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The Multichannel Analyzer for Transient and steady-state in Rod Array - Liquid Metal Reactor for Flow Blockage
analysis (MATRA-LMR-FB) code for the analysis of a subchannel blockage has been developed and evaluated through
several experiments. The current version of the code is improved here by the implementation of a distributed resistance
model which accurately considers the effect of flow resistance on wire spacers, by the addition of a turbulent mixing model,
and by the application of a hybrid scheme for low flow regions. Validation calculations for the MATRA-LMR-FB code were
performed for Oak Ridge National Laboratory (ORNL) 19-pin tests with wire spacers and Karlsruhe 169-pin tests with grid
spacers. The analysis of the ORNL 19-pin tests conducted using the code reveals that the code has sufficient predictive
accuracy, within a range of 5 °C, for the experimental data with a blockage. As for the results of the analyses, the standard

deviation for the Karlsruhe 169-pin tests, 0.316, was larger than the standard deviation for the ORNL 19-pin tests, 0.047.
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1. INTRODUCTION

A sodium-cooled fast reactor has a compact
arrangement of fuel rods with a high power density
achieved through using a high energy neutron spectrum
with a short prompt-neutron life time and a greater case
to supercritical conditions. These characteristics can
threaten the safety of the reactor by increasing the fuel
and coolant temperatures when a subchannel is blocked.
The obstacles entering a subchannel or generated by a
degraded fuel rod will increase the pressure drop and
reduce the flow rate, and may cause fuel pin damage due
to a reduced local cooling capability. To prevent or
mitigate a serious accident, it is necessary to predict the
temperature distributions within an assembly containing
a flow blockage channel using a reliable computer code
applicable to the situation.

The Multichannel Analyzer for Transient and steady-
state in Rod Array - Liquid Metal Reactor (MATRA-
LMR) [1], a subchannel analysis code, has been developed
for the analysis of the thermal-hydraulics of a Liquid
Metal-cooled Reactor (LMR) core where the design limits
are imposed on the maximum temperatures of the cladding
and fuel pins. The code is based on the COBRA-IVi code
[2]. The code solves the governing equations for mass,

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.41 NO.6 AUGUST 2009

momentum, and energy as a boundary problem in space
and as an initial value problem in time.

The wire spacers in a LMR are helically wrapped
around the rods to maintain the cooling geometry and to
prevent the fuel rods from contacting an adjacent rod.
Another role of the wire spacers is to enhance the coolant
mixing by generating a swirl flow at the outer region of
an assembly. When there is a blockage in a flow path,
various flow fields are formed due to the wire spacers and
the blockage. Therefore, an analysis code for a flow
blockage requires a proper numerical scheme and a thermal
hydraulic model to deal with these flow fields. To construct
such a code, the MATRA-LMR-FB code has been developed
by implementing a distributed resistance model (DRM) [3],
a hybrid difference scheme [4], and a proper turbulent
mixing model [5-9] into the MATRA-LMR.

Countries leading in the development of LMRs have
performed extensive experimental research into flow
blockages because of the importance of such blockages
to the core safety of LMRs. The MATRA-LMR-FB code
has been evaluated by using the experimental data from
the ORNL 19-pin fuel failure mockup (FFM) bundle
tests with wire spacers and the Karlsruhe data collected
at the Karlsruhe Nuclear Research Centre (KfK) in
experiments conducted with honeycomb grid spacers.
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2. THE MODELING OF A FLOW BLOCKAGE

The MATRA-LMR code has two numerical schemes.
One is a fully implicit method using a MARCHING
scheme for solving the governing equations sequentially
in the axial direction, and the other is an explicit method
using an Implicit Continuous-fluid Eulerian (ICE) approach
with an upwind scheme. The fully implicit method cannot
model a reverse flow in the downstream of a blockage
due to the characteristics of the MARCHING scheme.
Thus, based on the explicit method, the DRM model has
been implemented into the MATRA-LMR. The donor
cell method for the convective terms in the MATRA-
LMR code results in a significant numerical diffusion in
the regions of a low flow and results in sharp gradients
across a mesh such as the recirculating wakes after a
blockage. To reduce this numerical diffusion, the numerical
process for the convective terms has been modified to
use an upwind scheme or a central scheme depending on
the Reynolds number in the momentum equation and the
Peclet number in the energy equations. To enhance the
predictability of the flow and temperature distributions in
the subchannels and to exclude a user dependency, various
turbulent mixing models have been evaluated and
implemented into the MATRA-LMR code.

