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A three-dimensional finite element model is used to calculate fluid entering a tank containing a large array
of tubes (assemblies). The time-dependent primitive equations of fluid motion are solved using equal order,
isoparametric hexahedral elements. Petrov-Galerkin weighting, mass lumping, and reduced integration are
utilized with explicit time marching. The tank is 7.5 m tall by 6.7 m in diameter, and contains a total of 600
tubes, consisting primarily of 10.8-cm-diam assemblies with some 2.5-cm-diam control rods. The 10.8-cm
assemblies are hollow and thin shelled; the 2.5-cm control rods are solid. The fluid first flows into a plenum,
then begins to drain into the assemblies, which are positioned below the plenum; the fluid subsequently discharges
from the ends of the assemblies near the bottom of the tank and recirculates within the tank prior to returning
to the plenum. A total of 623,040 elements was used to discretize the plenum and tank vessel. Over 30 MW of
storage were required to execute the problem on a Cray Y-MP, necessitating the use of a special Cray sparse
matrix solver. The numerical results predict a marked decrease in the amount of fluid available to the interior
tubes.

Nomenclature
A(V) = advection matrix
C = gradient operator
F = load vector
K = diffusion matrix
Kv = KIRe
L = length
M = mass matrix
N = shape function
n = unit vector normal to surface
p = pressure
Re = Reynolds number
t = time
u = horizontal velocity component, x
V = velocity vector
v = lateral velocity component, y
W = weight, =N
w = vertical velocity component, z
x = horizontal direction
y = lateral direction
z = vertical direction
ft = Petrov-Galerkin weighting
F = boundary
y — Petrov-Galerkin parameter
v = kinematic viscosity
p = density
fl = problem domain
V = gradient operator, V2 is the Laplacian

operator
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Subscripts
/, ;, k = local node numbering, also denotes column and

row vectors
oo — reference

Superscripts
T = transpose
x = x direction
y = y direction
z . = z direction
* = dimensional quantity

I. Introduction

T HE study of convective flow in tube bundles has been
conducted for many years, much of which is associated

with heat exchanger design and nuclear reactor safety. Sym-
olon et al.1 conducted experiments and model simulations
using Cobra-wc,2 which is a computer code for single-phase
multiassembly thermal hydraulic transient analysis, to de-
scribe mixed convection flow in a 4 x 4 vertical rod bundle.
They succeeded in establishing criteria for the onset of recir-
culation and established flow regime maps for forced and
mixed convection. A simple two-channel model of the rod
bundle was formulated. Similar studies performed by Bates
and Kahn3 examined a water-cooled 2 x 6 rod bundle with
the lower half of the rod bundle heated. Chawla and Ishii4

studied the fundamental relations for thermal hydraulic anal-
ysis in pin bundles; they discussed two-phase flows with tur-
bulence based on the unsteady, compressible equations of
motion, which were area averaged (over a channel). In these
model simulations, flow was assumed to be axially dominant,
analogous to boundary-layer flows. A number of numerical
simulations were also carried out by Rowe5-6 for transient
subchannel analyses of flow within nuclear rod bundles.

More recently, Fagley7 used the Phoenics code8 to solve
the steady-state, axisymmetric equations for laminar flow,
heat transfer, and species transport (five species) within tu-
bular reactors associated with ethane pyrolysis. The finite
volume simulation permitted solutions for velocities, tem-
peratures, and concentrations for Reynolds numbers of 1 x
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Fig. 1 Plenum and reactor tank geometry: a) reactor complex, b) plenum, and c) tank.
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102-4 x 102. Wung and Chen9 used a finite analytic method
to calculate convective crossflows in both in-line and staggered
tube arrays. The geometries were handled using boundary-
fitted coordinates and the stream function vorticity and energy
equations solved for Reynolds numbers of 4 x 101, 1.2 x
102, 4 x 102, and 8 x 102. The majority of studies deal with
experimental and/or computational flow simulations within
small bundle arrays; few have examined flows for tube arrays
with large ARs.1()~12 Experimental and numerical studies in-
volving flows into large arrays of tubes with high ARs are
essentially nonexistent in the open literature.

