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A methodology for the simulation and analysis of one-phase and two-phase coolant flows around one or a row of
spacers is presented. It is based on the multidimensional two-fluid mass, momentum and energy balance equations and
application of adequate turbulence models. Necessary closure laws for interfacial transfer processes are presented. The
stated general approach enables simulation and analyses of reactor coolant flow around spacers on different scale levels
of the rod bundle geometry: detailed modelling of coolant flow around spacers and investigation of the influence of
spacer's geometry on the coolant thermal-hydraulics, as well as prediction of global thermal-hydraulic parameters
within the whole rod bundle with the investigation of the influence of rows of spacers on the bulk thermal-hydraulic
processes. Sample problems are included illustrating these different modelling approaches.
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1. INTRODUCTION

Spacers are built into nuclear fuel bundles to support thin structure of fuel rods, but they also have positive effects
on enhancement of heat transfer and increase of the critical heat flux (CHF) [1,2]. The enhancement of the heat transfer
is achieved by the formation of recirculation zones behind and around the spacer, intensive flow mixing and phase
separation. Hence, there is a strong interest to get insight into these processes. The investigation of these effects can be
efficiently supported with the numerical simulation of the turbulent multidimensional reactor coolant flow around
spacers. Results of the numerical simulations are used in safety analyses, as experimental pre-tests calculations, for the
evaluation of measured data, in a rod bundle design procedure. Thoroughly verified and assessed numerical model can
even lead to the removal of a need for experimental work in certain ranges of process parameters and thermal-hydraulic
conditions.

A methodology, based on the numerical solution of the multidimensional two-fluid model of reactor coolant flow,
and on the application of the appropriate form of the k-e turbulence model, is presented in the paper. Numerical solution
algorithm is based on the control volume approach. The paper presents numerical solution strategy, applied fluid
dynamics and thermal-hydraulics models, numerical schemes and some sample problems. Presented simulation and
modelling methodology is used for an investigation of the influence of spacers' geometry and positions onto the coolant
thermal-hydraulics in [3]. Also, this methodology is applied for the investigation of the phase separation in two-phase
flows over spacers [4].

2. PHYSICAL MODELS

A complexity of the reactor coolant flow around spacers has introduced several physical models which enables
efficient modelling investigation of the spacers influence on the reactor thermal-hydraulics. From the standpoint of the
coolant thermo-physical state there is a need to consider both one-phase coolant flow and two-phase steam-water flow
around spacers. Also, two types of flow channel models are considered. The first ones are formed by rod and spacers of
different geometry and shapes. These solid walls are physical boundaries of the investigated flow channels and no-slip
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velocity conditions are prescribed for these boundaries. This representation enables detailed investigation of the coolant
flow around spacers, which comprises the investigation of the influence of spacer's geometry on recirculation zones
formation, phases separation, flow resistance, pressure drops etc. Unfortunately, such detailed spacers and rods
geometry modelling is not practical for engineering purposes when the whole rod bundle thermal-hydraulic is
investigated. The presence of several spacer rows, at several levels along the bundle height, as well as number of
spacers and rods, make it practically impossible to perform detailed simulation of coolant flow around every bundle
element. Because of this, the second approach to spacers and rod bundle geometry modelling is introduced, based on the
porous media concept. By this approach, the coolant flow around rods and spacers is observed as a flow through the
flow channel with volumetrically distributed flow resistance, while this flow resistance is determined by the rods and
spacers geometry and spatial distribution. Reactor coolant flow parameters, predicted by the application of the porous
media concept, represent volume averaged parameters. They quantify the large scale thermal-hydraulic processes within
the rod bundle, but they do not represent the fine flow micro structure around every rod or spacer. A unique model,
able to consider these diverse modelling requirements, is presented in the following sections.

3. GOVERNING EQUATIONS

Three-dimensional liquid and vapour two-phase flow is modelled by the "two fluid" model [5]. Mass, momentum
and energy fluid flow conservation equations are written for both phases. The general form of the conservation
equations takes into account the possibility of two-phase flow around rods in a bundle through the application of the
porous-media concept. Mass, momentum and energy transfer at the vapour-liquid interface, as well as rod bundle
hydraulic resistance to two-phase flow, heat transfer from hot rods and boiling within a rod bundle are modelled by
"closure laws". This approach implies nonequilibrium thermal and flow conditions. The following assumptions are
introduced:
• The porous medium concept is used in the simulation of two-phase flow within a rod bundle. The space of the

numerical control volume can be occupied by one or both phases - vapour and liquid, as well as by rods. The flow
volume reduction due to the presence of rods in a space occupied by a bundle is taken into account. Therefore, the
conservation of the vapour and liquid flow parameters is performed only for the fractions of the numerical control
volume occupied by corresponding phase.

