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ABSTRACT - Spacer is a vital component in assembly of nuclear fuel rod bundles. It is used to QZ:T;S:;E: :IngeTzozo
support and maintain suitable distance between the rods in assembly of nuclear fuel bundle. Revised: 28 Dec. 2021
Spacer promotes the local heat transfer in downstream to the spacer in rod bundle. The objective Accepted: 05 Jan. 2022
of present work is to analyse the spacer effects on thermal and hydraulic performance of R-134a

at supercritical condition of pressure 4.5 MPa in an annular flow. A Computational Fluid Dynamics KEYWORDS

(CFD) code ANSYS Fluent has been used for present numerical analysis and SST (Shear Stress Heat transfer performance;
Transport) k-w turbulence model was considered for turbulence flow analysis. Numerical analysis flow characteristic;

was carried out in an annular channel of 6 mm hydraulic diameter with spacer, located at middle spacer;

of channel. Hydraulic and thermal performance due to the spacer have been investigated for three numerical simulation;
different mass flow rates (0.33175, 0.41469 and 0.53909 kg/s) and three different heat fluxes (60, supercritical pressure;
100 and 160 kW/m2 ). Two blockage ratios of 0.3 and 0.38 have been used in present analysis. annulus flow

Due to the presence of spacer as flow obstruction, it is observed that at spacer location, velocity
increased significantly and subsequent decrease in pressure. Also; it is noticed that the wall
temperature is decreased and corresponding coefficient of heat transfer enhanced significantly at
the location of spacer in annular channel. The observed value of ratio of Nusselt number for the
case of spacer and without spacer (Nu/Nu*) shows better agreement with correlations data for flow
obstacle at Re=97000.

INTRODUCTION

The analysis of thermal and hydraulic performance is a vital field for optimal design of spacers which are used with
fuel rods in the core of nuclear reactor. Spacer is utilized as support for the rods in assembly of nuclear rod bundle, it
reduces vibration between fuel rods and maintains required gap between the nuclear fuel rods. Spacer with fuel rod also
enhances the rate of heat transfer due to the increased rate of mixing of coolant between sub channels which improves
turbulence of flow. The flow direction of coolant is axially vertical in the assembly of nuclear fuel rods. Coolant is used
to reduce the cladding temperature of fuel rod and to remove the heat from the surface of fuel rod. The flow of coolant in
nuclear fuel rod with spacer is having complex structure and distribution in between fuel rods and hence the investigation
of thermal distribution and hydraulic behaviour is a crucial part in the assembly of nuclear fuel rods. SCWR (supercritical
pressure water cooled reactor) concept has been considered in development of the nuclear reactors for Generation-IV.
SCWR has benefits of simple system, compactness and high thermal efficiency.

Analysis of spacer effects on thermal and hydraulic performance is an essential part in the view of thermal-hydraulic
design of nuclear fuel rod assembly with spacer. Several experimental and computational investigations have been carried
out to analyse the effects of spacer on heat transfer characteristics and flow behaviour at supercritical and subcritical
pressures. Krall and Sparrow [1] experimentally observed the separated flow effect (which is due to orifices used as flow
obstructions) on heat transfer. The working fluid used was water. They analysed the rate of heat transfer in heated tube
with blockage ratios (BR) of 0.55, 0.75, 0.89 and 0.937. Blockage ratio can be defined as:

Obstructed cross section area

Blockage ratio (BR) =
9 (BR) Unobstructed cross section area of the fluid domain

Koram and Sparrow [2] worked experimentally on heat transfer analysis of flow of water in circular tube with orifice
plate used as flow obstruction. Three blockage ratios, 0.25, 0.5 and 0.75 were used for investigation. The analysis had
been carried out for the Reynolds numbers of 11000, 15000, 25000, 40000 and 60000. Zhu et al. [3] investigated
numerically the effect of standard spacer grid and spacer grid with split vanes on performance of heat transfer at
supercritical pressure 25MPa of water in bundle of rod. They found that the presence of standard spacer grid and spacer
grid with split vanes affect the rate of heat transfer. At spacer grid location, the rate of heat transfer found to be increased
and in downstream locations, it decreased. Xiao et al. [4] numerically performed to analyse the effects of spacer on rate

*CORRESPONDING AUTHOR | S. K. Dhurandhar | D< satishdhurandhar@gmail.com 8770
© The Authors 2022. Published by Penerbit UMP. This is an open access article under the CC BY license.