2.1 Distributed Resistance Model

In the traditional subchannel analysis codes, and even
in some recently developed subchannel codes such as
MATRA-LMR, the transverse momentum equation is
only used to solve the pressure variable and to estimate
the initial conditions for the given time step. The transverse
mass flow rate is given in proportion to the axial flow
rate by assuming that the total flow rate is formed along
the path of a wire spacer. In the model, the flow is locally
redirected along the path of the wire spacer and the axial
friction factor is distributed uniformly everywhere.
Apparently, the model is only based on the consideration
of mass conservation and does not account for the
momentum effects. For a more detailed description of a
wire spacer, the following DRM model has been
implemented into the MATRA-LMR. The axial and
transverse momentum balance equations of MATRA-
LMR are written as follows:
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where f5 is the angle of a communicating gap and the gap
of interest.

The last terms on the right-hand side of Eq. (1) and of
Eq. (2) represent the momentum exchange between a solid
surface and a fluid due to the forces exerted on the fluid
by a wall such as the fuel rods and the wire spacers. To
account for the presence of a wire spacer in a rod bundle
and to represent the direction and resistance characteristics
correctly, Davis et al. [4] developed the distributed
resistance model for the SABRE (Subchannel Analysis
of Blockage in Reactor Element) code. This model is
applicable for the predominantly axial flows under
turbulent flow conditions. Recently, Ninokata et al. [3]
extended the model to predominantly lateral flows
including laminar conditions, which is important for the
modeling of a flow blockage because recirculating wakes
are induced downstream from a blockage and the flow
characteristics change drastically from a forced convection
to a mixed convection.

The forces exerted on the fluid in the axial and
transverse directions in the rod bundles with a wire spacer
can be divided into four components as shown in Fig. 1.
The details of the forces are well established in a study by
Ha et al. [10]. The final forms of the distributed resistance
of a wire spacer are as follows:
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where the forces of F and FY are estimated by different
correlations according to the direction of a dominant flow
as in Eqs. (5) ~ (8). Ar, Aw, and 4 are the surface area of
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Fig. 1. Components of Drag Forces and Velocities in a Wire-
wrapped Rod

Fig. 2. Nodalization for the Simulation of ORNL 19-pin Test

the rod, the surface area of the wire-wrap, and the total
surface area in a control volume, respectively. The “f s
means the friction factor, which is estimated using the
appropriate correlations. In the case of lateral flow, the
Gunter-Shaw correlation has been introduced with a
multiplication factor E(w) given by Suh et al. [11]. DYis the
volume-averaged hydrodynamic diameter, D/= 4AV,/A4} v,
which is defined as vw= u siné - v cos ¢, is the normal
velocity on the wire-wrap direction. S; is the rod pitch
and §; is the distance between the two rods in a transverse
row (Fig. 2). 4., is the frontal area of the wire-wrap. The
first term of Eq. (3) means F% and the second term
represents the axial component of F% in Fig. 1. The second
term of Eq. (4) means the horizontal component of F¥.
The right-hand sides of Egs. (3) and (4) have been
implemented into the MATRA-LMR code.
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2.2 Hybrid Difference Scheme

The explicit scheme of the MATRA-LMR code
basically adopts the upwind method to deal with the
convection terms on a staggered grid. With the upwind
method, the convective scalar properties such as the
pressure, density, and temperature are determined depending
on the direction of the velocity at the boundary of the
control volume. The upwind differencing is known to
enhance the numerical stability but it induces a numerical
diffusion in the case of sharp gradients across a computational
grid. In addition, the resultant numerical diffusion is
inversely proportional to the convective velocity. That is,
while a high velocity diminishes a numerical diffusion, a
low velocity increases it. When a blockage is formed in a
rod bundle, the flow fields spread from a Stokes flow to a
turbulent flow through a laminar region. Thus, if the
upwind differencing is applied for the whole flow region
with a blockage, a large numerical diffusion is unavoidable
in a low flow region and for sharp gradients across a
mesh such as the recirculating wakes after a blockage.