In this study, the flow of water entering a large array
of tubes (assemblies) is simulated using the incompressible
viscous form of the Navier-Stokes equations. Because of
the irregular pattern of the tubes an unstructured mesh is
generated to discretize the problem domain and a modified
finite element method (FEM) is used to solve the governing
equations. The problem definition and geometry stem from
previous work undertaken to examine heavy water coolant
flow within the K-reactor located at the Savannah River Site
in Aiken, South Carolina.13 The K-reactor is one of five
unique reactors built in the 1950s to produce weapons-grade
nuclear material. In the K-reactor, coolant (or moderator)
flows into a large plenum that sits above the assemblies; the
moderator drains from the plenum into a large array of 10.8-
cm-diam tubes (source and target assemblies) that reside within
the tank vessel (refer to Figs, la-lc). (Note that the major-
ity of commercial light water reactors are designed with ves-
sel components whose flow patterns are essentially one-di-
mensional in character and typically flow upward.) Simple
one-dimensional hydraulic models, or approximated multi-
dimensional models have been examined for such flows (e.g.,
Cobra, 14Trac,15 RelapS16); unfortunately, such simplifications
are not practical in simulating flow patterns within the K-
reactor.

A detailed hydraulic model of the K-reactor has never been
developed to fully ascertain flow patterns during normal op-
erations, as well as possible accident situations. The reactors
at Savannah River were initially designed to operate at 350-
MW thermal power; over the years, the reactors were up-
graded to increase material output, reaching nearly 3000 MW.
The flow patterns within the K-reactor are known to exhibit
nozzle stalls and swirl patterns17 (see Fig. Ib). Such complex
flow patterns cannot be realistically simulated using empiri-
cism and potential flow theory. In addition, a need has existed
for some time for a three-dimensional reactor tank vessel
transport model to track gadolinium nitrate solution (a neu-
tron poison injection) throughout the moderator space for
various types of accident scenarios. Gadolinium nitrate enters
the reactor vessel through special tubes (sparjets) located within
the reactor and discharges into the surrounding moderator
space. The spar jets contain special orifices for injecting the
solution, in the form of jets, into the heavy water moderator
at regular vertical spacings.

Based on historical bulk moderator temperature measure-
ments during normal operation, flow patterns within the K-
reactor vessel consist of multiple regions of recirculating cells.17

Variable mean flow directions out the discharge pipes located
near the bottom of the vessel also occur. Coarse measure-
ments of flow patterns within a nonprototype unheated mod-
erator space were made in a mock-up crossflow tank.17 Such
flows cannot be directly measured while the reactor is oper-
ating. Consequently, the flow patterns are only suspected,
and not confirmed.

II. Problem Geometry and Mesh
Top and cross-sectional views of the plenum and reactor

tank vessel with the assemblies are shown in Figs. Ib and Ic;
the entire coolant system is closed. Moderator fluid enters
the plenum through the six nozzles as shown in Fig. Ib. As
the plenum fills, moderator begins to drain into the assemblies

positioned below the plenum. The fluid exits the assembly
interiors near the bottom of the reactor tank and recirculates
among the assemblies. The moderator eventually exits the
tank by way of six discharge pipes at the base of the tank;
these discharge pipes are connected to large heat exchangers
that cool the moderator before returning it to the plenum to
repeat the cycle. Slits (0.63 cm wide) in the assembly housings
(i.e., permanent sleeves) within the plenum allow the mod-
erator to flow downward into the assemblies. A total of 600
assemblies are housed within the reactor vessel. These tubes
consist of 10.8-cm-diam fuel (source) and target assemblies,
and 2.5-cm-diam control rods, which become heated during
reactor operations (>100°C).

The generation of a suitable computational mesh remains
one of the most nettlesome problems associated with the nu-
merical solution of the partial differential equations (PDEs)
of fluid flow. This is especially true for three-dimensional
configurations; the effort required to generate an acceptable
mesh increases rapidly with increasing geometric complexity

Fig. 2 Computational mesh of reactor tank (two-dimensional slice):
a) midplane and b) bottom.
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(and likewise quickly becomes prohibitive). In this study, the
commonly used practice of grid patching for unstructured
grids was employed. The grid patching technique employs
disjoint subdomains (or macroregions discretized using mac-
roelements), which share common boundaries among regions.
Patran,18 a commercial grid generation package that utilizes
grid patching, was employed to develop the set of grids.