• A rod bundle flow resistance is assumed to be continuously distributed in the space occupied by these elements.
• Flow governing equations are written in the nonviscous form, while the turbulent viscosity effects are taken into

account indirectly through friction coefficients for the rod bundles flow resistance and two-phase interfacial drag
force.

• The two-phase flow is observed as semi-compressible, that is the acoustic flow effects are neglected, while the
influence of the pressure change on the vapour and liquid thermo-physical properties is taken into account.

• The surface tension is neglected as it is not important for bulk two-phase flow phenomena. Hence, pressure is the
same for both phases within the numerical control volume.

Conservation equations take the following form in the indicial notation.

Continuity equation

at
= H ) ,

Momentum balance

dt

dp

(

dxi dxj

dun
+akPkgi+{-\)k(re-rc)uikJ+

Scalar flow parameter conservation



oooo
dx, dX;

(3)

Parameters u, p, T are time averaged instantaneous velocity, pressure and temperature, respectively. Instantaneous
parameters are represented as the sums of the time averaged parameters and the turbulent fluctuating components

«w=«w+«w» P = P + P, Tk=Tk+T'k

As the consequence of the instantaneous equations time averaging the following terms appear

ukJukJ and ukiT

(4)

(5)

which represent the Reynolds stress tensor and the turbulent heat flux vector. The index k is 1 for water and 2 for steam.
The source terms for mass, momentum and thermal energy conservation are written on the r.h.s. of Eqs. (l)-(3). The

term pk uk tuk . in Eq. (2) represents turbulent stress in phase k. The intensity of phase transition, which is the mass of

evaporation or condensation per unit volume and time, are denoted with Fe and Fc respectively. The force of vapour and

liquid interfacial drag per unit volume in i Cartesian direction is denoted with F2l,., while the forces of rods resistance

to liquid and vapour flow within a bundle, per unit volume, are represented with F3k ,•. Terms FL2 ,• and FVM,.

represent lift force and virtual mass force, respectively. The term qJk represents volumetric heat rate from rods to

corresponding fluid phase per unit volume.
In case of two-phase flow within a rod bundle the following volume fraction balance holds

«, + a2 + a3 = 1

while for two-phase flow in a free channel the following balance is valid

(6)

(7)

4. CONSTITUTIVE CORRELATIONS

Geometric relations. The rods or spacers volume fractions are determined according to their geometry and dimensions.
For instance, rods volume fraction C63 is calculated according to the defined arrangement of the rods in the bundle, Fig.
1.

Vapour-liquid flow patterns. The vapour volume fraction in the two-phase mixture (void) is determined according to
the following expression

Rods volume fraction a3

n D2

4 PA
Porosity

lOD CONTROL VOLUME

TRIANGLE

Figure 1 Geometric parameters for rod bundle description
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Although the multidimensional two-fluid model is able to predict phase separation and spatial phase distribution,
there is still a need for two-phase flow pattern pre-assumption.

Some experimental evidence about the two-phase flow patterns within rod bundles [6] has led to a simple
assumption about the two-phase flow patterns, as it is presented in Table 1.

Table 1: Two-phase flow pattern prediction

Bubbly flow
cp<0.3

Churn-turbulent flow

(p> 0.3 and ((pu2) <\5mls
Annular and/or mist flow

<p>0.3 and (<pu2) >^5m/s

For two-phase flows in free flow channels (without volumetrically distributed flow resistance) an appropriate two-phase
flow pattern map should be used, as the Bennett map for two-phase vertical channel flow [7].

Interfacial drag force. Calculation of the interfacial drag force (F2l) is a crucial step for the proper prediction of the
relative velocities between vapour and liquid phase, and consequently the void fraction. The interfacial drag force per
unit volume of computational cell, which can be filled with liquid, vapour and tubes, or only with vapour and liquid, is
calculated as

(9)

where CD is the interfacial drag coefficient, and Dp is the diameter of the dispersed particle.

