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INTRODUCTION

The nuclear industry has made effective use of advanced
modeling and simulation in the design, operation and
optimization of nuclear power plants. In the area of thermal-
hydraulics, the industry has developed, validated and applied
numerous codes to predict the behavior of the system under
normal, off-normal and accident conditions. Most of these
codes were developed specifically for application to nuclear
power plants and their development helped initiate and
develop the field now known as computational fluid
dynamics (CFD). Codes that are used in the nuclear industg
today, however, are based on technology of the 1970s and
1980s. They are mainly l-D, they are based on two-phase
flow models of the 1970s and 1980s, they are extensively
calibrated by experiments, they are designed for serial
computers, and they are applicable to specific reactor
systems, or specific reactor types, or mainly for certain type
of transient categories.’ Because of these limitations
significant margins have been imposed between reactor
operating and limiting conditions, and the applicability of
these codes to a number ofsignificant complex problems, or
problems of new LWR designs that are based on passive
safety systems (AP600, SB~ etc.) is limited. Because the
generality of these codes is limited, to cover the whole
spectrum of required reactor anaIyses, a Iarge set ofdifferent
codes and people who are experts in these codes are needed.
For severe transients involving two-phase, the ruining times
of the relevant codes are very long, the codes are not
adequately robust and the input models and results can be
significantly user-dependent. Key industry issues such as
cost reduction, power uprates, and evolving designs are
providing the motivation forrefmed analysis, including three
dimensional representation of core and vessel.’2 In the
Mure, very large problems will be run routinely because of
the evolving modeling fidelity of advanced thermal-
hydrau[ics analysis tools and reduction in computing time
due to advancements in computer technology. In addition,
operational issues, such as the axial offset anomaly in
PWRs~ requires a knowledge of detailed thermal-hydraulic
conditions in the fuel assembly subchannels to develop
operational modifications to mitigate or eliminate this
problem. Nuclear industry thermal-hydraulic codes and
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general purpose computational fluid dynamics (CFD)
capability combined with parallel computing architectures are
expected to play prominent roles in addressing such problems
and providing an advanced analysis environment.

Commercial sotlsvare for CFD has progressed significantly
over the last 10 years, where complex modeling of three-
dimensional, time dependent systems is routinely performed
for non-nuclear applications with millions of computational
cells. By using parallel computation, problems ofthis size can
be solved rapidly enough for CFD to become an effective
design option. In single-phase flows, refined geometric detail
and fust principle modeling of flow and thermal phenomena
for single-phase flows now make it possible to compute
solutions without the need for experimentally based
information, such as correlations for pressure drop and heat
transfer. These fmt principle calculations allow the extension
of the analysis to problems beyond the experimental database
and allow designers the opportunity to quickly explore
alternatives on assembly design, operating conditions, etc. In
the computer platform area, the original supercomputers of the
1970s have been replaced with anew breed of supercomputers
based on massively parallel architectures and powerfid
workstations, that themselves can be linked into a virtual
supercomputer far more powerfhl than the original Carey
vector supercomputers. Current capability of high end
supercomputers is in the range of tens to hundreds of
Gigaflops, with the expectation that Teraflop computing wiIl
be a reaIi~ in just a few years.

The purpose of this paper is to examine the use of these
advanced models, methods and computing environments for
nuclear applications to determine if the industry can expect to
derive the same benefit as other industries, such as the
automotive and the aerospace industries. As an example, we
will examine the use of modem CFD capability for
subchannel analysis, which is an important part of the analysis
technology used by utilities to ensure safe and economical
design and operation of reactors. In the current deregulated
environmen~ it is expected that by use of these enhanced
techniques, the thermal and electrical output of current
reactors may be increased without any increase in cost and at
no compromise in safety.

