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RÉSUMÉ

Le programme polyvalent de calcul sur ordinateur de la dynamique des
fluides (CFD), Harwell-Flow 3D, sert a simuler les effets des obstructions
de barres de combustible sur la chute de pression (perte de charge) et le
transfert de chaleur dans un écoulement turbulent monophasique de canal
annulaire concentrique. On signale les résultats des simulations bidi-
mensionnelles et tridimensionnelles dans le cas d'obstructions dont les
dimensions se rapprochent de celles des appuis qu'on utilise dans les
grappes de combustible à 37 éléments des réacteurs CANDU. On a quantifié
la pénalité due à la chute de pression et l'augmentation du transfert de
chaleur et établi leur relation avec les paramètres géométriques d'obstruc-
tions et les nombres sans dimension qui représentent les conditions de
service. On a comparé les effets (prédits) sur la chute de pression avec
plusieurs relations déterminées expérimentalement et obtenu un bon accord.
La méthode présentée donne des résultats qu'on peut utiliser directement
comme données d'entrée dans les analyses thermohydrauliques de programmes
de calcul de sous-canaux et circuits.
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ABSTRACT

The general-purpose CFD code, Harwell-FLOW3D, has been used to simulate the effects
of fuel-rod obstructions on pressure drop and heat transfer in single-phase, turbulent flows
in a concentric annular channel. The results of two- and three-dimensional simulations
are reported for obstructions approximating the geometry of bearing pads used in 37-
element CANDU fuel bundles. Pressure-drop penalty and augmentation of heat transfer
have been quantified, and correlated with the obstruction geometrical parameters and
the dimensionless numbers representing operating conditions. The predicted effects on
pressure drop have been compared with several experimental correlations, yielding good
agreement. The methodology presented offers results that can be used directly as input
into thermalhydraulic analyses in subchannel and system codes.
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1. INTRODUCTION

It is well known that fuel-bundle appendages affect the pressure drop and heat-transfer
characteristics of a typical CANDU* fuel channel. The price paid for higher heat-transfer
rates is an increase in pressure drop. To account for these effects in thermalhydraulic
analyses utilizing subchannel codes like ASSERT [1] or system codes like CATHENA
[2], adequate characterization of individual appendage contributions to these effects is
required. Some handbook recipes are available for pressure-drop effects, but there are
no analogous guidelines for heat-transfer enhancement. As experimental quantification of
these contributions may be difficult even for single-phase flows, we are using Computa-
tional Fluid Dynamics (CFD) tools, as an alternative to experimental testing, to estimate
the important parameters from simulations alone. This paper discusses the initial phase
of a study undertaken to predict and characterize the fuel-rod appendage effects on heat-
transfer enhancement and pressure-drop penalty in CANDU fuel channels. The general
purpose CFD code, Harwell-FL0W3D [3], has been used to predict these effects for an
obstruction approximating the Bruce-type bearing pad in a single-phase flow through a
concentric annular channel at typical CANDU operational conditions.

2. HARWELL-FL0W3D CODE AND ITS TURBULENCE MODEL

2.1 Main Features of Harwell-FL0W3D

Harwell-FL0W3D is a three-dimensional fluid-flow and heat-transfer simulation code un-
der development at AEA Harwell Laboratory. Its Release 2.1 [4], available on the CDC
990 mainframe at Chalk River Laboratories, is capable of simulating single-phase, incom-
pressible, laminar or turbulent flows and associated convective heat transfer in arbitrary
geometries. The governing equations are formulated in non-orthogonal coordinates, which
are determined locally for each computational cell by the positioning of its corners. Non-
staggered grid arrangement is used exclusively in the code, easing the task of designing
boundary-fitted grids. Even though only structured (logically Cartesian) grids are al-
lowed in Release 2.1, this treatment provides substantial freedom in node distribution to
accommodate geometrically complex domains.

The code contains a selection of finite-difference discretization schemes, including up-
wind, hybrid, higher-order upwind (HUW), and quadratic (QUICK) differencings. Four
algorithms (SIMPLE, SIMPLEC, PISO and PISOC), adapted to non-staggered grids, are
available for pressure-velocity coupling. These algorithms, along with a portfolio of linear-
equation solvers, provide flexibility in designing the strategies for iterative solutions of the
governing equations. The set of partial differential equations summarized in Appendix A
is solved in Harwell-FLOW3D to simulate forced-convection behaviour at high Reynolds
numbers. The coordinate-free notation [5], convenient for projecting tensorial quantities
on the axes of arbitrary curvilinear coordinate systems, is used in Appendix A and in the
remaining part of this paper.

