref.
20, the computed mass flow rate with the nonequilibrium
model (o), and the computed mass flow rate for equilib~-

rium (8).




MARVIKEN TEST |

MASS FLOW RATE (Mg/s)
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TIME (s)

Comparison of the measured mass flow rate determined by
vessel mass change (—) and pitot-static velocity pro-
file (---), the comnuted mass flow rate with the non-
eguilibrium model (o), and the computed mass flow rate
for ecuilibrium (4).

£ N

70
—_—
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MOBY DICK Test 403 on
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Distance (cm)

MOBY DICK nozzle geometry and measured axial pressure profile
for test 403. The calculated values were obtained for non-
equilibrium (0) vapor production.




FIG. 6

Axial Position (m)
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Ciossical Timoshenko FLX
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Fundamental mode shape calculated with FLX compared with analyt-
fc results for solutions of the classical and Timoshenko beam

equations.




Axial Position (cm)
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Circumferential Dispiocement (mm)

ntal torsional mode shape calculated with FLX compared
analytic result. The calculated torsional frequency 1s
which agrees precisely with the analytic solution.

LOFT Cour'erpar: Noizle
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Calculated Flow Multipiier
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“Effect of throat length to throat diameter ratio
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