The specific focus of this paper is preliminary examination of
two modem CFD codes, CFX4 and STAR-CD,S for
subchannel applications. Results from representative
calculations for single phase PWR subassemblies will be
presented. These analyses are being performed with several
computational celk in the traditional single cell subchannel,
resulting in hundreds of thousands of nodes in a typical
subassembly analysis. The results show how the detailed fine
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structure of flow and temperatures around individual fuel.
pins can be determined. Such results can be used, for
example, in the evaluation of the initiation of boiling and the
assessment of its implications on system performance. In
addition, this fine geometric representation could permit
detailed representation and flow prediction with spacer grids
and mixing vanes used to enhance turbulence and heat
transfer. Comparisons are made with the industry standard
code VIPRE5 to examine the implications of using CFD for
detailed thermal profiles and fwst principle calculation of
effects such as subchannel crossflow. The effectiveness of
CFD codes is often due to the fme spatial detail of the
computational grid, which also increases the single processor
computing time, The computational performance of these
codes for subchamel analysis will also be examined in
environments of massively parallel computers.

Computational Fluid Dynamics and High Performance
Computing

. .

Computational fluid dynamics (CFD)C has evolved rapidly
over the last 20 years, aided by the evolution of modem high
performance computing architectures. Although initial CFD
efforts were limited to simpler representations of the flow
equations, such as the Euler equations, and geometric
dimensionality was ofien limited to two-dimensions,
including axisymetric flows, modem CFD techniques attempt
to analyze problems with complex physics in three
dimensional space, for steady-state or transient applications.
Modem codes begin with the fill set of Navier-Stokes
equations, including multi-fluid and multi-phase effects.
Various differencing techniques of the fundamental
conservation equations are performed, based on finite
difference, finite volume, or finite element techniques.
Special attention is placed on numerical representations that
accurately represent the differential equations, to insure
consistency, accuracy and numerical stability in the
numerical solution. The resulting set of algebraic equations
may be solved by direct or iterative matrix solvers. Most
commercial codes rely on the iterative techniques, where
techniques such as incomplete LU decomposition, alternating
direction (ADI) methods, conjugate gradient methods, multi-
grid methods, etc. are employed.

The presence of turbulence most ofien leads to analysis of
the Navier-Stokes equations in some average sense. Most
often, these are the so-called Reynolds Averaged Navier-
Stokes equations (R4NS), when the flow field variables are
split into a mean and fluctuating component. The resulting
mean flow equations then contain terms representing
turbulence interactions, presenting the so-called turbulence
closure problem. When these terms are modeled in terms of
the mean flow variables, such as in the Boussinesq and k-e
approaches, a complete set of equations can be determined.
This is the common approach in commercial CFD codes,

such as those used in this paper.4.5

Turbulence models ofthis nature have been generally applied,
but they are known to have limitations, such as in swirling
flows and narrow regions with velocity gradients. In the sub-
channel results illustrated below, however, the assumptions
for the k-e turbulence model are valid. For more complex
flows, the analyst should examine the validity of these
assumptions carefully.

To address the turbulence closure problem fi-om a more
fimdamental perspective, alternative approaches have been
attempted. The No general categories are large eddy
simulation (LES) and direct numerical simulation (DNS). In
large eddy simulation, the Navier-Stokes equations are once
again averaged, but in a spatial sense with a specified filter
function’.’.s. The resulting set of equations basically separates
the flow into large scale motions, which are computed as in
other CFD methods, and small scale eddies, which are
modeled. LES calculations are considered to be more accurate
than RANS methods, but they are also more computationally
expensive. It is expected that the next generation of
commercial codes will provide LES options for users. The
availability ofhigherpetiormance computers will be important
for the effective use of these models.

At the freest scale is direct numerical simulation (DNS),
where the Navier-Stokes equations are solved exactly, using
higher order differencing techniques in both space and time.
The computing requirements for DNS scale as (Re)3 and it is
unlikely that such techniques will be used for engineering
analysis, such as sub-channel analysis, in the foreseeable
future. Nonetheless, DNS, as well as LES, can provide usefid
information for the traditional RANS based approaches, such
as better models for the turbulence terms in the mean flow
equations.