"CANada Deuterium Uranium, registered trademark of AECL.
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2.2 Turbulence Modelling in Release 2.1 of Harwell-FLQW3D

To economically account for turbulent effects (Reynolds stresses and velocity-temperature
correlations) on mean momentum and mean energy transport, a non-isothermal version of
the standard k-e turbulence model [6] is available in Release 2.1 of the Harwell-FL0W3D
code. This phenomenological model uses the mean turbulent kinetic energy,

^ i ( u ' - u ' ) , (1)

and isotropic turbulence-dissipation rate,

(2)

as the measures of turbulence effects on the mean flow and heat transfer. Henceforth,
primed quantities are used to designate fluctuations, and mean values appear enclosed
in brackets ( ). The velocity field is denoted as u, p is the uniform density, and \L is
the (dynamic) molecular viscosity. In addition, V denotes the gradient operator, and
the double-dot product (double contraction) of two second-order tensors is denoted by a
colon.

The k-e two-equation closure belongs to the class of first-order (eddy-diffusivity) models of
turbulence transport, which consider isotropic enhancement of both mean-momentum and
mean-energy diffusion as the main manifestation of incompressible turbulence away from
solid walls. According to the gradient-diffusion assumption (i.e., Boussinesq hypothesis),
used in this approach, the deviatoric part of the Reynolds stress tensor and the turbulent
heat flux are considered to be linear functions of the mean strain-rate and the mean
temperature-gradient, resoectively. In the coordinate-free notation, these relationships
read:

- \ kl) = fiT [V(u) + (V(u)f], (3)

p ( ) (4)

where T is the temperature field, and I denotes the unit dyad. The turbulent viscosity,
jiT, is calculated from the local values of the turbulent kinetic energy and the turbulent
dissipation rate, according to the formula,

k2

—, (5)
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where C^ is an empirical constant. The turbulent thermal diffusivity, 77, is considered to
be proportional to the turbulent viscosity,

IT = —, (6)

where the turbulent Prandtl number, try, is of the order of unity.

The modelled transport equations for the turbulent kinetic energy and turbulent dissipa-
tion rate are integrated, along with the mean-flow equations, to supply the local values
of fc and «. As shown in Table 1, the equations governing the evolution of fc and e involve
additional empirical constants, which form an inherent part of the phenomenological tur-
bulence model. However, these equations are not valid near solid boundaries, and cannot
be integrated in their vicinity. Either a semi-empirical wall-function treatment [6] must
be used or, alternatively, a low-Reynolds-number version of the fc-e model must be sub-
stituted. In Harwell-FL0W3D [4], the former approach, which requires its own empirical
constants, is used to model the turbulent behaviour in the control volumes adjacent to the
solid walls. As a by-product of the numerical solution, shear stresses and temperatures
at the walls are also computed. In the studies reported in this paper, the recommended
default values of all the constants required by the Harwell-FL0W3D fc-e turbulence model
were used. They are summarized in Appendix B.

3. QUANTIFICATION OF FUEL-ROD APPENDAGE EFFECTS

3.1 Conceptualization of Numerical Experiment

To determine the effects of a fuel-rod appendage on pressure drop and heat-transfer en-
hancement in a channel, one could conceive a simple experiment where measurements
of pressure drop and temperature are taken in both unobstructed and obstructed test
sections. The net contributions of the appendage could then be quantified by comparing
corresponding data recorded in both configurations. The actual channel geometry, loca-
tion of the appendage(s), and operating conditions of the testing loop would be subject
to the usual considerations of cost and proper scaling to the actual CANDU-bundle sce-
nario. If the main objective was to assess the first-order effects due to a single bearing
pad attached to a CANDU fuel rod, the choice of test-section geometry would likely be
dictated by simplicity, and the concerns regarding cross-subchannel effects in a bundle
would be left for later investigations. The annulus geometry could be among the prime
candidates for constructing the experimental rig.