Interfacial dras coefficient for two-phase flow within tube bundles. Correlations for the interfacial drag coefficient
CD are tested for flows inside tubes, while limited information is available in the literature about the prediction of CD for
two-phase flows within vertical or horizontal rod bundles. Therefore, for bubbly two-phase flow within a rod bundle,
the Ishii-Zuber correlation [8], developed for a distorted particle two-phase flow inside a tube, is adopted for the
calculation of CD. The original correlation is multiplied with 0.4, Eq. (10). This could be attributed to the fact that due to
the presence of tubes/rods in the bundle, the vapour-liquid interface is more distorted, what leads to the lower value of
the interfacial drag coefficient CD.

where

(11)

and void fraction in two-phase mixture is given with Eq. (8).

For churn-turbulent flows, a new correlation is proposed

f A \112\1Jf A \
CD = 1.4872>, ̂  J (1 - <PY (1 - 0.7Scpf (12)
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Figure 2 Ratio of interfacial drag coefficient CD and dispersed particle diameter Dp versus void fraction
for two-phase flow within rod bundle at atmospheric conditions

where the dependence on the mixture void fraction cp has the same function form as the CATHARE code correlation [9]
for the interface friction in the transitional two-phase flow patterns.

For annular and mist flow patterns, CD is proportional to the square of the vapour velocity, as proposed in [10]

CD= 7.136 •
1/2

03)

The functional dependence of the nondimensional parameter CD/DP on the void fraction is given in Fig. 2. For churn-
turbulent flow, there is a rapid decrease of the CrVDP ratio. This could be attributed to the decrease of the two-phase
flow interfacial area concentration, that is to the increase of the dispersed particle diameter DP (it should be noted that
the definition of the Dp for churn-turbulent flow pattern is rather artificial). This decrease of CD/DP is slowed for annular
and mist flows due to the presence of liquid droplets entrained in the vapour core.

For two-phase flows in free channels, without the volumetric flow resistance, r. h. s. of Eqs. (10), (12) and (13) are
divided by 0.4.

The lift force. The lift force acts in the direction perpendicular to the relative velocity, Eq. (14).

Fm=-<
du. du.

dxj _

(14)

The lift force is mainly caused by the vortex formation around dispersed particle. The lift coefficient CL depends on the
dispersed particle Eotvos number

g(pl-p2)DJ
(15)

For upward bubbly flow and small Eo numbers bubbles will migrate toward the channel walls and Q. > 0, while for
large Eo numbers bubbles will migrate toward the flow channel center and Q, < 0. Various ranges of the lift coefficient
values CL have been reported: 0.5 for inviscid bubbly flow and 0.01 for highly viscous bubbly flow [10], (0.25 - 0.3)
for small Eo numbers, while an empirical correlation is proposed in [11]. Calculations with here presented model have
shown that the lift force has no practical influence on the void fraction distribution in the forced two-phase flow through
a vertical rod bundle. Anyway, the lift force is included for bubble flow patterns and the value of CL=0.3 is adopted.

The virtual mass force. This force arises in the transient flow due to the force required to accelerate the apparent mass
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of surrounding phase when the relative velocity changes. It is important only for very rapid changes in the flow, as in
blowdown transient. It is given with

where the values for CVM are determined for bubbly two-phase flow in the range 1.2<CVM<3.4 [12].

Tube bundle flow resistance. The pressure drop due to the two-phase mixture flow around rods in a bundle is
determined by taking into account the separate contribution of the each phase to the total pressure drop. The pressure

drop of the water flow in the i coordinate axis direction (i=x,y,z) is

where £]_, is the water pressure loss coefficient in the e direction. For the steam phase

where £2,1 is the steam pressure loss coefficient in the i direction. The notation uki,k =1,2 , denotes the maximum

velocity of the phase in e direction, which takes place in the clearance between rods. It is calculated with

«*./ =«*., A1 ~Dlpi)- <19)

The above Eq. (19) is derived under the assumption that the void fraction in two-phase mixture (p is the same for all
parts of the flow area included in a control volume.

Rod wall-fluid drag force is calculated as follows

(20)

where Ae is the width of the computational cell in the / direction (i=x,y,z), and index k=l,2.