Interesting nuclear CFD applications include the use of CFD
to illustrate the mechanics of heat transfer augmentations in
spacer-ribbed fiel channels,’”” *’ which is known to be an
important effect under normal operating and accident
conditions.’z For other nuclear applications, two-phase flow
is particularly important and represents a growth area for
commercial CFD codes. Although these codes do quite well
for particles in a gas or non-interacting bubbles in a liquid,
applications in areas such as sub-channel boiling is in its early
stages. Nuclear safety analysts have led in the development of
txvo-phase flow models, with homogeneous equilibrium
models, tilft flux models and two-fluid models.c. ‘J’““’5 As
noted in the introduction, these models have room for
improvement particularly in the area of interracial interaction
and transport. Fundamental investigations on bubble transport
and interactions and interracial area transport are in progress.
‘cIt is expected that the computational requirements for two-
phase flow at all levels, including RANS approaches with
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interracial transport, LES, or DNS, will exceed that
previously described for single phase flows. Nonetheless,
the establishment of DOE’s Accelerated Strategic Computing
Initiative (ASCI), in which the U of I is a participant, and the
recently announced Scientific Simulation Initiative (SS1), in
which ANL is a participant, will lead to the development of
the necessary hardware platforms and software algorithms in
the next several years.

STAR-CD and CFX Computational Fluid Dynamics
Codes

The demonstration calculations illustrated below were
performed with STAR-CD and CFX, both commercial CFD
codes. These codes are representative of the state-of-the-art
in modem CFD codes. STAR-CD is a 3-D, single and
multiphase CFD code based on an unstructured grid. It
allows the use of a wide range of cell shapes that make the
code amenable to a variety of efficient grid generation
strategies for complex geometries. It contains both a
Lagrangian and an Eulerian multi-fluid model and allows the
computation of both steady and unsteady flows. Turbulence
can be simulated with a number of models including the k-e
model with wall functions, and the so-called “two-layer”
approach which implements a variety of alternate models in
the boundary layer cells, The code can account for a varie~
of body forces incIuding those due to buoyancy and rotation,
as well as for the effect of buoyancy on turbulence. Analyses
can be run on multiple processors (using domain
decomposition methods); the code has been run on as many
as 256 processors. Many users employ parallel processing in
STAR-CD on a routine basis.

CFX 4.24 is a 3-D single-phase code with extensions for
multi-phase flow, particle transport, radiation, and
combustion models. It is based on a body-fitted coordinate
system and block-unstructured grid concep~ which allows
the construction of a grid by gluing together an arbitrary
number of topologically rectangular grids to form
topologically hexahedral blocks. Within each block, the grid
is structured. CFX can also accept rotating and unmatched
grids, body forces, and generally has an urdiiited
extensibility through user implemented FORTRAN.
Turbulence within CFX is modeled with a variety of models
including the k-e models, Reynolds flux, and Reynolds stress
models. CFX can be run “mparallel on IBM, Cray, and SGI
machines.

Sub-Channel Analysis Methodology

Thermal-hydraulic analyses are performed to insure that the
reactor core and associated coolant, control and protection
systems have appropriate margins to ensure that specified
acceptable tiel design limits are not exceeded during any
condition of normal operation, including the effects of

anticipated operational occurrence. TO provide these
assurances, thermal-hydraulic sub-channel analysis tools such
as THINC-IV,17 COBW4,’8 VIPRIY and TORC’9 have been
developed and are extensively used by utilities and vendors in
design and reload analysis~” These tools must be considered
as a mature analysis technology that has met the needs of
reload design. However, in the current economic
environment, the demand for additional power without
decreasing DNB margin requires assessment of new
technology for t%elassembly design and core reload design to
reduce cost and improve quality of fuel perfommnce.

VIPRI? (~ersatile ~ntemals and Component ~rograrn for
Reactors; QPRI) is a general-purpose thermaI-hydraulic sub-
channel analysis tool developed by the Electric Power
Research Institute (EPRI). It is most applicable for nuclear
reactors in normal operational conditions, operational
transients, and events of moderate severi~. For given
conditions, VIPRE rdsoevaluates the minimum departure from
nucleate boiling ratio (MDNBR). VIPRE is specifically
tailored for use by nuclear utilities and is approved by the
Nuclear Regulatory Commission (NRC) for reactor thermal
hydraulics.

VIPRE calculations are performed by dividing a domain into
quasi-one-dnensional channels (with cross-flow between
channels handled in a mechanistic manner), and solving for
cell-averaged values of fluid enthalpy, axial flow rate,
momentum pressure drop, and lateral flow per unit length.
Flow fields are taken as incompressible and homogeneous
though models are available to incorporate sub-cooled boiling
and liquid-vapor slip. VIPRE is routinely used by utilities to
simulate l/8* or l/4* of cylindrical reactor cores. Such
simulations are carried out with jlner details in the hot fuel
bundle than elsewhere in the core, which serves the purpose
of the utilities reasonably well.