S. K. Dhurandhar et al. | Journal of Mechanical Engineering and Sciences | Vol. 16, Issue 1 (2022)

of heat transfer in an annular channel. They used supercritical R-134a as working fluid and found that in the spacer region
local heat transfer coefficient improved significantly and in downstream, the rate of heat transfer reduced along with axial
distance. Eter et al. [5] worked experimentally for the investigation on performance of heat transfer of supercritical CO»
due to flow obstructions in tube. They observed that the largest improved effectiveness due to the obstructions can be
seen at the larger enthalpies in liquid like region. Tanase and Groeneveld [6] experimentally investigated the influence of
obstructions on heat transfer of R-134a in heated tube for the Reynolds number considered from 14200 to 97000. Three
types of obstacles namely annular, blunt and rounded shaped with two blockage ratios 0.15 and 0.3 were used for analysis
in circular heated tube. They developed a correlation for the ratio of Nusselt number (Nu/Nu”™) in terms of dimensionless
axial distance and Reynolds number. Holloway et al. [7] conducted experiments for the measurement of heat transfer in
5 x 5 rod bundle for single phase water flow at Reynolds number 28000 and 42000. Two blockage ratios 0.14 and 0.2
were used for analysis of heat transfer and they proposed a correlation for Nusselt number (Nu/Nu®) in terms of
dimensionless axial distance and blockage ratio. Yao et al. [8] experimentally observed that the Nusselt number (Nu) is
maximum for flow in nuclear fuel rod bundle at the flow obstruction or very near behind the obstruction and reduction in
heat transfer enhancement is exponential after the spacer grid. Yao et al.[9] experimentally worked for analysis of heat
transfer improvement and vortex shedding phenomena due to square shaped flow blockade used inside the channel of
rectangular cross section. They conducted experiments for flow Reynolds number of 10500 and blockage ratio of 0.2.
Doerffer et al. [10] experimentally investigated and observed that enhancement in transfer of heat is maximum at very
near after the flow obstacle and reduction in enhancement of heat transfer is exponential in downstream after obstacle
along with axial flow direction. They conducted experiments on ring type of flow obstruction with blockage ratios 0.178
and 0.3 and for Reynolds number of 39000 and 230000. Miller et al. [11] worked on 7 x 7 fuel rod bundle to analyse the
heat transfer of steam (superheated) flow in downstream from spacer grid. They proposed a correlation for heat transfer
with considering the blockage ratio effect, Reynolds number of flow and non-dimensional distance behind the grid spacer.
Experimental analysis performed by Gu et al. [12] on 2 x 2 fuel rod bundle with wire wraps for single phase water at the
condition of supercritical pressure. They observed that the wire wraps on fuel rod bundle increases the turbulence mixing
and hence improves the heat transfer. An experimental observation conducted by Yang and Chung [13] with the help of
laser Doppler velocimetry to predict the intensity of turbulence and velocity in downstream of spacer grid split vane. An
investigation conducted through experiment by Caraghiaur et al. [14] for the turbulent flow on grid spacer of fuel rod
bundle. They observed that the geometry configuration and location of spacer in fuel rod bundle cross section provide
significant variations on flow structure and rate of heat transfer. Numerical and experimental investigations were carried
out on performance of heat transfer by Wang et al. [15] for supercritical water. They considered the spiral shaped spacer
as flow obstacle to predict the heat transfer in vertical annular channel. Numerical investigations were conducted on
performance of heat transfer by Palko et al. [16], Jaromin and Anglart [17], and Cheng et al. [18] in vertical tube for
upward flow of water at supercritical pressure. They reported that, SST k-w turbulence model is more accurate for analysis
of heat transfer at supercritical pressure. Xiao et al. [19] numerically investigated the deteriorated heat transfer (DHT) of
R-134a flows at supercritical pressure in an annular channel with spacer. The deteriorated heat transfer mechanism was
analyzed based on the turbulent kinetic energy and radial velocity distributions in downstream to the spacer. Also, other
researchers worked with working fluid as R-134a flows at supercritical pressure to investigate the heat transfer
characteristics and pressure drop in vertical circular tubes [20, 21]. Eze et al.[22] numerically studied the heat transfer
deterioration of supercritical water due to vortex generators in upward flowing circular and annular channels. Spacer
effects on heat transfer of water flows at supercritical pressure in an annular channel were analyzed by Hu and Gu [23]
and discussed the enhancement in heat transfer downstream to the spacer. Numerical investigation were performed by
Podia and Rao [24, 25] to study the heat and flow characteristics of supercritical pressure water in 2x2 rod bundle and
validated the simulation results with experimental data. Leung et al. [26] worked on the assessment of CFD tools against
with the experimental data of heat transfer at the pseudocritical region in the bundle subassemblies and discussed for the
selection of the suitable turbulence model in the bundle assemblies. Wang et al. [27] provided a comprehensive review
for both experimental and numerical studies on heat transfer to super-critical water (SCW) in rod bundles, annular
channels and tubes. Numerical investigations were performed by many researchers [28-31] to study the effects of mixing
vane spacer grids on heat and flow characteristics of water at subcritical pressures in rod bundles and they discussed about
the selection of turbulence model for better prediction of flow phenomena inside the subchannel regions of rod bundles.
Furthermore, direct numerical simulation (DNS) is an important method to analyze the heat transfer deterioration (HTD)
of fluids at supercritical pressures in various channels [32, 33].