Pressure loss coefficients Ck,i» (k=l,2) are calculated with the correlations recommended in [13].

Interfacial phase change. The intensity of evaporation and condensation rate in two-phase mixture is calculated with
the simple empirical model which takes into account the phase change relaxation time (T). The intensity of evaporation
rate is calculated when the water enthalpy is greater than the water saturation enthalpy, i.e. hi > h with the following
correlation

r =
e x ti-ti

The condensation within control volume takes place according to the physical condition that the steam is in contact with
the subcooled water, i.e. hi < h and OC2 > 0. The intensity of condensation rate is calculated with
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r h"-ti'

Heat rate per unit volume. The volumetric heat rate from rods' walls to the phase k is calculated with

where

qA=h(T3-Tk) (24)

and aj3 is the interfacial area concentration of tubes/rods outer surface in the unit control volume, that is

(25)

where S is the rods' outer surface within the control volume of size V. The heat transfer coefficient from a wall to two-
phase mixture in bubbly and churn-turbulent flow is calculated by the correlation recommended for the saturated
nucleate boiling [13]

h = f(p)q"A, (26)

where

4 +1.28-10-V) , (27)

n = 0.7,

and the units applied in Eqs.(26-27) are p (MPa), q (W/m2). For other two-phase flow patterns and heat transfer regimes
the correlations presented in [14] are applied.

5. TURBULENCE MODELLING

Several approaches are developed for turbulent fluid flow simulation and modelling. Some general methods are
mentioned here [15,16,17]. The most relevant ones for engineering applications are methods based on the solution of
the Reynolds averaged Navier-Stokes equations, in which the turbulent momentum shear stresses are modelled with the
Boussinesq's eddy-viscosity concept. This approach introduces the eddy viscosity parameter, which can be determined
by turbulence models of different complexity. The most common approach is based on the standard k-e model and
application of the so-called "wall functions" for turbulence parameters prediction in a vicinity of the wall. One way of
the k-e model improvement is the introduction of the low-Reynolds-number turbulence models, which allow the
solution of the turbulent kinetic energy and dissipation rate balance equations directly to the wall. The other more
complex method is based on the application of the turbulent-stress/flux models, which directly calculates turbulent
stress tensor by the solution of higher order turbulence equations. A better physical description of the turbulence flow
phenomena is achieved with the large eddy simulation method, where large scale turbulent effects are directly
simulated, while the small scale turbulent eddies are modelled with simple sub-grid turbulent models. Introducing a
higher level of turbulence modelling realism, more accurate results are obtained, but the engineering applicability of the
models is reduced. The most accurate turbulence prediction is achieved with the direct numerical simulation of the
turbulent flow by the direct solution of the Navier-Stokes equations, but due to the required computer storage and
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calculation time, this approach is restricted to low Reynolds number flows and limited flow domains. This state-of-the-
art in turbulence modelling and a need for a greater number of computer simulation runs, in order to evaluate the
influence of the spacers geometry on the turbulent flow and recirculation zones structure, have led to the use of the
appropriate type of k-e turbulence model, as the estimated optimum between required accuracy and computer time and
memory usage.
The Boussinesq's eddy viscosity concept is applied, which is generalized in the following form

(28)

for momentum turbulent transport, and for the thermal energy turbulent transport in the form

u)T =——- (29)
Pr( axt

The momentum and energy conservation equations Eqs. (2-3) for one-phase flow in a free channel without
volumetric hydraulic resistance, and with applied Boussinesq's eddy viscosity concept are given in Appendix 1.

The Kolmogorov-Prandtl relation is applied for the eddy viscosity prediction

V =c (30)

Turbulent kinetic energy and dissipation are predicted by the two-equation k-e model, which has the following
form in Cartesian coordinate system

Turbulence Kinetic Energy Equation

d{pk) d{putk) d ( dk\
—— + — = —\rk—-\ + P-pe (31)

ot axi dxi ̂  oxi J
Turbulence Dissipation Rate Equation

Ce2p— (32)

where P is the turbulent kinetic energy production

dXj) {dxj^dxj)

and diffusion coefficients are given by

- (34)

and

,35)
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Empirical constants are presented in the following Table.