For the purposes of thk preliminary examination of the
potential of CFD for nuclear applications, we consider a
staged design methodology which has been used for reload
analysis activities for PWRS.21 This approach may benefit
from the dramatic increase in computing power now available
and developments in CFD to perform rigorous 3-D
calculations in sub-channel geometries. In this methodolo=g,
an initial stage of analysis considers a significant fraction of
the core, with a single fuel assembly as the smallest unit
represented by a flow channel. Utilizing a 3-D power
distribution and specified inlet flow distributions, the hottest
assemblies are identified. In this stage, detailed flow and
temperature calculations are not performed, since using typical
sub-channel analysis approach would require a few million
computational nodes. In the second stage, a finer mesh is
utilized for the hot assembly. The hot assembly may be
divided into four quadrants and several neighboring
assemblies are included. Lateral transport of mass,
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momentum and energy from stage one is imposed on the
peripheral boundary. In the third stage, the hot assembly
quadrant is modeled in detail. These models have a fme
mesh involving every fbe[ pin in the quadrant of the
subassembly. Once, again, lateral transport is imposed on the
peripheral boundary from the stage 2 results. It is in stage 3
where the actual sub-channel minimum DNBR is calculated.
[n the quarter assembly, the number of computational nodes
would be in the range ofa few tens of thousands.

CFD Nuclear Applications

As indicated above, current design methodology uses
simplified models to identi~ the hottest regions and then
proceeds to examine these sub-regions in progressively
greater detail. This approach has been utilized to limit the
number of computational zones, due to limited computational
power of previous generation computer systems. As
ind~cated above, the revolutionary development in computer
hardware and sotlware allow consideration of significantly
larger probIems, Parallel computing, in particular, whether
on massively parallel platforms or a virtual supercomputer
made from networked high performance workstations,
permits consideration of refined, high fidelity models with
orders of magnitude increase in the number of computational
zones.

In the results indicated below, we illustrate how this
enhanced computing power can be used to produce higher
fidelity results. The objective of the investigation is to
determine if such a refined analysis will identi@ the
conservatism in current modeling approaches, which would
allow plant operation at high power levels, without any
compromise in safe~. Based on the staged approach
described in the previous section, we illustrate the impact of
CFD and high performance computing. We consider first hot
pin analysis, where knowledge of local thermal and thermal-
hydraulic conditions are important for predicting the onset of
local boiling. In addition to safety questions associated with
boiling, onset of local cladding degradation due to corrosion
products and potential boron concentration in pin surface
layers affecting power profiles could be more properly
addressed with a high fidelity models. Comparison between
the channel averaged behaviors predicted by VIPRE and a
detailed model using CFX are presented.

Second, we consider the hot charnel analysis, referred to as
the stage 3 analysis in the previous section. Comparisons
between the traditional sub-channel analysis performed with
VIPRE are made with a more detailed model in STAR-CD,
where approximately !4 million cells are’ used, roughly a
factor of 20 greater than normally used with VIPRE.
Channel averaged information is presented and compared to
illustrate, for example, the effects of calculating inter-channel
transport effects from the first principles models of STAR-

CD.

Finally, the “whole core” calculations referred to as stages.
and 2 will be examined with STAR-CD to illustrate thl
potential of modem CFD codes to treat very large models in
high fidelity. Using the same 1/8 core model (- 30 sub-
assemblies) and a fine mesh pin by pin model typical of
VIPRE individual sub-assembly calculation, a large problem
of nearly 60 million computational cells is considered.