The problem geometry was discretized into two parts: 1)
the plenum and 2) the reactor tank. The plenum geometry
and nozzles were discretized first; once this element mesh was
established, the mesh for the reactor tank was generated and
matched to the plenum (i.e., assemblies). Both element meshes
were checked to ensure proper boundary conditions: 1) no
flow surfaces along all walls and tube surfaces, 2) uniform
inflow from the nozzles into the plenum, 3) outflow (drainage)
from assembly ports in the plenum into the assemblies in the
tank, and 4) outflow from the tank discharge pipes (ultimately
returning the fluid to the plenum through the nozzles). Mass
conservation was checked for inflow into the assemblies within
the plenum and discharge into the tank (from the ends of the
assemblies near the bottom of the tank). Note that detailed
flow calculations down the 10.8-cm assemblies were not cal-
culated, nor the return flow out the discharge pipes.

Figures 2a and 2b show the generated mesh configurations
for a cross-sectional cut through the midplane and near the

Fig. 3 Three-dimensional perspective view of tank mesh.

bottom of the reactor tank. The total number of nodes re-
quired for a full discretization of the plenum was 225,101, the
number of elements was 202,920. A typical mesh construction
for the 10.8- and 2.5-cm housings (which contain the assem-
blies), within the plenum is shown in Fig. 3. The smaller 2.5-
cm rod positions required considerably more nesting of the
elements in order to simulate the flow as it passed around the
rods. A three-dimensional perspective view of the mesh is
shown in Fig. 4. The total number of nodes for the reactor
tank vessel was 517,538, the number of elements was 420,120.
A horizontal slice through the midplane of the tank shows
47,695 nodes and 41,751 elements; the bottom of the tank
required 57,842 nodes and 56,538 elements. This difference
is due to the asymmetry of the tank near the bottom, and the
presence of end-fittings attached to the ends of the assemblies
(to monitor flow); Pepper and Watterberg19 discuss modeling
of the flow within the end-fittings. A total of nine three-
dimensional element levels was constructed for the tank, with
a higher concentration of elements near the top and bottom
of the tank. The size of the assemblies and control rods within
the plenum is larger than in the reactor; this is because the
plenum consists of housings (i.e., sleeves) in which the as-
semblies and control rods are inserted and removed from the
reactor.

III. Mathematical Formulation
The governing equations for conservation of mass and mo-

mentum are

dV*——
dt

V - V * - 0

1
- — -Vp* +>V2V*

We define the following nondimensional variables:

t = t*a/L\ x = x*/L, V = V*L

V=V*/V», p-=p*/(pZVl)

(1)

(2)

(3)

where L is the tank height. The dimensional form of the
governing equations can be rewritten in nondimensional form
as

V - V = 0

( V - V ) V = -Vp +

(4)

(5)

where Re = V*L/v. No-slip boundary conditions are assumed
for the velocities on the plenum and tank walls as well as the
external surfaces of the assemblies and rods. A uniform inflow
is assumed at the plenum nozzles.

IV. FEM
The standard weak formulation of the Galerkin weighted

residual technique is employed to cast the conservation equa-
tions into their integral form:

dft = 0J W(V • V)

L I W I + (V 'V)V + VP + jr

- I -|- Ww(VV)dr = 0Jr Re

(6)

(7)

Fig. 4 Mesh pattern within plenum.

The boundary integrals, which arise out of application of
Green's identity on the viscous terms, provide a natural mech-
anism for implementing flux boundary conditions.
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Trilinear, eight-noded, isoparametric hexahedral elements
are used to discretize the problem domain. The nondimen-
sional velocity vector and pressure are replaced by the trial
approximations

V(x, y, z, 0 = £ N,(x, y, z)V,(t) (8)

P(x, y, z, 0 = E N,(x, y, z)p,(t) (9)
/=!

where Nf is the trilinear basis function and n is the number
of local nodes per element.

