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ABSTRACT

Three-dimensional, coupled, fluid-structure calculations were performed
for the dynamics of the core support barrel in an HDR reactor vessel during
blowdown. For these calculations we coupled the three-dimensional, two-
fluid code K-FIX to the three-dimensional elastic shell code FLX. The
results demonstrate the importance of the coupled interaction. We in-
vestigated the utility of a two-dimensional fluid description and obtained
reasonably good results for displacements and stresses. The influence of a
massive ring attached to the core barrel bottom is shown to be predomi-
nantly local. Maximum deflection of the core barrel bottom is reduced by
the ring because its stiffness is sufficient to preclude any cross-sectional
distortion. Without the rins;, e total deflection of the core barrel bottom is
shown to be more from d t -1ion than displacement of the mass center. A
nodalization study indicai s the degree of circumferential and axial resolu-
tion required for accur .. results. Fine axial resolution is needed near the
top, built-in boundary of the core barre! to determine stresses accurately,
but it is less necessary for displacements,

I. INTRODUCTION

Fluid-structure interaction phenomena affect the dynamics and loads experienced by light
water reactor vessel internal structures during a sudden depressurization. To investigate (he
relative importance of the coupled interaction, we performed three-dimensional calculations for
the dynamics of the fluid and core support barrel in an HDR reactor vessel during blowdown.,
The HDR is a full-scale, previously operational, single loop reactor vessel of German design.'
Cooperative experimental and analytical studies are being made by the United States and Car-
many on this vessel.** The calculational results presented in this report were obtained using in-
itial and boundary data that we felt were typical of these experiments. The results should not be
considered as pretest predictions of the experiments; they are presented only to display relative
effects. Besides displaying the importance of fluid-structure coup!’ g, our objectives are to in-
vestigate (1) the utility of a two-dimensional fluid dynamic simulation in place of the full three-
dimensional treatment, (2) the effect of attaching a stiff and massive ring to the core barrel bot-
tom, and (3) the sensitivity of the results to structural noding.



Three-dimensional fluid dynamies is calculated with the K-FIX(3D) code,* which solve. the
two-fluid, six-equation model for two-phase flow. However, tor this application, the fluid is en-
tirely subcooled water, The broken cold input leg of the single loop is modeled through a time-
dependent pressure boundary condition for present purposes. The core barrel dynamics is
described by the linear elastic cylindrical shell equations. These equations are solved by an ex-
piicit fin'te difference algorithm in the FLX code.® In Sec. Il we list the governing equations for
the fluid and shell and describe their coupled solution procedure.

(1. FLUID AND SHELL EQUATIONS

The fluid equations solved by K-FIX(3D) reduce to the following set for single-phase liquid
flow at constant temperature.
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where £ refers to the liquid phase; p, u, p, and ¢ are density, velocity, pressure, and constant
adiabatic sound speed, respectively; and p, and py are constants, The K-FIX finite difference
solution method, described in detail in Ref. 4, reduces to the ICE? technique for single-phase liq-
uid flow where the pressure gradiert and mass flux are computed with alvanced time quantities
and the momentum flux is evaluated explicitly. In a computational cell, density and pressure are
located at the cell center and the velocity components are centered on the cell faces that are nor-
mal to the component's direction. Fluxes are computed with full upstream differencing.

The linear elastic eylindrical shell (structure) equations solved by FLX are the standard
Timoshenko equations.”
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| C = Eh/(1 - vz) B - Eh3/12(1 - vz) s ’

In these equations U, V, and W are the axial, circumferential, and radial displacements,

respectively; p is the dengity; h is the thickness; a is the midplane radius; v is Poisson's ratio; ¢ is

the net pressure differential; and E is Young's Modulus. The superscript prime denotes differen-

tiation with respect to the axial coordinate x, and the superscript zero denotes differentiation

: v with respect to the circumferential coordinate a¢. For the Timoshenko equations, the radial dis-
| placements are positive inward. Yelocities and displacements are computed from the accelera- ‘
. tions as ’
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where U/, V, and W are the velocity components, U, V., ard W are the accelerations, and ét, is the
structure time step. Displacements, velocities, accelerations, and the pressure differential are
located at the center of a structure finite difference cell. In the FLX code, cells have the same cir-
cumferential length but may have different axial lengths. The boundary conditions at the top,
built-in boundary of the core barrel are

u(¢,0) = v($,0) = wW($,0) =W ($,0) = 0 ,
and at the bottom, free boundary are

. = = ( =
Mx(cb.L) Mx (,1) Nx(¢:L) N{bxxb.L) 0

¢

The solution of the fluid and structure equations is coupled through the fluid pressure field
that enters the structure equations as the net pressure differential ¢ and the structure velocity
that enters the fluid equations as a moving boundary. The structure equations generally are in-
tegrated several time steps ot, for each fluid time step 6t. The diffusional limitations on the
structure time step for explicit integrations are

a f 2 211 *

sty < 26x fo1 - VI/E[2+ (1 - V) (Sx/ab) 1§

from the axial acceleration equation,
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from the circumferential acceleration equation, and
St < 0.5 (ab¢) * 6x° [6(1 - vz)o/EJﬁ/h [(a6¢>)2 + 6x2]

from the radial acceleration equation for (h/a)* « 1.