Central differencing drastically reduces the numerical
diffusion in a low flow region [12]. To avoid an unphysical
numerical diffusion in the analysis of a flow blockage,
the hybrid differencing scheme is applied depending on
the Reynolds (Re) number and the Peclet (Pe) number.
Central differencing is used when the Reynolds number is
less than 2 or the Peclet number is less than 2. With hybrid
differencing, the convective terms in the axial momentum
equation, the transverse momentum equation, and the
energy equation are respectively expressed as follows:

am 1
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where the superscript “*’ and bar mean the donor properties
and the averaged value between adjacent nodes, and the
subscripts j, &, [ are the node indices.

2.3 Turbulent Mixing Model

When a single phase fluid is flowing in subchannels,
the mixing of the mass, energy, and momentum between
subchannels can be divided into two parts: the mixing by
the diversion flow due to the pressure gradient and the
mixing by the cross flow mainly due to the turbulent
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effect. MATRA-LMR models the inter-subchannel mixing
phenomenon based on a fluctuating equal mass exchange.
The effects of turbulent mixing in the code are considered
in the axial momentum equation and the energy equation.

The third term on the right-hand side of Eq. (1)
represents the contribution of the turbulent mixing between
the subchannel of interest and its adjacent subchannels.
The turbulent mixing flow rate through an interface of
subchannels is defined using a turbulent mixing coefficient,
7, as follows:

w =nSG (12)

where S is the gap width and G is the average axial mass
flux flowing along the subchannels. The mixing coefficient
is essentially the same as the gap Stanton number, Sz,=7.
The turbulent mixing coefficient is normally determined
from the thermal mixing test at single phase conditions.
It is evaluated with the following equation from the
diffusive energy flux between the subchannels:

Sy

n=- 13)

Qi

where / is the distance between the centers of two adjacent
subchannels. In the MATRA-LMR, the turbulent mixing
coefficient is directly input by a code user. The main
shortcoming of the model is the lack of a physical basis
for selecting a constant value for the mixing coefficient.
Further, in the analysis of a flow blockage, a constant
mixing coefficient does not reflect the various degrees of
mixing, which are dependent on flow regimes ranging
from a stagnant flow to a fully developed turbulent flow.
Using the above model for turbulent mixing, the magnitude
of mixing in the recirculating wake region due to a flow
blockage can be differed because it has a constant mixing
coefficient. The mixing coefficient is essentially the
same as the gap Stanton number St,, and therefore we
investigated several turbulent mixing models [5-8]. The
model suggested by Kim and Chung [5] was finally

Table 1. Boundary Conditions of the Experimental Tests

implemented into the MATRA-LMR code. The original
turbulent mixing model from Kim and Chung is composed
of molecular motion, isotropic turbulent motion, and
flow pulsation; however, the term for molecular motion
is the same as the conduction equation for the conductive
heat transfer through the fluid itself, which is separately
modeled in a subchannel energy equation. As a result, the
pure turbulent mixing containing mixing due to isotropic
turbulence and mixing from a flow pulsation of Eq. (14)
was used [13].

_2 aDh[L_S_

z,
t o= L +a_~E2Str {Re™#"? (14)
¢ N8 S|Prbl T d ]

where @ and f§ are the constants for the friction factor
expressed as f =2 Re?, and 7 is an empirical constant. In
Eq. 14, Pr, is the turbulent Prandtl number, Str is the
Strouhal’s number, d is the rod diameter, zz» is the
hypothetical path length of a flow pulsation, a. is the
directional velocity scale of a flow pulsation, and b is the
shape factor for the length scale for a transverse flow
pulsation. The value of Eq. (14) ranged from 0.0015 to
0.0069 depending on the thermal hydraulic conditions of
the calculated control volume in a simulation of the ORNL
high flow test.