Quarter Channel Problem Using VIPRE and CFX

The simplest geometry for reactor sub-channel flow that can
be modeled using VIPRE is that of l/4* of the region between
four fiel rods. This geometry is shown in Figure 1. VIPRE
and CFX modek were constructed for this geometry, and
results for channel averaged velocity and temperature profiles
in the z-direction were compared. Figure 2 shows the CFX
mesh utilized for this configuration. The rod radius is 0.546
cm and the pitch is 1.44 cm. Rod heat flux was taken as a
typical axially varying profile with q“av~=9.8x10S W/m2. The
heated portion of the rod begins one inch from the inlet and
extends 144 inches followed by a final six inches of unheated
rod. The inlet temperature was specified as 566 K and the inlet
velocity was set at 4.84 m/s. In CFX, the thermal conductivity
aad viscosity for water were 0.541 W/m2-K and 9.07x10-SN-
s/m2,respectively. The temperature dependent specific heat of
water was specified using the quadratic polynomial

CP(l) = 165294 -577.55 *Ti- 0.5217*T2

aqd the temperature dependent density of water was specified
using

p(l) = -4631 + 20.83*T -2.0029x10’2*P

where T is in K, specific heat is in J/kg-K and density is in
kglm3. Density and specific heat are valid over the
temperature range from 566 K to 619 K, and represent simple
quadratic fits obtained by fitting a polynomial to data taken
from VIPRE. The flow was considered incompressible with
a zero reference exit pressure. VIPRE used its own internally
generated water properties.

Results show that VIPRE and CFX agree closely in both
cross-sectionally averaged axial temperature and cross-
sectionally averaged axial velocity profiles. The channel exit
temperature for VIPRE is predicted tobe614 K while CFX
predicts 613.5 K. Figure 3 shows the comparison of the CFX
and VIPRE axial temperature profiles. Similarly, VIPRE
predicts an exit velocity of 5.93 rrds while CFX predicts 5.90
MIS. .
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VIPRE cannot predict the spatial variation within channels.
However, codes like CFX and STAR-CD can provide the
detailed flow and temperature fields within the computational
domain. As mentioned earlier, these detailed profiles can be
used to investigate if temperature at the clad surface and in
the water layer adjacent to the clad surface are high enough
to initiate bubble nucleation and hence precipitate crud
buildup (which might be the cause of the axial offset
anomaly).

Figure 4 shows the temperature distribution in the radial
direction over lmm from the clad surface towards the center
of the channel. This profile is taken near the end of the
heated portion of the channel. The bulk temperature is very
close to the average temperature with a mild increase in
temperature near the clad surface. In the last element,
temperature jumps to nearly 650 K which easily exceeds the
saturation temperature of water (619 K under the system
operating pressure of 2280 psi.). The width of the frst
element adjacent to the clad surface is 1.49x10-5meters. Thk
is 1/235 the distance between two adjacent fiel rods. This
information can then be used to determine if this temperature
field will lead to bubble nucleation.

Hot Assembly Analyses

In addition to the single subchannel calculations described in
the previous section, several calculations were made for one
quarter of one subassembly. Figure 5 shows the geometry of
a quarter subassembly of a large (- 3800 MWt) U.S.
pressurized water reactor (PWR). The PWR fiel vendor
subassembly design consists of a 16 x 16 pin bundle with
five large control rod guide tubes. The quarter section
selected for analysis has 59 fuel pins, one quarter of the
central control guide tube and one of the comer control guide
tubes, resulting in a total of 79 subchannels, which are
labeled for later reference in Figure 5. The inter-assembly
water gap was neglected with the additional assumption that
the control rod cooling water flow is also neglected.

Power and flow conditions selected for these analyses are
typical of a hot assembly during a bumup cycle. However,
while rod radial power factors are taken from atypical fuel
cycle calculation, the total assembly power has been adjusted
so that the mixed mean outlet temperature is 8°F below
saturation, A typical chopped cosine with an appropriate
axial power peaking factor is used for the axial power
distribution. A total subassembly inlet flow condition is
imposed,

This is a hot subassembly with high power and low flow. For
the purposes of this till-length analysis, the spacer grids have
been removed as well as the inlet and outlet regions of the
fuel subassembly design. The specific heat and densi~ of the

coolant were assumed to vary with temperature at the
operating pressure (-2250 psia), and all other coolant
properties were constant. The fluid properties used are “the
same as in the subchannel analyses described in the preceding
section.

Utilizing these input and boundary conditions, several
calculations were made. The first calculation was made using
the subassembly performance thermal-hydraulic code VIPRE,
which is widely used in the nuclear industry. These VIPRE
calculations serve as a benchmark for the CFD calculations.