Table 2: Empirical constants for the standard k-e model

0.09 1.44 1.92 1.0 1.3

Turbulence models of two-phase flows are still in the phase of development. The main attempts were directed
towards the bubbly flow modelling. Extensions of standard k-e turbulence model and turbulent-stress/flux models were
maid by Lahey and co-workers for bubbly flows [12]. Also, Serizawa and co workers applied mixing length models for
bubbly flow modelling [18]. Turbulence phenomena were modeled within a continuous phase, such as liquid film
modelling with application of the standard [19] or low-Reynolds number k-e turbulence models [20] and prediction of k
and e boundary values at the liquid-gas interfaces. General turbulence models for various types of two-phase flow
patterns are still not demonstrated. The application of the more general approach is under development by the authors of
these papers and promising results are achieved [4].

6. BOUNDARY CONDITIONS

Boundary conditions for the one-phase and two-phase flows depend on the type of the flow channel geometry, as
well as on the flow structure, such as turbulent or laminar flow conditions, rigid wall or control volume boundaries etc.
As example, in figure 3 boundary conditions that can arise in modelling of two-dimensional coolant flows around
spacers are presented. The boundary conditions should be prescribed for the inflow, outflow, upper and lower planes, as
well as for the fluid-wall and fluid-spacer interface. Boundary conditions should be sufficient for a unique
determination of the velocity, turbulent kinetic energy and turbulent dissipation rate prediction. For the flow channels
arrangements presented in Fig. 3, the boundary conditions are prescribed in Table 3. The so-called "wall functions" are
applied for the prediction of velocity components and turbulent parameters k and e in the computational cells adjacent
to the wall.

7. NUMERICAL METHOD OF SOLUTION

The control volume based finite difference method [21] is applied for the numerical solution of the set of balance
equations (1-3). A pressure-correction equation is derived according to the SIMPLE numerical method [21] from the
momentum and mass balance equations. Two-dimensional flow field is discretized with rectangular control volumes of
unit width. Two grids are formed, the basic one for the solution of scalar parameter equations, such as pressure-
correction equation, and a staggered grid for the solution of the momentum equations (prediction of velocity fields).

Axis of symmetry

Outflow

Obstacle
y=o

x=0 Wall x=L

y=H,

y=0

Jnflo

Upper boundary

A :x=0
y=H2

' =»

Outflow

x=L

Lower

Fig. 3 Flow channel geometry for coolant flow around a spacer mounted on the wall (left)
and a spacer in a free stream (right)
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A discretization of partial differential equations is carried out by their integration over control volumes of basic and
staggered grids.The convection terms are approximated with upwind finite differences, while diffusion and source terms
are approximated with central differences. Fully implicit time integration is applied. The resulting set of algebraic
equations is solved iteratively with the line-by-line TDMA (Tridiagonal-Matrix Algorithm). For the calculation of a
steady-state condition, the transient calculation procedure is performed with constant boundary conditions. General
calculation algorithm for transient conditions is presented in Fig. 4, while the calculation scheme applied to the
calculation with the k-e model is presented in Fig. 5. The calculation error for every balance equation and every control
volume is kept within prescribed limits by iterative solution of sets of linear algebraic equations. The criterion for the
overall calculation procedure solution is the fulfillment of the mass balance for every control volume within prescribed
error. Also, this criterion implies that the overall mass balance, for the whole flow field is achieved.

A thickness of the spacer is small in comparison with the flow channel dimensions. Also, the area, which a spacer
occupies in a flow channel, is small compared to the whole area. Therefore, from the standpoint of calculation economy
it is acceptable to represent the spacers with inactive control volumes, while the whole flow channel area (together with
the space occupied with spacers) is covered with the rectangular Cartesian grid (the procedure is clearly stated in [21]).
Application of the Cartesian grid with rectangular control volumes has a disadvantage when a spacer's inclined fin is
not parallel to the grid lines. Because of this, the fin flat surface must be discretized as a step-wise surface. However,
computational results show that this inadequacy has no practical influence on the bulk coolant flow around a spacer.
Applied rectangular control volumes can have variable sides; usually control volumes height increases starting from the
wall, while it is favourable to increase control volumes length downstream from the spacers.