Considering the recent advances in CFD, detailed numerical simulations of channel single-
phase hydrodynamics and heat transfer are emerging as a viable alternative to experimen-
tal testing. In fact, similar considerations apply to the selection of flow configuration for
both experimental and numerical assessments of obstruction effects. As in an experiment,
the length L of the test channel must be chosen to assure fully developed hydrodynamic
conditions at the outlet, whereas the obstruction must be sufficiently removed from the
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inlet. If the concentric annulus is selected as the test configuration, and uniform fuel-rod
heat flux along with adiabatic outer wall are acceptable simplifications, the designed test
section (as well as its numerical model) must provide for a thermally developed outlet
flow under all test conditions. In addition, to satisfy requirements of dimensional simi-
larity, hydraulic diameter of the annular cross-section should be comparable to that of a
typical CANDU-bundle subchannel, and the test matrix should include flows at Reynolds
numbers corresponding to full-scale CANDU-channel operations. Within the constraints
imposed by the availability of a simulation tool, its sub-models, and computing resources,
one must also decide on a methodology to meaningfully reduce the data available from
simulations. The approach adopted in this study resembles an experimental procedure,
but it takes advantage of the fact that CFD simulations usually provide very detailed
local data in comparison to thermalhydraulic experiments.

3.2 Quantification of Pressure-Drop Penalty

The appendage effect on the momentum loss in a channel can be characterized, in a simple
manner, by a single form-drag coefficient, usually referred to as /f-factor. A procedure
for extracting the if-factor from the detailed three-dimensional simulation data relies on
postprocessing the predicted local distribution of channel pressure. Assuming that the
mean-pressure data, (p(x,r,0)), is available in cylindrical coordinates, the process of data
reduction starts with a definition of the cross-sectional average of the mean pressure at
the axial distance, i , from the channel inlet:

f[(P(x,r,6))rdrd6, (7)
JJA,(x)

where Af(x) denotes the flow area varying along the channel length. Using this definition
(or its discretized version) one may calculate the average pressure drops, for both the
obstructed and unobstructed channels, as the differences between the corresponding inlet
(x = 0) and outlet (x = L) pressures,

(8)

The net pressure drop due to the bearing pad, expected to be nearly independent of the
length L of the test section,

A p ^ = (ApL)obst - (Apz,)uno6,f (9)

is used to find the dimensionless coefficient of momentum loss (i.e., the A"-factor) associ-
ated with the bearing pad:



- 5 -

The pressure drop has been normalized here by the kinetic energy of the mean flow, where
Uin is the mean (axial) velocity at the inlet, TO is the mass-flow rate, and Aftin denotes
the inlet-flow area.

3.3 Quantification of Heat-Transfer Enhancement

In a heated channel of length L, the effectiveness of heat transfer can be quantified by
the average Nusselt number, defined as:

Wu i f a*) DM (
kLJo (Tw(x)) - Tb{x)

Here, k is the thermal conductivity of the fluid, Dh(x) is the axially varying hydraulic
diameter, and ql,{x) and (Tw[x)) denote circumferentially averaged heat flux and mean
wall temperature, respectively. The local bulk-fluid temperature, Tb(x), is determined
from the cross-sectional temperature and axial velocity profiles:

TbW = A t \)r n / , Mx,r,e))(T(x,r,0))dA (12)
Aj{x)Uave(x) JA,(X)

Mx,r,9))dA (13)
A,(X)

The net effect of obstruction on the heat transfer is reflected in the difference between the
average Nusselt numbers, (Nu)unob,t and (Nu)ob.t, for the unobstructed and obstructed
flows, respectively. This effect was quantified by a correction factor to the Nusselt number
for the bare rod, defined as

("I

4. FORMULATION OF COMPUTATIONAL PROBLEM

4.1 Channel Geometry

A concentric annulus with the inner rod representing a Bruce-size fuel rod was selected as
the reference configuration for both two- and three-dimensional simulations. The annulus
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was 1 m long, and its inner and outer radii were 0.013 m and 0.018 m, respectively.
This configuration yielded a hydraulic diameter of 0.01 m, representative of a typical
subchannel in a 37-rod CANDU fuel bundle, and it assured fully developed flow at the
channel outlet for the range of Reynolds numbers expected during the normal operation
of CANDU fuel channels.