On the basis of above review, it can be concluded that presence of obstacle/spacer or mixing vanes grid spacer improve
the turbulence mixing rate and enhance the heat transfer at the location of obstacle and close behind in downstream of the
spacer. To predict the spacer effects on heat transfer at the condition of subcritical pressure several correlations were
developed by researchers in terms of blockage ratio, dimensionless distance from the location of spacer and Reynolds
number. Present investigation shows a CFD analysis for spacer effects on thermal and hydraulic performance of R-134a
at supercritical condition of pressure of 4.5 MPa in an annular flow. A CFD code ANSYS Fluent has been used for
numerical analysis and turbulent flow was modelled by using SST k- as turbulence model. In present study, spacers of
two blockage ratio 0.3 and 0.38 have been used for analysis at supercritical pressure. Thermal-hydraulic performance
analysis due to spacer has been investigated for three different mass flow rates (0.33175, 0.41469 and 0.53909 kg/s) and
three different heat fluxes (60, 100 and 160 kW/m? ). The detailed analysis has been carried out with varying mass flow
rates and heat fluxes for the spacer effects on thermal and hydraulic performance.
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The presence of spacer provides advantages of enhanced heat transfer and flow characteristics in downstream to the
spacer in an annular channel. Therefore, the present study will assist the understanding of enhanced thermal and hydraulic
performance in a single rod channel with spacer. Also, the simulation data of this parametric study will assist the design
and development of spacer in a single rod channel.

MATHEMATICAL MODEL

A three dimensional flow in annular channel has been considered for CFD analysis of spacer effects on thermal and
hydraulic performance. Governing equations such as continuity, momentum and energy equations have been used in
mathematical model for numerical investigation. Turbulence characteristics of flow have been simulated with using
turbulence model as SST k- model.

Governing equations: The following governing equations have been used for simulation:

Continuity equation
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Momentum equation
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The transport equations and values used for constants during simulation of SST k- turbulence model have been taken
from ANSY'S Fluent theory guide.

NUMERICAL APPROACH
Computational Domain and Boundary Conditions

The computational domain used in present study is illustrated in Figure 1. The fluid domain is a vertical flow annular
channel of having 6 mm hydraulic diameter [4]. A spacer of length 10 mm is located at the middle of the channel to get
analysed its effect on thermo-hydraulic characteristics of flow. Figure 2 shows the location of spacer in an annular
channel. In present investigation, spacer of two blockage ratios 0.3 and 0.38 have been considered to analyse the hydraulic
and thermal behaviour of flow due the presence of spacer. The length of annular channel is 2000 mm and spacer end
location is at 500 mm from inlet of channel. Outer and inner diameters of the vertical flow annular channel are 25 and 19
mm respectively. In present study, the direction of fluid flow is upward vertical (i.e. in positive Y direction of
computational domain coordinate system) in the annular channel. The detailed dimensions of computational domain are
given in Table 1.
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Table 1. Dimensions of computational domain