3. SIMULATION RESULTS FOR A FLOW BLOCKAGE

The effects of the models described in Section 2 were
evaluated by JEONG et al. The ORNL 19-pin tests [14,
15] performed with wire spacers and the Karlsruhe 169-
pin tests [16] performed with grid spacers and conducted
at the Karlsruhe Nuclear Research Centre were used to
validate the developed MATRA-LMR-FB code as shown
in Table 1. Two ORNL tests without a blockage (FFM-
2A) and two ORNL tests with a blockage (FFM-5B) with
different flow rates and heat fluxes were selected for the
wire spacer. Each of the 19 fuel rods has a diameter of
5.842 mm and all the rods are arranged in a triangular

Paramerter ORNL 19-pin tests Karlsruhe 169-pin tests

FFM-2A FFM-5B 49 % Central Blockage 21 % Corner Blockage
Inlet temperature, °C 315.0 315.0 323.6 268.4 404.0 404.0 397 395
Inlet velocity, m/s 7.16 0.10 6.93 0.48 4 1 1 4
Heat flux, W/cm? 173.50 2.68 90.95 33.12 67.7 17.9 30.1 111.3
Re >35000 >450 >30000 >2500 >17000 >4000 >4000 >17000
Pe >195 >2.7 >160 >18 >90 >23 >23 >90
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Fig. 3. Nodalization for the Simulation of KfK 169-pin Test

pitch within a hexagonal duct. Spacing between the rods
is maintained by a wire wrapped helically around each
rod. The wire spacers have a diameter of 1.4224 mm in
the central region and there is 0.7112 mm between each
rod and the duct wall. As the liquid sodium flows upward
through the test section, it first passes through an entrance
region of 304.8 mm, then a heated section of 533.4 mm,
and finally an exit region where thermocouples measure
the outlet temperature distribution across the duct. The
blockage plate is positioned 406.4 mm from the inlet.
The wire spacer wraps around the rod counter-clockwise
as it moves up the rod and its pitch is 304.8 mm. A
schematic diagram for the simulation of the experiments
is given in Fig. 2. The test assembly was modeled with
40 subchannels, 60 gaps, and 40 axial levels cach with a
length of 25.4 mm.

The 49 % central blockage test and the 21 % corner
blockage test of the Karlsruhe experiments were chosen
for the honeycomb grid spacer. The pin diameter and
pitch are 6 mm and 7.9 mm, respectively. The blockage
plate has a 3mm thickness incorporated in a spacer grid
40 mm downstream from the start of the heated length.
The grid spacers are arranged with a 150 mm span from
the inlet to the start of the heated part and the heated
length is 290 mm. Only 88 pins in the blocked part of the
169 pins in the test with the 49 % blockage are heated
and the remaining pins are unheated dummies. In the test
with the 21 % corner blockage, the blocked area is
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surrounded by 3 rows of heaters. The test section was
modeled with 342 subchannels, 510 gaps, and 74 axial
levels, as shown in Fig. 3. The total flow length of 1,016
mm was nodalized into 74 axial volumes. The tests were
carried out for the inlet velocities of 1 m/s and 4 m/s. The
boundary conditions and the non-dimensional numbers
of the Re number and Pe number for these simulations
are summarized in Table 1.

The simulation results by MATRA-LMR-FB for the
ORNL tests are depicted in Figs. 4 ~ 7. In the case of the
tests without a blockage, the large temperature gradients
at the edge and outer regions are formed because of the
swirl flow at the edge, which is a representative
characteristic of a wire-wrapped channel. The calculation
results agree well with the results of the experiments
conducted without a blockage, falling in the range of
about 10 °, as shown in Fig. 4 and Fig. 5.

The prediction capability of the MATRA-LMR-FB
code for a flow blockage analysis was assessed by using
the experiments conducted in the FFM-5B test bundle. In
the experiments in the test bundle, about one third of the
flow area is blocked at the edge around the corner
subchannels, marked as 37, 42 and 41 in Fig. 2. When a
certain part of the flow path is blocked, the downstream
temperature of the blockage increases, as shown by the
experimental data in Fig. 6 and Fig. 7. This mainly results
from the formation of recirculating wakes just above the
blockage. In Fig. 6, it can also be seen that the temperature
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profile shape and the magnitude in the blocked subchannel
are predicted reasonably well.