For comparison with the reference configuration, two obstructed-channel geometries were
selected for numerical studies. In two-dimensional studies, the reference-channel results
were compared with the predictions obtained for the channel obstructed by an axisym-
metric appendage. As shown in Figure 1, the appendage was located approximately 0.3 m
from the inlet, had variable height, and its length of 0.0254 m was equal to that of the
Bruce-type bearing pad. In three-dimensional simulations, six identical pads symmetri-
cally attached to the fuel-rod surface replaced the single axisymmetric appendage in the
obstructed channel configuration. The shape of the bearing pad was approximated by a
sector of a hollow-cylinder wall. The bearing-pad length was maintained constant, while
its height and width were varied. Figure 2 depicts the detailed geometry of the annular
channel obstructed by six equally spaced bearing pads.

4.2 Computational Domain and Grid Layout

Provided that symmetry-breaking external influences, such as gravity, are negligible, axi-
symmetric flows can be expected in Koth unobstructed and axisymmetrically obstructed
configurations. Under the same conditions, repetitive flow patterns are expected to occur
in the vicinity of each bearing pad in the multipad-channel configuration, and all pads
can be expected to contribute equally to the changes of channel pressure drop and heat
transfer. In the latter case, in view of the circumferential periodicity, simulation of the
complete 360° annulus is unnecessary, and the analysis may be reduced to consideration
of an appropriately selected annular sector.

Given the flow-pattern symmetries (determined by the number of bearing pads consid-
ered), the angular width of the sector depends on the boundary conditions (planes of
symmetry or periodicity) that may be imposed at the sector sides. When dealing with
an annulus obstructed by Napp identical appendages, this would permit modelling just
one sector of angular width equal to 360°/Napp, without regard for the placement of its
bounding side surfaces with respect to the appendage location. However, in a more eco-
nomical approach, the cross section of the 360° annular domain can be divided into 2iVapp
equal sectors, and the mirror-symmetry boundary conditions can be imposed at the side
surfaces cf each sector (see Figure 3). This latter arrangement, which allows one to model
only half of the appendage, and takes maximum advantage of the available symmetries,
has been chosen as a basis of the obstructed-channel model for the 3-D studies.

As we had no access to a suitable grid generator at the time of this study, it was deemed
prudent to restrict considerations to orthogonal grids. Grid layout in the cylindrical
coordinate system was limited to the distribution of axial, radial, and cylindrical surfaces,
subsequently referred to as the I-, J-, and K-planes, respectively. The consequence of
using orthogonal grids was a limited ability to model the appendage shapes. As shown
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in Figure 2, the modelled bearing pads had wider tops than bottoms. This shape differs
from the shape of the pad used in Bruce-type bundles, but a compromise was considered
acceptable at this stage.

As required by the Harwell-FL0W3D code, the computational domain comprised the
actual flow-field and blockage regions, represented by active control volumes, as well as
layers of dummy control volumes distributed along the boundaries. In 2-D axisymmetric
studies, the active portion of the domain consisted of a single K-plane of control volumes,
which permitted consideration of either e.round-the-rod appendage or no appendage at all.
By contrast, in the 3-D studies the annulus sector was subdivided into several K-planes
of control volumes, providing the capability to model an obstruction extending only over
a portion of the rod perimeter assigned to the sector. Most of the 2-D parametric studies
employed 72*22*3 grids, but other grid sizes were tried during the scoping studies intended
to check the gnd dependence of predictions. In 3-D simulations, a 30° annular section
was modelled •/ '• . NK grid, where NK was a variable number of K-planes. The
cross section of a typical grid layout used in 3-D parametric studies is shown in Figure 4.

As a rule, the scoping simulations used axially and radially non-uniform but circum-
ferentially uniform grids. The parametric studies were conducted on circumferentially
non-uniform grids, whose structures reflected the necessity to compromise between the
conflicting requirements for detailed representation of channel geometry, computational
expense, and achievable levels of solution convergence.

4.3 Boundary Conditions

In all simulations, Dirichlet boundary conditions were used at the inlet for all fields except
pressure. For a given value of Reynolds number, jRe, the uniform values of inlet velocity,
turbulent kinetic energy and turbulent dissipation were calculated as

kin = 0.002 Ul (16)

where Dhiin is the inlet hydraulic diameter. Uniform inlet temperature was prescribed in
all cases.