The results presented in Sec. IIl were obtained with ét, 5 to 40 times smaller than 6t. These
factors are about four times more conservative than would result for 4t specified by the above in-
equalities. This ensures that the results obtained for the structure noding study do not reflect
any significant time step sensitivity. The pressure differential q at nodal point (m,n) on the
structure mesh is calculated from the fluid dynamic pressure field. Pressure differences across
the core barrel are computed at the axial and circumferential locations of the fluid cell centers.
Linear interpolation between values at these locations is used to obtain values at the locations of
the structure nodal points. The reverse of this interpolation is used to transfer the negative radial
velocity components of the structure to the radial velocity compenent array for the fluid. The
change in algebraic sign is required because the structure equations have the radial direction
positive inward rather than outward as it is in the fluid equations. The motion of the core barrel
causes a fractional change in volume 6VOL/VOL for the fluid cells adjacent to the core barrel
and a corresponding density change

§p, = = Py SVOL/VOL .
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With a single cell across the downcomer gap, the density in the downcomer cells changes ac-
cording to
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where | is the radial index of cells in the downcomer gap; j and k are their axial (z) and circum-
ferential (#) indices, respectively; and <pyv,> and <pyw;> are the mass fluxes in the axial and
circumferential directions, respectively. The last term accounts for the effect of volume change
where r, , and r; are the radial coordinates of the cell's inner boundary, which coincides with
the outer boundary of the core barrel, and the cell's center. The last term has the form of a radial
flux term for donor cell differencing, except that the density used does not depend on the
algebraic sign of (ug); , 4,4 The flux on the cell's outer boundary is zeio because the vessel is
considered rigid. A similar expression describes the density change for cells (I-1,j,k) in the core
regicit adjacent to the core barrel. For these cells
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where (pg);1,x is used for the radial flux if (u;); ., is negative and (pg): 4,4 is used if
(Ug)i 32,5 18 positive, The flux on the outer boundary of this cell uses (py),. , ;« to account for the
effect of volume change regardless of the algebraic sign of (W), |4 ..

The radial velocity component on the outer boundary of cell (I-1,j,k) is not calculated as part
of the fluid solution because it is determined by solution of the structure equations. The core
barrel velocities remain fixed during the iterative solution of the fluid mass and momentum
equations. Because there is no radial flow across the core barrel, certain momentum flux terms
must vanish, These are ‘e fluxes of axial and circumferential momentum by radial velocity
across the inner boundary of the cell (I,j,k), the same fluxes across the outer boundary of cell
(I=1,j.k), and the radial flux of radial momentum across the center of this cell when (w), , . +
(Ug)i 5,4 18 negative.

This coupling technique has been used successfully with one-, two-, and three-dimensional
fluid dynamic simulations. The results with one-dimensional fluid dynamics that exhibit axial,
circumferential, and radial motion separately have been compared with analytic solutions for
structure frequency, displacement, and added mass effects.**

L. COMPUTATIONAL RESULTS
A. Coupling Sensitivity

The results presented here were obtained for the HDR pressurized water reactor vessel shown
in Fig. 1. The broken cold leg of the single loop is represented by a single computational cell that

1-3/2'jlk rI'3/2
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Geometry of HDR pressurized water reactor Fig. 2.

vessel. Dimensions are in meters. Prescribed pressure history at the cold leg

break that is used as a boundary condition for
the calculations.

extends 15 cm beyond the reactor vessel. A time varying pressure, as shown in Fig. 2, is specined
in this cell to simulate the break. Because of symmetry, 180° of the vessel is calculated. The
plane # = 0° contains the centerline of the broken pipe. The vessel is filled with water at 543 K
and pressurized to 11.0 MPa. The constants that enter the fluid and structure equations have
values p, = 11.0 MPa, py = 7328 kg/m’, ¢; = 9927 m/s, E = 1.7x 10 MPa, h = 0.023 m, a =
1.318 m, » = 0.3, and p = 7800 kg/m*. The fluid regions are zoned so that ér = 0.4433 m in the core
and lower plenum, ér = 0,154 m in the downcomer gap, and éz and 40 = 0.288 m and 0.2094 rad
(12°), respectively, in all regions. The total number of fluid cells is 3468, which includes the
perimeter czlls used to specify boundary conditions. The fluid time step of 6t = 50 us is small
enough to ensure that pressure waves are followed accurately. For solution of the shell equations,
noding of the core barrel is the same for all cases except those that specifically investigate spatial
resolution effects. At the end of this section we discuss these latter cases and describe their
various nodings. The standard structural noding has 448 nodes and uses 12° intervals circum-
ferentially (adp = 0.2760 m) with ¢ = 0° coinciding with # = 0° and a nonuniform axial distribu-
tion. The first axial level is located at the top, built-in boundary where x = 0, and the second
level is at x = 0.144 m. Levels 3 through 27 are equally spaced (éx = 0.288 m) beginning at x =
0.432 m and ending at x = 7.344 m. The last level is at the bottom, free boundary of the core
barrel where x = 7.4%% m. This axial spacing is particularly convenient for coupling with the
fluid equations, because the nodes coincide with the axial positions of the fluid cell centers where
pressures are located and with the centers of the cell faces where the radial velocity components
are located. The time step for integrating the structure equations is ét, = 10 us, which is four
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Fig. 9.
Stresses at the top of the core barrel calculated in three dimensions with fluid-structure
coupling at 10, 20, 30, and 40 ms after the pipe break. The figures show the uxial and circum-
ferential bending stresses o, and oy, 0n the outer surface of the core barrel, the mean axial
| and circumferential normal stresses o,, and o,,, and the mean shear stress r,.
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