Equations (7) and (8) can be written in matrix equivalent
forms by setting W equal to Nf. Note that the weighting func-
tion in the advection matrix is not set equal to Nh but rather
to a Petrov-Galerkin weighting scheme, which will be dis-
cussed later. The resulting matrix equations for mass conser-
vation and velocity are

CT{V} = 0

[KV]{V}

(10)

C{p} = {Fv} (11)

where [ ] denotes an n x n sparse matrix, { } is the column
vector of n unknowns, and the • refers to time differentiation
of the nodal quantities. The matrix coefficients are defined
(using Green's identity for the viscous terms) as

(12)[M] = NfNj dfl

y y
dx dy dy dz dz v '

f /
= N,. uJn \

dN, dN: dN
kNk -+ + VkNk -+ + ̂ kNk-1 dfl

ox dy
(14)

dN,- [ dN:

: Cx = \ Nf — dfl, O = Nf —
dx Jn dy

dn

Cz =
Jo ' dz

(15)

(16)

Fig. 5 Hexahedral element with mesh length vectors.

where he is the element mesh length and |V| denotes the
magnitude of the velocity vector. The calculation of he utilizes
the element geometry and the three mesh length vectors shown
in Fig. 5. For the mesh length along V, these vectors, which
intersect the element at the midpoints of the sides, are pro-
jected in the direction of the local velocity to obtain

The parameter y is defined as

y = coth(/3/2) - (20)

where ft = \V\heRe/2 is used for the momentum equations.
This form of anisotropic balancing diffusion acts in the di-
rection of the propagation of the perturbation (velocity field).
The precise amount of artificial diffusion (for eliminating the
shortest waves) and direction in which it must be added for
optimizing accuracy are calculated for each element.

B. Temporal Integration
Mass lumping is employed to permit explicit time integra-

tion without the need for total matrix inversion. In this in-
stance, the consistent mass matrix row values are summed
into single diagonal values; the inverse of the mass matrix
becomes [M]"1 = 1/[M7] = [Af/]"1. The lumped mass matrix
is formed directly in the assembly process by the approxi-
mation

(17)

where the /, y, k subscripts denote summation over the local
nodes within an element (e.g., N{ or Nk would be a column
vector eight nodes long while Nj would be a single eight-node
row vector), [Kv] = [K]/Re, and dF represents the boundary
elements where fluxes are specified. The C terms expressed
by Eq. (15) are gradient operators.20 Normally 2 x 2 x 2
Gaussian quadrature is used in the numerical evaluation of
these equations. However, in regions where elements are uni-
form, reduced integration (one point quadrature) is used to
enhance solution speed.20

A. Petrov-Galerkin Weighting
To stabilize the discretized advection terms, an anisotropic

balancing diffusion is introduced into each governing equation
using a Petrov-Galerkin weighting function.21 This function
is obtained by perturbing the weight such that

W, = y(hel2\V\)(V-VNi) (18)

= N, I,
7 = !

dfl (21)

thus eliminating the need for the consistent mass matrix for-
mulation given by Eq. (12).

The velocity is solved using an explicit Euler scheme

= {V}" + - (KV]{V}»
(22)

where the superscript n indicates quantities evaluated at time
.«Af, with Ar being the time step. To maintain stability both
the Courant and diffusive limits associated with an explicit
forward Euler scheme are calculated over each element and
the time step is adjusted to permit global stability.

C. Pressure Poisson Equation Solution
Unlike the velocity, which may be marched explicitly in

time, the pressure in an incompressible flow requires the so-
lution of a Poisson equation. The solution of a Poisson equa-
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tion on the reactor tank grid posed a significant challenge due
to the large number of equations involved. A major portion
of the code development effort was spent toward finding a
computationally feasible solution method.