Expecting fully developed flow at the outlet, Neumann boundary conditions were assumed
for the outflow velocity, turbulent kinetic energy and turbulent dissipation rate. Velocity
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and temperature profiles near all solid walls were approximated by the wall functions
[3,4]. The fuel heat was assumed to be uniformly distributed over the rod surface, and
the outer cylinder wall was considered adiabatic. To assure the same total heat input
to both unobstructed and obstructed channels, the heat flux over the bearing-pad top
surface was proportionally reduced, and its side surfaces were assumed adiabatic.

To reduce CPU time, velocity fields satisfying the global mass conservation were used as
the initial guesses. In each control volume, the axial velocity component was set equal to
the uniform inlet velocity. However, in the obstructed-channel simulations, the velocities
in the reduced flow area around the bearing pad were set to a value that assured the
overall mass conservation through the obstructed cross sections of the channel:

7 ( \
ftin - Aobtl{x)

4.4 Other Computational and Modelling Considerations

As the standard k-e transport equations are not valid near solid surfaces, and the Harwell-
FL0W3D code approximates the turbulent behaviour there with wall functions, it is cru-
cial to satisfy the constraints implicit in this treatment. One of the parameters calculated
by the wall function is y+, the dimensionless distance between the solid boundary and
the center of the nearest active control volume. Ideally, this value should be larger than
either of y$ and y£, which represent the intersections of the laminar sub-layer and the
logarithmic boundary layer for the momentum and temperature equations, respectively.
In addition, the centers of the near-wall control volumes should, preferably, be located
within the logarithmic region of the boundary layer. In the present study, it was as-
sumed that under realistic conditions the computed value of y+ should not exceed 5000
anywhere in the channel [7]. Since it is very difficult to design grids that are known in
advance to yield predictions satisfying this constraint, a posteriori examinations of the
computed j/+-values were conducted. On occasion, the condition, y+ < 5000 was found
to be violated on the walls perpendicular to the main flow direction. To remedy this
problem, the control volumes near these solid surfaces were made as small as necessary,
and the axial grid structure was adjusted to ensure a smooth transition in the control
volume size. All computations were repeated on the modified grids until the satisfaction
of the j/+-constraint was assured.

5. TWO-DIMENSIONAL STUDIES OF MOMENTUM-LOSS EFFECTS

5.1 Grid Dependence and Effect of Finite-Differencing

Initially, the influence of grid sizes, structures, and spatial discretization schemes on
predictions was investigated with a two-dimensional axisymmetric model. The purpose of
these scoping tests was to test various code options and control parameters to establish the
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near-optimum size and structure of the grid that would yield mesh-independent results,
and to simplify the problem as much as possible before moving to parametric studies.

The grid tests indicated that doubling the number of I-planes increased the CPU time
required to achieve convergence by a factor of more than 2. However, the number of
iterations required to attain the same preset convergence tolerance was not much affected.
Doubling the number of J-planes produced practically the same effects. The pressure
drops, and the if-factors, computed on both types of refined grids were only slightly
smaller than the corresponding pressure drops and AT-factors predicted with the reference
grid.

The finite-difference schemes were found to have no significant effect on iteration conver-
gence and CPU time. However, the predicted pressure distribution, particularly around
the contracted flow-area, was affected by the scheme selection, and the spread among
the if-factors computed with different schemes was about 10%. Noticeably, in all cases,
the A'-factors calculated from the data simulated using the quadratic-upwind difference
scheme (QUICK) were smaller than those calculated with other schemes.

5.2 Effect of Reynolds Number and Obstacle Height

The dependence of the momentum-loss coefficient (A"-factor) on the Reynolds number
and flow-area blockage has been established and compared with experimental results.
The flow blockage was characterized by the normalized obstacle height, defined as the
ratio of obstacle height to the inlet hydraulic diameter, Dh,in- Sample predictions of
pressure distribution and corresponding A'-factors, calculated for flows at Re = 4.0 x 105,
and for the normalized obstacle height ranging from 10% to 35%, are shown in Figures 5
to 9. They clearly show that the pressure drop due to channel obstruction increases with
the obstacle height. Note also that the pressure distributions near the obstruction are
different for various obstacle heights, and that larger obstructions yield greater changes
in pressure distribution.