The temperature distribution at the exit region is
predicted reasonably with the wire forcing function, which
is the original wire-wrap model. But the magnitude of the
peak temperatures is significantly underestimated because
the lateral flow rates are estimated in the wrong manner.
The distributed resistance model with the upwind scheme
gives much improved predictions but still fails to predict
the location of the highest temperatures, especially at the
boundary of the blockage plate. This is improved by
employing the hybrid scheme in the low flow region. The
overall temperature difference between the blocked
region and the unblocked region, which amounts to about
20 °C, is calculated well with the hybrid scheme and the
distributed resistance models.

Fig. 8 shows the effects of the turbulent mixing models
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for the low-flow case. The Re number for this case is
about 3800 and the Pe number is about 23. It is found
that the Zhukov model is not applicable for the case and
the correlations by Kim and Chung show slightly better
results than do Rehme’s correlations. The predictions
made by Kim and Chung’s model result in nearly the
same temperature distributions as are reflected in the
experimental data.

Fig. 9 and Fig. 10 compare the temperature distributions
of the transverse direction at heights of 20 mm and 80 mm
from the blockage plate for the 49 % central blockage
with a 4 m/s inlet velocity. The MATRA-LMR-FB code
overestimates the temperature trends at the height of 20 mm,
especially for the center region of subchannel numbers 1
~ 3; however, it accurately predicts the temperature at the
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height of 80 mm. The overestimation at the height of 20
mm may be caused by a discrepancy for the recirculation
flow in the vicinity of the blockage. This overestimation in
temperature prediction is closely related to the predicted
distribution of velocity in the radial direction, as shown
in Fig. 11. Fig. 11 also suggests that the characteristics of
the recirculation flow are not calculated accurately, since
the pressure drops in the transverse direction in the
neighborhood of the blockage were not reflected
realistically due to the absence of a grid spacer model in
the MATRA-LMR-FB. In the present calculation, the
form loss coefficient due to a grid in which a blockage is
located has been calculated taking the area change into
account. An appropriate model related to a grid spacer is
required to simulate the exact recirculation due to a flow
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Fig. 11. Distribution of Radial Velocity at 50 mm after the Blockage
for the Karlsruhe 49 % Central Blockage with the velocity of 4 m/s
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Fig. 13. Results at the Elevation of 80 mm after the Blockage for
the Karlsruhe 49 % Central Blockage with the Velocity of 1 m/s
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Fig. 14. Comparison of the Predicted Peak Temperature with
the Experimental Results for the Karlsruhe 49 % Central
Blockage with the Velocity of 1 m/s

blockage because the pressure drop coefficients should
generally be differed according to Re number.

The simulation for the 49 % central blockage with a 1
m/s inlet velocity revealed results opposite to those in the
former case, as shown in Fig. 12 and Fig. 13. The code
yielded comparatively accurate results at the height of 20
mm while it underestimated the temperature at the height
of 80 mm. The main cause of the underestimation is the
active thermal mixing between the channels in the
downstream of the blockage due to the small size of the
recirculation region in the MATRA-LMR-FB calculation.
The recirculation length can be estimated from the peak
temperature distribution shown in Fig. 14. It is presumed
that the small recirculation region is due to the inaccuracy
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Fig. 15. Distribution of Radial Velocity at 50 mm after the
Blockage for the Karlsruhe 49 % Central Blockage with the
Velocity of 1 m/s
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Fig. 16. Results at the Elevation of 100 mm after the Blockage for
the Karlsruhe 21 % Corner Blockage with the Velocity of 1 m/s

in the transverse pressure drop that results in the velocity
distribution shown in Fig. 15.