The quarter subassembly was modeled in VIPRE with all 79
subchannels. The axial heat flux profile was specified using
the VIPRE ‘chopped cosine’ flux shape option with a peak of
1.47 and an average rod power of 60.75 kW/rod. The inlet
velocity was uniform at 14.79 ftls (4.51 rrds) and an inlet
temperature of 555.28*F (290.7 1“C)was specified. There were
44 axial nodes in the z-direction of each subchannel. VIPRE
then computed the averaged veloci~ and temperature in each
subchannel for each of the axial nodes.

In addition, two calculations were made using the STAR-CD
CFD code. The two STAR-CD calculations were made using
hvo different computational mesh densities. Comparison of
the results from the two different models will indicate the
sensitivity of the results to the mesh density.

The fmt model is shown in Figure 6a and consists of a total of
491,200 computational cells (200 layers in the axial direction
by 2,456 cells per layer). The analysis for this model was run
in serial mode on an IBM RS16000 Model 595 workstation.

The second model shown in Figure 6b was a refined version
of the firs~ and consisted of a total of 3,906,400
computational cells (400 layers in the axial direction by 9,766
cells per layer). This model was run in parallel on eight IBM
SP2 nodes.

A comparison between the results obtained with STAR-CD
and VIPRE is shown in Figures 7 and 8. The upper two plots
of Figure 7 show the average channel outlet temperatures as
predicted by the 491,200 cell STAR-CD model and VIPRE,
while the lower plot of Figure 7 shows the difference between
the two solutions.

It can be seen from Figure 7 that the two solutions generally
agree very well. This was largely expected, since the coolant
mass flow rates and power input were the same for the two
models. Everything else being equal, the NO codes should, on
average, predict the same outlet temperatures.

The relatively small differences seen beween the two
solutions may be due to any of several differences between the
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two codes. For example, it is believed that the interpretation
of the specific heat for compressible flows may be slightly
different for the two codes, resulting in differences of about
I“F between the two solutions. Also, inter-channel flow was
suppressed for the VIPRE calculations, while the STAR-CD
calculation allowed redistribution of the flow amongst
channels. All things considered, the two solutions may be
considered to be virtually identical, which serves as a
validation of the use of the CFD methodology for these types
of applications.

Figure 8 shows a comparison similar to that in Figure 7, but
for the larger (3,906,400 cell) STAR-CD model. Once again,
the agreement between STAR-CD and VIPRE is very good.
The change in the outlet temperatures predicted by STAR-
CD, when compared with the less-dense model, is seen to be
minimal, fbrther indicating that the 491,200 cell model mesh
density is adequate for the solution of this problem.

. .
It should be noted that the STAR-CD results were averaged
at the outlet within each subchannel to obtain the results
shown in Figures 7 and 8. However, CFD analyses provide
much more detaiIed data, with a solution of each field
variable (i.e. temperature, pressure, velocity) at each
computational cell. Figures 9 shows temperature contours at
the outlet plane of the 3,906,400 cell quarter subassembly
STAR-CD model. Figure 9a shows temperature contours for
the entire quarter subassembly, while Figure 9b shows a
detail of the temperature field in the hottest subchannel
(channel 57 in Figure 5).

It maybe clearly seen from Figure 9b that the temperature in
the subchannel is non-uniform. The area between adjacent
thel rods is hottest, and a cooler core region is seen in the
center of the subchannel. CFD analyses like this one provide
the analyst with very detailed local distributions of
temperature, pressure and flow that may not be available
from one-dimensional thermal-hydraulic codes such as
VIPRE.

CFD Analysis of One-Eighth of a Reactor Core

As a final demonstration of the capabilities of modem CFD
codes in soIving complex thermal-hydraulic problems, we
have solved the flow and heat transfer in one-eighth of a
reactor core using STAR-CD. The geometry, as viewed fkom
above is shown in Figure 10. Each of the larger white circles
seen in Figure 10 represents a control guide tube, while each
of the smaller white circles represents a fiel rod.