The quadratic least-square fits of predicted A'-factor dependencies on the normalized
obstacle height are shown in Figure 10 for the range of Reynolds number, 2.0 x 105 <
Re < 8.0 x 105. As expected, the A'-factor was predicted to increase with the increasing
flow-area blockage. The plot also clearly shows that A'-factor dependence on the Reynolds
number is weak in the range Re > 4.0 x 105.

Four techniques of estimating A'-factors for flow blockages have been recently reviewed
by Sutradhar and Tahir [8]. Experimental correlations developed by Rehme [9], Hall and
DufFey [10], Idelchik [11] and Weisbach [12] have been compared. Figure 11 shows the plots
of the momentum-loss coefficient (A'-factor) as a function of the ratio of cross-sectional
area of the blockage to the flow area of an unobstructed channel as predicted by these
four correlations and by the present Harwell-FLOW3D simulations. Evidently, for small
flow-area blockage, code predictions lie within the range determined by the correlations.
No simulations of larger flow-area blockages have been attempted in the present study.
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6. TWO-DIMENSIONAL STUDIES OF HEAT TRANSFER ENHANCEMENT

6.1 Effect of Obstacle Height

In the simulations conducted to assess the effect of obstacle height on heat-transfer en-
hancement, the Reynolds and Prandtl numbers were set at 4.0 x 105 and 0.90, respec-
tively, while the normalized obstruction heights were varied between 10% and 45%. For
several obstruction heights in this range, the predicted distributions of average wall and
bulk-fluid temperatures have been compared with the corresponding distributions in an
unobstructed channel in Figures 12 to 16.

Although the predicted distributions of bulk-fluid temperature exhibit little change, the
wall temperatures are strongly affected by the increased turbulence generated around
the obstruction. In effect, these predictions demonstrate the mechanism by which flow
obstruction improves local heat transfer. For a uniform fuel-rod heat flux, the increase
of the average heat-transfer coefficient and Nusselt number is responsible for the signif-
icant drop of wall temperatures downstream of the appendage location. This effect has
been observed experimentally, for both uniformly and non-uniformly heated rods, in a
horizontal 6-element bundle [13].

As expected, the average Nusselt number has been found to increase with the obstruction
height. Figure 17 presents a quadratic least-square fit of the predicted correction-factor
dependence on the normalized obstruction height. The quadratic fit seems to better ap-
proximate the expected dependence at small heights than a straight-line fit. (No correction
to the bare-rod Nusselt number should be required in the absence of flow impedance.) The
overall change of correction factor over the studied range of obstruction heights exceeds
250%, indicating a very strong effect on the effectiveness of fuel-to-coolant heat transfer.

6.2 Effect of Reynolds Number

In this round of simulations, the heat-transfer enhancement was quantified as a function
of the Reynolds number, .Re, while the normalized obstruction height and the Prandtl
number, Pr, were set to the constant values of 25% and 0.9, respectively. The Reynolds
numbers ranged from 2.0 x 105 to 8.0 x 105. In general, it was observed that the bulk-
fluid temperature and the average Nusselt number were increasing as the Reynolds number
increased. As shown in Figure 18, for Re > 4.0 X 10s, the correction factor, Cj^, was
predicted to vary almost linearly with the Reynolds number, but its relative change over
the range 4.0 x 105 < Re < 8.0 X 105 was only about 1.4%. For smaller Reynolds numbers,
a non-linear dependence on Re was predicted, and the changes were more pronounced.

6.3 Effect of Prandtl Number

The Prandtl-number effect on heat-transfer enhancement was examined in a series of
simulations involving the variations, 0.80 < Pr < 1.30, with the Reynolds number and
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the obstruction f^tio set to 4.0 x 105 and 25%, respectively. The Nusselt number aud its
correction factor were predicted to increase along with the Prandtl number. Figure 19
shows the plot of the connection, factor, C ^ , versus the Prandtl number, Pr, obtained wHh
a quadratic cvjfVe fit- Although the predictions clearly indicate a non-linear relationship
between thes^ two parameters, the correction-factor variations over the studied range
of Prandtl numbers amount to only about 0.24%, and this effect is concluded to be
insignificant for typical CANDU-channel conditions.

7. THREE-DIMENSIONAL STUDIES OF MOMENTUM-LOSS EFFECTS

7.1 Scoping Computations

The purpose of the 3-D scoping studies was to determine the minimum number of K-
planes of control volumes yielding acceptable convergence, and to seek modifications to
the set of solution-control parameters that would further improve it. This required testing
grids involving <lifferent numbers of K-planes, as weE as experimenting with various code
input options.