The pressure equation is usually obtained by taking the
derivative of each of the momentum equations with respect
to their principal directions and combining the three equa-
tions. The resulting equation becomes a Poisson equation for
pressure with the right-hand side (RHS) consisting of terms
containing gradients of the velocity components. We can con-
struct this equation numerically by taking the derivatives of
the discretized momentum equations [using Eq. (15)] and
combining the second derivative pressure terms.22 Applying
the method of weighted residuals, we obtain the following
discretized Poisson equation:

- [KV]{V] - (23)

where {Fv} contains the body force terms and boundary con-
ditions associated with the momentum equations, and [K] is
the sparse symmetric matrix for the Laplacian operator (V2)
[Eq. (13)]. Since the converged solution of Eq. (23) can be
an expensive procedure, overall performance can be im-
proved by subcycling the pressure solution.22 Velocities are
calculated over several time steps between solutions of Eq.
(23); during these interim transient calculations, the pressure
is updated using the simple extrapolation relation

Y+l = 2{PY - (24)

D. Storage
One of the most commonly used matrix solution methods

in finite element algorithms is skyline storage coupled with a
direct solution method, e.g., Cholesky decomposition fol-
lowed by back substitution. The skyline technique stores the
matrix column by column, in a one-dimensional array, re-
taining only the values between the uppermost nonzero value
of a column and the diagonal. Following this strategy, it was
determined that 15 billion words (BW) of storage would be
required to store and solve the pressure matrix equation in
the one-dimensional skyline format, plus some additional
storage for pointer arrays. This was obviously an unacceptable
requirement and other strategies were investigated.

Because direct methods complete the solution in a fixed
number of operations, whereas iterative methods rely on a

Table 1 Storage requirements

Usage
Geometric data

Coordinates
Connectivity
Lumped mass
Velocity BC
Temperature BC

Explicit equations
RHS
Solution

Poisson equations
Column pointer
Row pointer
Matrix values
Real workspace
Intgr workspace

Second-order time
Previous RHS
Previous sol'n

Subcycling
Previous press

TOTAL

Arraya

X, Y, Z
NODE
P
NTSU
NTST, NTID

B1-B7
U, V, W, T, P

COLSTR
ROWIND
VALUES
WORK
IWORK

B1N-B4N
OU, OV, OW, OT

OP

Storage, MW

1.41
3.12
0.47
0.17
0.48

3.29
2.35

0.47
5.90
5.90
2.35
0.47

1.88
1.88

0.47
30.61

aLetters denote variable names for velocity components, temperature,
pressure, and load vectors (i.e., RHS of equations, etc.).

convergence test for completion, it was initially decided to
pursue a direct solution strategy and to try to reduce the
storage requirements. This is typically accomplished by using
various mesh optimization algorithms that renumber the nodes
of the mesh to reduce the bandwidth or skyline of the asso-
ciated matrix. The most common of these techniques are the
Gibbs-Poole-Stockmeyer (GPS), Gibbs-King (GK), Cuth-
ill-McKee (CM), and reverse Cuthill-McKee (RCM). Other
methods are the profile front minimization (PFM) of Hoit
and Wilson23 and a spectral method being developed by Si-
mon.24 These methods usually require very large amounts of
core memory in order to determine the most efficient num-
bering. In general, there is a tradeoff between storage and
CPU time. The PFM method is highly efficient in terms of
memory and was implemented based on code listing provided
in Hoit and Wilson.23 While it was shown to be effective on
several test cases, it was highly CPU intensive. Efforts to
renumber the reactor grid using this algorithm yielded esti-
mates of computation times on the order of months and it
was decided that this method was not a feasible approach.

Although simple iterative methods can require more CPU
time than direct methods, a good initial guess will always be
available, which is the solution from the previous time step.
A primary advantage of iterative methods is that they may
easily be written to take advantage of the sparsity of the matrix
and may provide significant storage savings over direct meth-
ods. The matrix corresponding to the reactor grid has a fill
of 0.006% (i.e., 0.006% of the coefficients would be nonzero
in a classical elimination process) and is thus a prime candidate
for sparse iterative solvers. In addition, the properties of pos-
itive definiteness and diagonal dominance, required for con-
vergence, are possessed by the matrix. After investigation of
both approaches, it was decided to pursue iterative methods.

Several libraries were investigated for solvers of systems of
linear equations, for both direct and iterative solvers. The
Scilib (Cray Scientific Library) routine Sitrsol25 was found to
be the best for this application. The matrix is stored in an
efficient sparse matrix format and several conjugate gradient
type solvers are available as options. The Imsl, Nag, and
Lapack routines store the matrix in full n x n format, without
taking advantage of the sparsity of the matrix. The Scilib
routines are also optimized for Cray machines.