Table 3: Boundary conditions for flow channels with the spacer mounted on the wall (SW)
and the spacer in the free fluid stream (SFS)

Boundary

INLET
x = 0

OUTLET
x = L

AXIS OF
SYMMETRY
y = H
UPPER/LOWER
BOUNDARY IN
FREE STREAM

FLUID-WALL
/SPACER
INTERFACE
(parameters are
calculated for
computational
cells adjacent to
the wall/spacer,
boundary
conditions for
velocity
predictions are
given for case
when u-
component is
parallel to the
wall and v-
component is
perpendicular to
the wall)

Flow channel

SW

SFS

SW and SFS

SW

SFS

SW and SFS

U

u = S/7u(y/H)in

u — const.
du - o
dx~

^ = 0
dy

du

dy'

— = —ln(£v+l
UT K

where

*w \n{Ef)

y+ - ry

V

K = 0A, £ = 8.8

V

v = 0

dv _
dx~

dy

dv

dy-

dv
dn~

k

*-io-V

dk - o
dx~

dy~°

dk-o
dy~°

dk
dn~

£

de _
dx~

— - 0

dy

c2/4k3'2
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• Define the flow channel geometry
• Input of Nk phases thermophysical parameters
• Prescribe the boundary conditions
• Initialize the scalar and vector fields
• Input of calculation procedure parameters:

tH, Error, N_jterations, Unclerrelaxation
parameters. Counters

Solve the scalar ($) conservation equations
for each (Nk) phase:
• concentration equations for Nk~ I phase

• energy equations for Nkphase ~>h k(T k

Solve the momentum (RANS')equations
in 2D/3D for each (Nk) phase: ••> Vk

Solve the pressure correction equations
(tor one or several phases) and correct
velocity fields ™-> p^V,.

Yes

Timc-TimeHit
New -^Initial

values

P
Boussinesq Hypothesis

^X t, M>
<T4 dx,

Direct Calculaiioii of

u]u'Jtu]<j> tensors

Conservation
Equation Solver

• Mixing Length Hypothesis
(^algebraic equation)

• One-Equation Models (k-L)
(1 PDE per each phase)

• Two-Equation Models (_k-£)
(2 PDEs per each phase)

• Boundary Conditions specified
with the *Wal1 Functions'

Various Turbulent
Models

• Turbulent -Stress/Flux Models
(for 3D case 6 PDEs per each
phase)

1) RANS - Reynolds Averaged
Navier-Slokcs liquations

Fig. 4 General calculation procedure for the application of various types of turbulence models

Define the flow channel geometry
Prescribe die boundary conditions
Initialize the velocity, k and £ fields
Input of fluid thermophysical parameters
Input of calculation procedure parameters:

dt, En:or_Vf ErrorJP, Error_k, Errorjs,
ErrorJ&iTU N_.iieratioiis, Underrelaxalion
paraineters, Counters

Solve the scalat equation ->

*\ Solve the inonientiun equation ~> V rt

Conservation
Equation Solver

Calcuhitc the V boundary
values from

the "wall functions"

Coumep-CoimrerH

H Calculate the c boundary
values frojn the "wall function"

Fig. 5 Calculation flow chart for non-stationary conditions
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8. SAMPLE PROBLEMS

Presented model was first used for the simulation of some benchmark tests for two-dimensional fluid flow with
recirculation. Later, the model was used for the calculation of coolant flow over spacers with different fin inclinations
and for flow over a row of spacers. Some of the results are presented in this paper.

Figure 6 shows calculated velocity vectors and streamlines for air flow over a backward-facing step. Experimental
data on this flow condition are reported in [22]. Although the standard k-e model is used for the turbulent recirculating
flow simulation, an acceptable agreement between calculated and measured reattachment length is obtained with an
error of 6%. According to [15] the main reason for the standard k-e model underprediction of the reattachment length is
inaccurate prediction of normal Reynolds stress differences in the recirculation zone. Figure 7 shows corresponding
pressure field.

Figure 8 shows an example of the simulation of turbulent coolant flow over three spacers mounted on the wall in a
row. Dynamic characteristics of recirculation zones interference are shown. Detailed investigation of the coolant flow
over spacers is presented in reference [3].