The two-dimensional grid has been modified to fit the 25% channel height obstruction
around a portion of the rod circumference. The control volumes adjacent to the appendage
side surfaces v^te made small enough to ensure that y+ would be less than 5000, yet the
axially and radially non-Uniform grid structures remained smooth in control-volume-size
transitions. \Mth the same set of solution-control parameters used in 2-D studies, it
was found the* the minimum angular width of the grid that made converging solutions
possible included 7 K-planes (i.e., 2 dummy and 5 active control volumes).

Although the default velocity-pressure algorithm, SIMPLEC, was used in all previous
simulations, another algorithm, PISOC, was also tested in an attempt to achieve better
convergence. Simulations were run with the PISOC algorithm, but no net reduction in
CPU time wBs jrealized- As a result, it was decided to continue using the SIMPLEC
algorithm during the 3-D parametric studies. The default linear solvers were chosen for
the 3-D parametric studies.

Since increasing the number of inner iterations for the turbulent kinetic energy, turbulent
dissipation, p>resgure, or the component velocities did not appear to improve convergence,
the default values of the under-relaxation factors were reduced for several variables. Sim-
ulations with. 7, 9 and 12 K-planes were run with these new under-relaxation factors,
yielding considerable improvement of convergence, and a set of reduced under-relaxation
factors was chosen far the 3-D parametric studies.

7.2 Paramettic_ Studies

The purpose of the parametric studies was to model a bearing pad mounted on a fuel
rod more realistically using a three-dimensional grid, and to test the effect of bearing-
pad height atifl1 angular width on the channel pressure drop. The angular width of the
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Bruce-fuel bearing pad is about 16°. Since the complete sectorial symmetry was assumed,
only an 8°-width of the pad had to be modelled in Harweli-FL0W3D, if the mirror-
symmetry conditions at the sides of the angular section were in effect. The actual height
of the Bruce-type bearing pad is 0.0012 m; i.e., 25% of the annulus gap used in present
simulations. In the parametric studies, the width and height of the pad spanned the range
of six appendage angles (from 2 to 12 degrees) and seven appendage heights covering the
range between 10% and 40% of the annular gap.

As mentioned previously, the grids were designed and, if necessary, redesigned to achieve
converging solutions for both the unobstructed and obstructed flows, and to satisfy the
additional constraint requiring the value of y+ to be less than 5000. Therefore, the sizing
and allotment of control volumes to the obstructed and unobstructed channel space varied
with the appendage geometry. For each combination of height and angle, a smooth non-
uniform grid was designed, and the same grid structure was used for simulating the flows
in corresponding unobstructed and obstructed geometries. This ensured a consistent
evaluation of the if-factors for all simulation pairs.

7.3 Effects of Appendage Geometry on if-Factor

The solution data were processed for each pair of simulations, to generate cross-sectionally
averaged pressures and if-factors. Four samples of predicted pressure variations along the
channel length, along with the resulting if-factors, are presented in Figures 18 to 22. The
computed if-factors were subsequently plotted against the appendage height (considered
as a percentage of annular gap) and angle, and against the fraction of obstructed flow
area. When parametrized by appendage angular widths, the if-factor dependence on the
appendage height, shown in Figure 23, appears to be mildly non-linear. These results are
judged to be plausible and consistent with the predictions for axisymmetric appendage.
The if-factors predicted in the 3-D computations also correlate quite well with the fraction
of the flow area obstructed by the appendage. This correlation, shown in Figure 24,
confirms the expected validity of the quadratic relationship between the if-factor and the
fraction of the flow area blocked by the appendage.