Parameters of computational domain Value
Length of annular channel 1000 mm
Spacer end location from inlet 500 mm
Channel outside diameter 25 mm
Spacers length (located at mid of channel) 10 mm
Channel inside diameter 19 mm
Blockage ratio (BR) of spacers 0.3and 0.38

Figure 2. Location of spacer in annular channel

Boundary conditions used in present numerical analysis are shown in Figure 3. At inlet of fluid domain, the boundary
condition set as mass flow rate, also fluid temperature, hydraulic diameter and turbulence intensity are given at inlet
during simulation. Constant pressure boundary condition has been given at outlet of annular channel. Numerical
investigation has been carried out for the effects of spacer on thermal and hydraulic characteristics under three different
heat fluxes such as 60, 100 and 160 kW/m? and different mass flow rates of 0.33175, 0.41469 and 0.53909 kg/s. The
properties of working fluid R-134a have been considered at 90°C and supercritical pressure condition of 4.5MPa. The
thermophysical properties of R134a at pressure 4.5 MPa have been taken from the National Institute of Standards and
Technology (NIST) database which is shown in Figure 4. The boundary conditions used in present analysis are given in
Table 2.

Table 2. Boundary conditions

Boundary Boundary condition Physical conditions

Inlet Mass flow rate 0.33175, 0.41469 and 0.53909 kg/s
Temperature 90 °C

Inner wall Smooth and No-slip Adiabatic wall

Outlet Constant pressure 4.5 MPa
Temperature 27°C

Outer wall Constant heat flux and no slip 60, 100 and 160 kW/m?
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Figure 4. Thermophysical properties of R134a at supercritical pressure 4.5 MPa

Model Validation and Selection of Turbulence Model

Model validation has been performed with three turbulence models such as SST k-, Standard k-g, and RNG k-¢ in
an annular channel without spacer against experimental data taken from Xiao et al. [19]. The geometry used for model
validation is an upward flow annular channel without spacer having length; inner and outer diameters are 2.0, 0.019 and
0.025 m respectively. Validation has been performed for working fluid R134a and the parameters of mass flux as 500
kg/m?s, heat flux as 55 kW/m? and pressure 4.5 MPa. Figure 5 shows the comparison of CFD results with experimental
data (model validation) for the distribution of wall temperature versus enthalpy in an upward flow annular channel without
spacer. It can be seen from the figure that the distribution of wall temperature against enthalpy for given flow conditions
is the best predicted by the SST k-o turbulence model as compared to Standard k-& and RNG k-¢ turbulence models.
Based on this comparison, SST k-o has been adopted as a turbulence model for further numerical simulations in the
present study. Moreover, in the literature, it has been analysed by several researchers [16]-[18] that for heat transfer
analysis of fluid flow at supercritical pressure, SST k- turbulence model is more accurate against other turbulence model.
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Figure 5. Model validation

Mesh System

The grid independence test has been carried out for the present investigation. Three systems of mesh have been used
to conduct mesh independence test and for each system of mesh, near wall y* and mesh count are given in Table 3. For
all three mesh systems, tangential velocity has been taken [as shown in Figure 6(a)] on the line drawn between inner wall
and outer wall. The line drawn between inner wall and outer wall is at 400 mm from inlet of annular channel, which is
shown in Figure 6(b). Based on comparison of result for tangential velocity versus radial distance from inner wall to outer
wall of three cases, Case 2 from given Table 3 has been considered as baseline mesh system for further numerical
investigation. Tetrahedron element type of mesh has been used for meshing of the geometry and surface mesh with
tetrahedron element on inner wall and spacer is shown in Figure 7(a). Six prism layers have been created near wall to
capture flow characteristics significantly close to wall. Volume mesh between inner and outer wall with prism layers is
shown in Figure 7(b).

P=4.5 MPa, M=0.41469 kg/s, g=100 kW/m?