The limited availability of computer resources, especially
core memory, were the overriding factor in the selection of
solution methodology, and significant effort was expended in
developing a version of the code that would run in approxi-
mately 30 MW. Minimum storage requirements for the code
are shown in Table 1, as well as additional requirements for
various options (including temperature).

Because of the explicit nature of the algorithm for the tran-
sient equations, the model is suited to parallel computation.
A compressible flow version of the model has been run on a
MasPar MP-1216 minisupercomputer.26 The JMP-1216 is a
massively parallel machine with 16,384 processing elements
(nodes), each with its own dedicated data memory. Instead
of iterating through a series of DO loops common to three-
dimensional computational fluid dynamics (CFD), the MP-
1216 assigns one processor element to each data element and
carries out the instructions concurrently for all data points.
Fortran 90 is used on the MP family of computers.

V. Results
Generation of the mesh for the overall tank assembly was

conducted in two steps: the plenum and nozzle inlets were
discretized first, then the reactor vessel. The grid generation
was performed on an IBM RISC 6000 workstation, which was
linked to a Cray Y-MP. Graphical output of the mesh and
flow results was directed to a Silicon Graphics IRIS 25/D
workstation. Once the plenum mesh was completed and
checked, the mesh within the reactor vessel was generated
and tested. The generation of the complete mesh for the
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Fig. 6 Velocity vectors within plenum: a) near nozzle, b) close-up of
flow into slits, and c) velocity vectors overlaid on pressure contours.

' , / / / /
> , / / / ! ' / / / ' > / / / !

/ x ,.

b)

Fig. 7 Velocity vectors within tank: a) tank interior, b) close-up of
velocity vectors, and c) flow originating from a single assembly.
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reactor complex required several months of testing and ver-
ification before a flow solution was attempted.

A. Plenum
Fluid entering from the nozzles into the array of tube hous-

ings within the plenum was simulated first. Several remeshings
were required before the final mesh configuration was ob-
tained. These remeshings were necessary in order to deter-
mine the most optimum configuration for obtaining conver-
gent flow distributions (i.e., the solution would not oscillate
or cease to develop after only a few initial time steps).

Figures 6a-6c show a portion of the plenum for one nozzle
and the beginning of the tube array within the plenum. In
Fig. 6a the coolant flows around the three turning vanes (orig-
inally designed to spread the flow distribution) and enters the
tube array. As the fluid enters the first few rows of tubes,
some of the fluid begins to enter the assemblies through the
three slits cut in each tube (Fig. 6b). Numerous crossflow
recirculation zones occur within the array. Velocity vectors
overlaid onto pressure contours (gray scale) are shown in Fig.
6c. The asymmetry in the flow distribution is due in part to
the placement of the control rods within the assembly array
(acting to block the flow path). The amount of fluid begins
to drop off towards the center of the plenum (mass balance
indicated more fluid draining into the outer rows of assemblies
than in the center array). This phenomena is not surprising
for low inlet flows from the nozzles, and implies serious con-
sequences if a loss of coolant accident (LOCA) were to occur.
The flow rate of emergency coolant must be sufficient enough
to overcome the rapid drainage effect from the tubes near
the nozzles to prevent assembly starvation within the center
of the tank (and subsequent failure due to heating).

B. Reactor Tank
To test the accuracy of the reactor tank mesh, source flow

from a single assembly was initially simulated near the mid-
plane of the reactor tank. Figures 7a-7c show velocity vector
plots around the 2.5- and 10.8-cm positions; the flow accel-
erates within the spaces among the 2.5- and 10.8-cm assem-
blies in Fig. 7c. Once the mesh density was established, flows
entering all of the assemblies in the plenum were used to
establish the flows exiting from the assemblies near the bottom
of the tank. Figure 8 shows vertical velocities near the center
of the reactor vessel (after discharging from the ends of the
assemblies into the reactor tank).