8. GENERAL OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS

The Harwell-FLOW3D code has been shown capable of simulating realistic pressure and
temperature distributions in a channel containing two- and three-dimensional obstruc-
tions. The code has been used to consistently predict the integral effects of appendage
pressure drop and fuel-to-coolant heat transfer for a wide range of geometries approximat-
ing fuel-rod bearing pads. The way to correlate these predictions to yield the if-factor
and Nusselt-number correction data was demonstrated in forms directly usable in ther-
malhydraulic analyses. Even though this initial phase of the study was largely explorative
in nature, the consistency of the numerical predictions suggests that more intricate ge-
ometrical effects on pressure drop and heat transfer could be captured and evaluated
in simulations involving channels with more complex geometries and operating under a
wider range of conditions. We foresee that a CFD code could be used to model pressure
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drop and heat transfer in CANDU fuel bundles, and to produce K-factors and enhance-
ment factors for subchannels with multiple bearing pads, inter-element spacers, bundle
endplates, or any combination of these appendages. The important task, currently being
addressed, is to assess the mutual influences of rod appendages on pressure distribution,
intensification of turbulence, and the resulting gains in heat transfer. For a given bearing-
pad geometry, the if-factors and Nusselt-number enhancement factors (calculated on a
per-pad basis) are expected to depend on the number of bearing pads attached to the
rod, even in a single-rod experiment. A threshold point, indicating pronounced mutual
interference, should be detectable in CFD simulations.

The progress achieved so far has significantly enhanced our experience with a modern
CFD tool: the Harwell-FLOW3D code. The two-dimensional studies have shown that
the strategy of reducing the control-volume sizes around solid surfaces has reduced the y h

values to acceptable levels. Allowing slightly coarser grids also reduced the convergence
time. The three-dimensional studies have demonstrated that converging and nearly grid-
independent solutions could be achieved with relatively coarse grids (i.e., with a minimum
of 7 K-planes). Although no net reduction in the CPU time was realized, in general, the
PISOC velocity-pressure algorithm was found to require fewer iterations to converge than
SIMPLEC. Most of the recommended defaults and options for selecting solution methods
worked best producing converged solutions. A reduction of the under-relaxation factors
enabled convergence in cases where it was unattainable by other means. The parametric
studies completed provide strong evidence that convergence can be enhanced by making
the grid structure more non-uniform.

We believe that CFD technology can and should be applied to the optimization of CANDU
fuel-channel performance. The following recommendations should be considered:

• Future studies should attempt to use the non-orthogonal body-fitted grids, especially
when the grid structure needs to be more complex. If the more recent releases of
Harwell-FLOW3D become available at Chalk River Laboratories, the more complex
problems could be defined on smaller and simpler meshes, which in turn could be
rejoined through the new multiblock option of the code.

• As the solution method is likely the key to improved convergence, future studies
should continue explorations of new and effective strategies for faster converging
simulations.

• The turbulence model implemented in the code should be given more attention, as
the phenomenological modelling framework offers significant flexibility for experi-
mentation with models, and for accommodating local empiricism 'on the control-
volume scale).

• The long-term objective of applying the CFD methodology to predictions of two-
phase steam-water flows and heat transfer should be kept in perspective. Despite
some resistance and skepticism, development work leading to workable CFD tech-
nology for multiphase flows is well underway in many research institutions and
commercial organisations [14,15].
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APPENDIX A

HARWELL-FL0W3D MODEL FOR TURBULENT FORCED CONVECTION

• CONTINUITY

V-(/>(u» = 0 (19)

• MOMENTUM

r V- (p (u)(u)) = - V«p) + -pfc) + V- {(/i + MT)[V(U) + (V(u))1]} (20)

ENERGY

flr"m' -V.(/,(u)(T)) = V . [ ( ^ + ^)V(T>] (21)

TURBULENT KINETIC ENERGY

^ P-pc (22)

• TURBULENT DISSIPATION RATE

^ V.(p<u)e) = V.[(M + ^)V e] + C 1 |P -<7 3 £ (23)

where the shear production of turbulent kinetic energy is defined as

P = (f* + Mr) V(u) : [V(u) + (V(u))T] (24)
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APPENDIX B

DEFAULT SET OF fee MODEL CONSTANTS IN HARWELL-FLOW3D CODE

• Constants in the formula for eddy viscosity and in the k- and e-equations:

CV = 0.09 C-i = 1.44 C2 = 1.92 (25)

• Constants in the laws of the wall for velocity and temperature:

K = 0.4187 E ^ 9.793 F - 9.793 (26)

• Turbulent Prandtl numbers for temperature, turbulent kinetic energy, and turbu-
lent dissipation rate:

aT = 1.0 <rk = 1.0 <r£ = == (27)
(C CJJC

• Dimensional distance representing the intersection of the laminar sub-layer and the
logarithmic layer for the momentum and temperature equations:

y+ = 11.25 y$ = 11.25 (28)
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