% 03

=

> 0.25

E 0.2

< 015 —4—Case-1

< —#— Case-2

= 01

S —+—Case-3

= 0.05

G

|_ 0 T T T T T

9.5 10 10.5 11 115 12 125
Radial distance from inner to outer wall (mm)
Figure 6. (a) Grid independency test
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Figure 6. (b) Line drawn between inner wall and outer wall is at 400 mm from inlet of annular channel
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Table 3. Mesh systems

Case Mesh count Minimum y* near wall
1 1.9 million 0.3
2 1.6 million 0.6
3 1.3 million 0.8

Zoomed view

_

Figure 7. (a) Surface mesh of inner wall and Spacer

Zoomed View

Figure 7. (b) Volume mesh between inner and outer wall
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Solution Methodology

The SIMPLE algorithm has been implemented for the pressure-velocity coupling. Initially, a converged solution
achieved with residual value of 107¢ by using first-order upwind discretization scheme for the momentum, turbulent
kinetic energy, specific turbulence dissipation rate and energy equation. And then, the second-order upwind is set as
discretization scheme for further simulation and the residual value of 10™* achieved for the velocity components,
turbulent kinetic energy, specific turbulence dissipation rate. These schemes along with the residual convergence criteria
ensure the accuracy of the obtained results. To improve the solution convergence, the under-relaxation factors have been
reduced for pressure and momentum from their initial values to 0.2 and 0.5 respectively. The effect of gravity is included
for completeness of the computational model.

RESULTS AND DISCUSSION
Spacer Effects on Performance of Heat Transfer

The effects of spacer on heat transfer performance in an annular channel with blockage ratio 0.38 and with varying
heat fluxes are shown in Figure 8 (a-c). Results shown in Figure 8 are obtained by taking constant system pressure as 4.5
MPa, constant mass flow rate as 0.41469 kg/s, blockage ratio as 0.38 and with varying heat fluxes as 60, 100 and 160
kwW/m2. The wall temperature, coefficient of heat transfer and ratio of coefficient of heat transfer with and without spacer
(CHT/CHT¥*) are illustrated in Figure 8 (a), (b) and (c) respectively. X/D (Non-dimensional distance) is drawn on
abscissa, where X is axial distance in flow direction and D represents as hydraulic diameter of the annular channel. Wall
temperature is reduced at the spacer zone, around 4°C, 8°C and 12°C for the heat fluxes 60,100 and 160 kW/m?
respectively, which is shown in Figure 8 (a). It can also be seen from Figure 8 (a), that as heat flux increases, the
corresponding wall temperature increases along the length. Figure 8 (b) represents result between coefficient of heat
transfer at ordinate and non-dimensional distance (X/D) on abscissa, it shows that, significant enhancement in coefficient
of heat transfer at the zone of spacer for all the three heat fluxes, which is because of the flow velocity improvement at
location of spacer. Increased flow velocity in spacer zone is caused by reduced flow area, which is due to presence of
spacer which acts as flow obstacle. It is also found that the coefficient of heat transfer increases within the zone of spacer
as heat flux increases. The ratio of coefficient of heat transfer (CHT/CHT™) at spacer location is found to be about 1.65,
1.88 and 2.24 for the heat fluxes 60,100 and 160 kW/m? respectively, which is shown in Figure 8 (c). It can also be seen
from Figure 8 (c) that, the effect of spacer in downstream annular flow is observed as the enhancement of ratio of
coefficient of heat transfer (CHT/CHT*) up to about the non-dimensional distance X/D=30 for both the heat fluxes of 60
and 100 kW/m?. The effect of spacer on ratio of coefficient of heat transfer (CHT/CHT¥) is found in downstream flow
up to the non-dimensional distance X/D = 40 for heat flux of 160 kW/m?and then flow of fluid is become fully developed
in the channel. The trend of distributions for the wall temperature, coefficient of heat transfer and ratio of coefficient of
heat transfer (discussed in this section) are similar to the work accomplished for supercritical water in rod bundle with
spacer grid [3].

P=4.5 MPa, M=0.41469 kg/s, BR=0.38
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Figure 8. (a-c) Spacer effects on heat transfer performance with varying heat flux

Figure 9 (a-c) represents the influences of spacer on the heat transfer performance in annular channel with varying
mass flow rates. The results shown in Figure 9 are obtained by taking system constant pressure as 4.5MPa, constant heat
flux as 100 kW/m?, blockage ratio as 0.38, and for different mass flow rates 0.33175, 0.41469 and 0.53909 kg/s. The
effect of spacer on wall temperature, coefficient of heat transfer and ratio of coefficient of heat transfer with and without
spacer (CHT/CHT¥*) are shown in Figure 9 (a), (b) and (c) respectively.