Displays of the mesh (cross section) and resultant velocity
vectors near the bottom of the tank are shown in Figs. 9a-

^^^^
, 1 ; ) , • • . l . i i ' . I . . l 1

•'':'';' :''"V'ii;:/x^
jif$faft7^'!< * ''''^rny^ i'1 'xT$.! ''''''xT^Y'''1' '^'^•ft'''" 'l' ''•?"
)y7rx\ Vv''Wt%',i'i V' /^^Wfetyrrvi'11' 'l''' xTryN * ' 'brrv

b)

Fig. 8 Three-dimensional flow near midplane of tank.

c)

Fig. 9 Velocity vectors near bottom of tank: a) near bottom of tank,
b) flow originating from a single assembly, and c) velocity vectors near
discharge pipe.
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9c. For the levels near the bottom of the tank, the element
structure is somewhat different than the midplane elements;
this is due to the termination of the assemblies and introduc-
tion of end-fittings at the tank bottom.19 The outflow from
the assemblies was matched with the flow boundary conditions
generated within the plenum solution. Figure 9b shows ve-
locity vectors emanating from an assembly near the center of
the array at the bottom of the reactor tank. The flow accel-
erates around the 2.5-cm positions; the seemingly unusual
pattern of the velocity vectors is due to the orientation of the
nodal positions. A close-up view as the flow exits the tank
bottom and enters one of the discharge pipes is displayed in
Fig. 9c.

It is difficult to obtain a comprehensive picture of the com-
plete flow pattern throughout the reactor: the flow exits from
the nozzles and enters the plenum, drains into the assemblies
through slits in housings within the plenum, flows down the
assemblies, discharges from the assemblies near the bottom
of the reactor vessel, and finally recirculates throughout the
tank among the assemblies before discharging out the return
pipes. This problem geometry is quite complex, and the flow
structure equally complex to simulate totally. This is the first
effort to completely discretize and attempt a solution through-
out the reactor plenum and tank using the full viscous form
of the equations of motion for an incompressible fluid. While
much has yet to be done, these early results indicate the ability
of the three-dimensional finite element algorithm to model
such complicated flows within very large arrays in detail. Ad-
ditional efforts have been undertaken to calculate coolant
temperatures associated with free and forced convection within
K-reactor (the assemblies are normally heated as a result of
neutron bombardment); results from these simulations are
still under review. The model should be useful in determining
locations where flow starvation can occur, LOG A scenarios,
and ultimately predicting regions of high temperatures attrib-
uted to decay heat or assembly failure.

VI. Conclusions
A hybrid three-dimensional finite element model and mesh

have been developed to calculate incompressible, fluid flow
within a large array of tubes enclosed within a cylindrical
vessel. The primitive equations of motion are solved using
equal order basis functions for the velocities and pressure,
Petrov-Galerkin weighting for the advection terms, and mass
lumping. The transient equations are solved using an explicit
forward Euler scheme. Pressure is obtained using subcycling
(extrapolation) with intermittent implicit solution of a Poisson
equation.

The large array consists of both 2.5- and 10.8-cm-diam tubes.
The 10.8-cm tubes (assemblies) are thin shelled and hollow;
slits cut at 120-deg angles in assembly housings within the
plenum allow fluid to drain into the assemblies located below
within the tank. The 2.5-cm tubes (rods) are assumed solid.
This complex configuration of tubes is representative of fuel
and target assemblies found within K-reactor, which is a heavy
water moderated nuclear production reactor located at the
Savannah River Site in Aiken, South Carolina.

The problem geometry was discretized into two parts: 1)
plenum and 2) tank vessel. The mesh for the plenum and inlet
nozzles required a total of 225,101 nodes (202,920 elements).
The reactor tank required 517,538 nodes (420,120 elements).
Because of the large number of nodes required for solution
of the flows within both the plenum and tank vessel, an it-
erative scheme especially optimized for performance on a
Cray supercomputer was employed for the implicit pressure
solution.

The flow results indicate the distribution of fluid within the
assembly array is quite complicated, with many regions of
separated flow around the tube exteriors. The amount of fluid
available to the assemblies decreases towards the center of

the array; this is due to the assembly arrangement (and block-
age) near the inlet nozzles within the plenum.

Further work is necessary to more closely examine regions
of flow separation and starvation of flow to the central as-
semblies, particularly in the event of a LOCA.
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