The one-eighth core model has a mesh density similar to that
shown in Figure 6a, and consists of a total of 59,523,600
computational cells (200 layers in the axial direction by
297,618 cells per layer). Assembly power factors typically

seen during a bumup cycle were used together with the rod
radial power factors from the quarter subassembly analysis to
speci$ a heat flux distribution on each of the more than 7,000
fuel rods represented in the model. The assembly power levels
used in the analysis ranged from 2 I“/oto 138°/0 of the average
assembly power level.

In addition, the flow to each of the 30.125 assemblies was
specified independently, ranging from 89% to 108°Aof the
average assembly flow rate. All other aspects of the one-
eighth reactor core analysis were analogous to those of the
quarter subassembly STAR-CD calculations described in the
preceding section.

In order to facilitate direct comparison with the quarter
subassembly, the power and flow conditions in one assembly
of the one-eighth core calculation were the same as in the
quarter subassembly calculation at the hot assembly position.

The analysis was performed in parallel on 64 IBM SP2
workstation nodes located at the IBM Poughkeepsie, NY site.
The STAR-CD executable size for each processor was 603
MB, and a total of 33 CPU hours per SP2 node were required
to achieve a converged solution.

The results of the analysis are displayed in Figures 11-13.
Figure 11 shows contours of temperature at the outlet plane
near the assembly corresponding to that of the quarter
subassembly calculation. In fact the quarter subassembly in
the center of Figure 11 may be compared directly to the
quarfer subassembly resuhs of the previous section. It can be
clearly seen thatthe temperatures in the neighboring assembly
to the left are much lower, due to the much lower power and
higher flow in that assembly.

The effects of these differing flow and power levels maybe
seen in Figure 12, where the in-plane veloci~ components at
the outlet plane are plotted. It is seen that there can be
significant inter-assembly flow, which can be attributed to
both the differing flow rates of the various assemblies, and
coolant thermal expansion effects.

Finally the resulting average subchannel temperatures are
shown in Figure 13. In this figure, the VIPRE results shown
are those for the quarter subassembly described in the
preceding section. The result of the inter-assembly flow
sharing is seen to be generally lower temperatures. Although
we have not used the pin by pin power for the whole core, we
believe qualitatively the results have the right trend.
Therefore, it may be concluded that it is important to
accurately predict the temperatures in all assemblies
simultaneously. CFD methodologies like those used by the
STAR-CD code make such calculations practical.
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CONCLUSIONS

Detailed analysis of a quarter channel was performed using
VIPRE and CFX. Results show that VIPRE and VFX agree
closely in both cross-sectionally averaged axial temperature
and cross-sectionally averaged axial velocity profiles.
Detailed temperature distributions in the radial direction over
1mm tlom the clad surface towards the center of the channel
were calculated using CFX, showing significant local
variation. This information can be used for example, to
determine if this temperature will lead to bubble nucleation.

Quarter subassembly calculations were made with both
VIPRE and STAR-CD. Comparison between the solutions
show that the two codes yield very similar solutions under
comparable conditions. However, the STAR-CD CFD
calculation provides the analyst with much more detailed
flow and temperature distributions than can be predicted by
a one-dimensional code such as VIPRE.

In addition, a 60 million cell one-eighth reactor core
calculation was made using STAR-CD. This analysis showed
the importance of accurately predicting the flow and
temperature fields in all assemblies simultaneously with
modem parallel processing technology, practical turnaround
for these types of calculation can be obtained.

In addition to the advantages of CFD described above, CFD
simulations allow the solution of the flow in very complex
geometries. For example, CFD models of various grid spacer
designs could be used to assess the relative merits of the
various designs (e.g. pressure drop, turbulence generation).
Presently, most of the knowledge related to grid spacer
design is generated experimentally. This we of detailed
modeling using CFD has been widely employed in the
automotive industry, for example, to model flows in engine
ports, passenger compartments, underhood compartments
and braking systems.

The results of these analyses show the potential for effective
CFD use in the nuclear industry. Their use in the highly
regulated nuclear industry, however, still requires
considerable effort. From a technical perspective, the CFD
methodology must be developed and evaluated fortwo-phase
flow analysis, to insure that we can predict with confidence
the behavior of two-phase systems. In addition, use of these
methods must be accepted by the Nuclear Regulatory
Commission.
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