It is clear from Figure 9(a) that, as mass flow rate increases, the corresponding wall temperature decreases due to
increased flow velocity. Within the spacer region, the wall temperature reduced over 6°C, 8°C and 11.5°C for the mass
flow rates of 0.53909, 0.41469 and 0.33175 kg/s respectively. Figure 9 (b) shows result between coefficient of heat
transfer and non-dimensional distance X/D, it can be seen in this figure that the corresponding coefficient of heat transfer
improves with increase in mass flow rate and, also at the region of spacer, the increase in coefficient of heat transfer is
significant which is due to increase in flow velocity at the spacer location. Figure 9 (c) shows that, as mass flow rate
increases, corresponding ratio of coefficient of heat transfer (CHT/CHT*) increases and within spacer region, the
enhancement is significant due to reduction in flow area. The maximum ratio of coefficient of heat transfer is found at
spacer location which is about 1.8, 1.88 and 2.01 for the mass flow rates of 0.33175, 0.41469 and 0.53909 kg/s
respectively. The effect of spacer in enhancement of ratio of coefficient of heat transfer is found in downstream to spacer
up to about X/D=30 for both the mass flow rate of 0.33175 and 0.41469 kg/s, and for mass flow rate of 0.53909 kg/s, this
effect is found up to about X/D=43 in downstream to the spacer.
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Figure 9. (a-c) Spacer effects on heat transfer performance with varying mass flow rate

Figure 10 represents the temperature contour of the annular channel wall. The temperature contour is taken for the
mass flow rate as 0.41469 kg/s, heat flux as 100 kW/mz2, blockage ratio as 0.38 and constant system pressure as 4.5 MPa.
The effect of spacer on wall temperature can be seen form the Figure 10. The wall temperature increases gradually prior
to the spacer location and suddenly reduces at the spacer region in the flow direction. The magnitudes of wall temperature
at just prior and immediate after to the spacer in the flow direction are about 381 K (108 °C) and 373 K (100 °C). Thus,
the reduction in wall temperature within the spacer region is observed about 8 °C. As, the fluid (R134a) bulk temperature
depends on the wall temperature, the fluid bulk temperature appears similar trend in the present study as wall temperature
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of the channel. For Isobaric Properties of R134a, the supercritical phase starts at 101 °C for 4.5 MPa. The pseudocritical
temperature is 106.3 °C of R134a for 4.5 MPa pressure. The wall temperature peak appears when the fluid bulk
temperature is near to the pseudocritical temperature [19].

|

Zoomed View

Zoomed View

Flow Direction 387
384
381
378
375 Spacer
372
369
366

1 Wall Temperature (K)

Figure 10. Temperature contour of the annular channel wall

Spacer Effects on Flow Characteristics

The effects of spacer on axial velocity profile and static pressure distribution along a line which is at 0.5 mm distance
from outer wall of annular channel have been shown in Figure 11 and Figure 12 respectively. Results shown in Figure 11
and 12 are obtained by taking the blockage ratio as 0.38, heat flux as 100 kW/m2 and 4.5 MPa of system pressure with
varying mass flow rates. The line drawn at 0.5 mm distance from outer wall in annular channel is shown in Figure 13.

It can be seen form Figure 11 that, the magnitude of axial velocity is higher for the higher mass flow rate. The axial
velocity magnitude is maximum at the location of spacer in an annular channel which is because of the decreased area of
flow. This decreased area of flow is caused by the spacer. The values of maximum axial velocity within the spacer region
are about 3.3, 4.1 and 5.3 m/s for the mass flow rates of 0.33175, 0.41469 and 0.53909 kg/s respectively. Figure 12
illustrates the result between static pressure in Pascal and non-dimensional distance X/D. It shows that, as the value of
mass flow rate increases, the value of corresponding static pressure also increases and there is significant reduction of
pressure at the location of spacer which is due to reduced flow area. The values of pressure reduction within the spacer
region are about 2.6, 6.1 and 9.5 kPa for the mass flow rates of 0.33175, 0.41469 and 0.53909 kg/s respectively.