It is difficult to analyze cases where a blockage is
formed at a corner because an asymmetric flow occurs in
such cases. Fig. 16 shows the calculation results at the
height of 100 mm from the blockage for the 21 % corner
blockage with an inlet velocity of 1 m/s as compared to
the experimental data, and Fig. 17 depicts the results for
the 21 % corner blockage with an inlet velocity of 4 m/s.
The temperature trends are underestimated, by comparison
to the experimental data, because the length of the
recirculation region is short when calculated by the
MATRA-LMR-FB code.

The previous analyses for two typical subchannel
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types using the MATRA-LMR-FB code demonstrate its
applicability for a blockage analysis. The results for the
ORNL 19-pin experiments with wire spacers, in particular,
agreed well with the experimental data when applying a
distributed resistance model. However, the results for the
Karlsruhe 169-pin tests with grid spacers were less accurate
than the results with wire spacers as shown in Fig. 18, in
which the calculated temperature increments that depend
on the inlet temperature were compared to the experimental
data. The mean and standard deviation for the dimensionless
temperatures of the tests with the wire spacers are 1.013
and 0.047, while the values for the tests with grid spacers
are 1.007 and 0.316.
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4. CONCLUSIONS

The MATRA-LMR-FB code for the analysis of a
subchannel blockage has been developed and evaluated
using two groups of experimental data. The current
version of the code was improved by the implementation
of a distributed resistance model that accurately considers
the effect of flow resistance on wire spacers, by the
addition of a turbulent mixing model, and by the application
of a hybrid scheme in low flow regions. ORNL 19-pin
tests with wire spacers and Karlsruhe 169-pin tests with
grid spacers were used to validate the code.

The calculations for the Karlsruhe 169-pin tests using
the MATRA-LMR-FB code did not correctly simulate
the characteristics of the recirculation flow at a short
distance downstream from a blockage since the pressure
drop in the transverse direction was not reflected
realistically. Analysis revealed that the code requires an
accurate model related to a grid spacer model. Results for
the ORNL 19-pin tests using the code revealed acceptable
accuracy, within a range of 5 °C, for the experimental data
with a blockage. The standard deviation for the Karlsruhe
169-pin tests showed a large value of 0.316, while that
for the ORNL 19-pin tests was 0.047. It is concluded that
the MATRA-LMR-FB code can be used for the analysis
of a subchannel blockage with wire spacers, but that a
model related to grid spacers should be included.

NOMENCLATURE

A subchannel flow area

Ar  rod surface area within the control volume

Aw  wire-wrap surface area within the control volume
a.  directional velocity scale of the flow pulsation

b shape factor for the length scale for the transverse
flow pulsation

c flow velocity

d rod diameter

[Dc] matrix for interchannel connection

D, hydraulic diameter of a subchannel

f friction factor in rod bundle without wire wrap

% axial component of the force exerted by the rod

surface

F%  lateral component of the force exerted by the rod
surface

F}y  tangential component of the force exerted by the
wire-wrap surface

FY, normal component of the force exerted by the wire-
wrap surface

g gravitational constant

G axial mass flux

h enthalpy

K form loss coefficient

Ks  lateral loss coefficient

l distance between the center of the two adjacent
subchannels
m axial flow rate
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p pressure
Pe  turbulent Peclet number

Pr  turbulent Prandtl number

S gap size

St,  gap Stanton number

Str Strouhal’s number

time

axial velocity

fluctuating component of axial velocity
transverse velocity

fluctuating transverse velocity

volume of a control volume

lateral flow rate

fluctuating lateral flow rate

coordinate of axial direction

hypothetical path length of flow pulsation

SRR

R I E X

N
3

Greek

@ constant for friction factor

s turbulent mixing coefficient, constant for friction
factor

distance between the center of two adjacent
subchannels

node size

eddy diffusivity for energy

angle between the wire-wrap and fuel rod
empirical constant in Eq. (16)

angle between the flow and the fuel rod

density

wire-wrap position

,

Q‘Q%\&@D

Subscripts

FP  flow pulsation

i subchannel 1

i from subchannel i to subchannel j, between
subchannels 1 and j

J subchannel j

N Normal direction to wall surface

T Tangential direction to wall surface
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