A group of physical experiments was performed with the ATRIUM 10 fuel bundle in order to measure the Critical
Power (CP) for steady-state conditions, Fig. 10. These experiments are also simulated and analysed with the here
proposed numerical method. Figure 11 shows steam void fraction distribution within the rod bundle at the condition of
CP. The influence of spacers is clearly seen. Void fractions are higher in front of the spacers, while at the spacers and
downstream the void fraction decreases. According to the temperature measurements, the rod numbered 87 first
experienced the dry-out. Numerical simulations also show that the dry-out occurs at the same rod No. 87, Fig. 12.

The occurrence of the dry-out for void equal or greater than 0.95 is shown in front of the last spacer grid and at the
rod exit. The two-phase mixture flow redistribution within the rod bundle is shown in Fig. 13. The flow mass flux is
increased above the part-length rods, in the upper part of the bundle, due to the reduced flow resistance in these areas.

Also, the lower mass flow rates coincide with the position of the rod No. 87, which experiences dry-out.

10 m/s

Measured location of
the reattachment point

Calculated location of
the reattachment point

Fig. 6 k-e model prediction of velocity field and streamlines for air flow over backward-facing step
(uniform inlet air velocity is 12 m/s, backward-facing step height is 40 mm, inlet turbulent intensity Tu is

1.41%, predicted reattachment length is 7.6 x/H, measured reattachment length for Tu=1.3% is 8.1 x/H [22]).
A uniform numerical grid with 80x30 control volumes is used.

y/
H

2.5

2

1.5

0.5

0 J
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x/H

• H I
29925 29950
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- liiHI lililH
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,;*v..' nhij reattachment point
*•••••*•• r~»mmm';miimM
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' ••!!/! v:-. • j ^he rea t tachmen^

1

I
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Fig. 7 k-e model prediction of pressure field for air flow over backward-facing step
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Fig. 9 Water flow over three spacers in a row. The width of the upstream recirculation zone is suppressed by the
downstream spacer. This influence is more pronounced at the first spacer and less at the second one. The calculation is
performed with the 600x24 control volumes with variable size (control volumes height increases from the wall to the
upper axis of symmetry, while control volumes length increases after the third spacer up to the channel exit). All three
spacers' fins are 60° inclined to the wall. Channel width H is 0.0204 mm and length 0.7 m. Water density is 760 kg/m3.

' Figure 10 Geometry of ATRIUM 10 test bundle
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Water channel
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Figure 11 Steam void fraction distribution within the
ATRIUM 10 nuclear fuel rod bundle under Dyout condition

(mass flow rate 16 kg/s, inlet subcooling 35.5 kJ/kg)

X
Void

Figure 12 Steam void fraction exceeds the value of the
0.95 leading to Dryout at Rod No. 87

(mass flow rate 16 kg/s, inlet subcooling 35.5 kJ/kg)
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Figure 13 Two-phase mixture flow redistribution within the
ATRIUM 10 fuel rod bundle

(mass flow rate 16 kg/s, inlet subcooling 35.5 kJ/kg)

9. CONCLUSION

The methodology for the simulation and analysis of turbulent coolant flow around one or several spacers in a row
is presented, based on the control volume solution of the governing equations, appropriate k-e model, and on the
application of the 'wall functions". Results of sample problems solutions are included: an air flow over backward-facing
step, a coolant flow over a row of three spacers and two-phase flow within a rod bundle. The stated methodology is an
effective tool for the investigation of one-phase and two-phase coolant flow around nuclear fuel spacers of various
geometry and spatial arrangements.
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Appendix 1

The following momentum conservation equations are derived in two-dimensions

d{pu) { d(pu2) [ d{puv)_
dt dx By

dp d du ,du dv] 2 d(pk)
(Al-1)

d{pv) | d{puv) |

dt dx dy

dp d \ / \3vl 3
dy ox\_ dx J dy

where the effective kinematic viscosity is the sum of the laminar and turbulent values

'( ) d v ~
d du'

PV'dy
d dv'

PV'dy
2 d(pk)

(Al-2)

(Al-3)

The scalar parameter balance equation for two-dimensional flow conditions takes the following form with the
application of the eddy-diffusivity concept

d(ph) d(puh)= d

dy dx rJ dy
k ^

effdy
(Al-4)

where the effective diffusion coefficient is

v,
(Al-5)

and Prt is the turbulent Prandtl number.

The extension of the balance equations (8), (9) and (11) to three-dimensional problems is straightforward by adding
corresponding convection terms on the left hand sides and diffusion terms on the r. h. s. of these equations.