P=4.5 MPa, g=100 kW/m2, BR=0.38

=== \1=0.33175 kg/s
—@=\1=0.41469 kg/s
i \/=0.53909 kg/s

Axial Velocity (m/s)

Figure 11. Axial velocity profile
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Figure 13. Line drawn at 0.5 mm distance from outer wall in an annular channel

Figure 14 represent the axial velocity contours on the location of spacer i.e. X/D=0 and other different axial locations
in downstream direction after the location of spacer which are taken at X/D = 0.5, 1, 2, 5 and 30. These various axial
locations taken are shown in Figure 14 (a), (b), (c), (d), (e) and (f) respectively. The axial velocity contours shown in
Figure 14 are obtained by taking mass flow rate as 0.41469 kg/s, heat flux as 100 kw/m?, blockage ratio as 0.38 and
constant system pressure as 4.5 MPa. Figure 14 (a) shows that the axial velocity is maximum about 4.5 m/s near to the
outer wall at the location of spacer i.e. X/D =0. This maximum axial velocity is observed near to outer wall because of
minimum flow area occurred due to presence of spacer in annular channel. Similarly, the maximum velocity is observed
near to the outer wall which is about 3.6 m/s at X/D=0.5. It can also be seen for the locations after spacer in downstream
like at X/D=1, 2 and 5, the axial velocity decreases but for all the locations velocity is maximum close to the wall. Figure
14 (f) shows that, the spacer effect in downstream at X/D=30 is almost negligible, maximum velocity which is about 2.6

m/s has been found at centre line of annular channel and in downstream to X/D =30, the flow is turn into fully developed
in the channel.

o a0

0
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Figure 14. Axial velocity contours at the spacer (X/D=0) and different axial locations (X/D=0.5, 1, 2, 5 and 30) in
downstream flow after spacer

Figure 15 shows the radial distribution of turbulent kinetic energy at X/D = 2, 5, and 15 in downstream after the
location of spacer. The magnitude of turbulence kinetic energy is observed to be maximum at X/D=2 as it is near to the
spacer in downstream. In downstream to spacer, for X/D =5 and 15, the magnitude of turbulent kinetic energy decreases
as compared to X/D=2. It can also be seen from Figure 15 that, again near to the outer wall region the turbulent kinetic
energy increases because of minimum flow area occurred due to presence of spacer [19].

Figure 16 shows the comparison of radial distribution of turbulent kinetic energy for two blockage ratios of 0.3 and
0.38. This comparison has been made at the locations X/D =2 and X/D =5 in downstream to the spacer. The comparison
of turbulent kinetic energy made for the flow condition of mass flow rate as 0.41469 kg/s, heat flux as 100 kw/m? and
pressure as 4.5 MPa. It can be observed from Figure 16 that, for the same location in downstream to spacer, the magnitude
of turbulent kinetic energy taken in radial direction is higher for the higher value of blockage ratio as the large blockage
ratio gives large reduction of flow area in fluid domain. In comparison, it has also been found that turbulent kinetic energy
again increases near the outer wall due to spacer effect which reduces the flow area [19].

§ 0.3 -

E 0.25 - —o— X/D=2
© —e— X/D=5
g G 02 —— X/D=15
X £§).15

g

= 0.1

o]

5

2 005

9.5 10 10.5 11 11.5 12 125
Radial distance in mm (Inner to Outer Wall)
Figure 15. Turbulent kinetic energy profile (For M= 0.41469 kg/s, P=4.5 MPa, =100 kW/m2 and BR=0.38)
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Figure 16. Comparison of turbulent kinetic energy

Comparison of CFD Result with Correlations

Figure 17 illustrates the comparison of CFD result with the correlations proposed for the flow obstacle (spacer) by
many researchers. Correlations taken for comparison with CFD result have been developed for single phase working fluid
at subcritical pressures and used to predict the effect of flow obstacle (spacer) on heat transfer such as Nusselt number
ratio (NU/NU”). These correlations for the ratio of Nusselt number (Nu/Nu®) are established in terms of non-dimensional
axial distance (X/D), Reynolds number (Re) and blockage ratio (¢), are given below:

On the basis of experimental data, a correlation proposed by Tanase and Groeneveld [6] for flow obstacles in heated
vertical tube with working fluid R-134, is given as

X
N;‘* =1+ 3.58 x 10~5Ree(047n(Re)-332}¢~013() ©)

Miller et al. [11] suggested a correlation based on experimental measurement for flow obstruction in 7 x 7 fuel rod
bundle with working fluid superheated steam, is given as

u _ —6p,1.15, X
S = 14 465.4Re 05g2e PO TR O) (7)

Holloway et al. [7] developed a correlation by experimental data for flow obstruction in 5 x 5 rod bundle with working
fluid water, is given as

u —0.8(=X
-=1+6.5¢% 08p) (®)
Nu

Yao et al. [8] developed a correlation for flow obstacle in rod bundle with working fluid water, is given as

u _ X
=1+ 5.55¢2¢ 3@y )
Nu*

Accurate correlation has not been found to predict the effect of flow obstacle on the performance of heat transfer [such
as ratio of Nusselt number (Nu/Nu*)] for fluid flow at supercritical pressure, hence the present CFD result has been
compared (Figure 17) with the above mentioned correlations [Eq. (6) to (9)] which have been developed for condition of
subcritical pressures. Figure 17 shows the result between Nusselt number ratio (Nu/Nu*) and non-dimensional distance
(X/D) after spacer. Present CFD result used for comparison is obtained by considering the heat flux as 60 kW/m?, blockage
ratio as 0.3 and Reynolds number of 97000. The result shows that, trend of present CFD result is similar to the correlations
but it over predicts the of Nusselt number for the case of spacer and without spacer (Nu/Nu*). The supercritical pressure
condition of fluid flow might be the reason of over prediction of ratio of Nusselt number (Nu/Nu*) as compared to the
correlations data. The percentage deviations of the present CFD result with previous published correlations data has been
given in Table 4.
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Figure 17. Comparison of CFD result with correlations (For BR=0.3 and Re=97000)

Table 4. Percentage deviations of the CFD result with correlations data

Percentage deviations with correlations data

Present Work Yao et al. Holloway et al. Millet et al. Tanase and Groeneveld
(1982) (2004) (2013) (2015)
CFD result 7% 14.1% 15 % 9%
CONCLUSIONS

The present investigation shows a CFD analysis for spacer effects on thermal and hydraulic performance of R-134a

at superc

ritical pressure in an annular flow. A CFD code ANSYS Fluent has been used for numerical analysis of R-134a

at pressure of 4.5 MPa and SST k- has been used as turbulence model for turbulence simulation. In present study, spacers
of two blockage ratio 0.3 and 0.38 have been used for analysis at supercritical pressure. The detailed analysis has been

carried o

ut with varying mass flow rates and heat fluxes for the spacer effects on thermal and hydraulic performance and

the following conclusions have been drawn:

1)

2)

3)

4)

The effect of spacer in an annular channel shows that the temperature of wall has been reduced which provide
the safety of the surface of fuel rod from high cladding temperature and the enhancement in corresponding
coefficient of heat transfer is found significant in the spacer region.

At the location of spacer, the velocity magnitude is maximum due to reduced flow area occurred which is caused
by the presence of spacer in an annular channel. The spacer effect in downstream to spacer at X/D=30 is almost
negligible, maximum velocity which is about 2.6 m/s has been found at the centre line of annular channel at
X/D=30 and in downstream to X/D =30, flow of fluid is turn into fully developed in the channel.

Higher the value of mass flow rate, the value of corresponding static pressure is higher and there is significant
reduction of pressure at the location of spacer because of presence of spacer which reduces the flow area.

Comparison of CFD result with correlations for flow obstacle shows that, trend of present CFD result is similar
to the correlations but it over predicts the ratio of Nusselt number for the case of spacer and without spacer
(Nu/Nu*) at Re=97000.
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NOMENCLATURE
BR Blockage ratio
Cp Specific heat (J/kg.K)
CFD Computational Fluid Dynamics
CHT Coefficient of heat transfer (W/m?2.K)
CHT* Coefficient of heat transfer without spacer (W/m?.K)
D Hydraulic diameter (m)
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D, Cross- diffusion term

E Total energy (J)

g Gravitational acceleration (m/s?)

Gy Production of turbulent kinetic energy

G, Production of specific turbulence dissipation rate

h Enthalpy (kJ/kg)

ID Inner diameter of annular channel (m)

K Thermal conductivity (W/m.K)

k Turbulence kinetic energy ( m?/s?)

L Length of fluid domain (m)

M Mass flow rate (kg/s)

Nu Nusselt number

Nu* Nusselt number without spacer

oD Outer diameter of annular channel (m)

P Pressure (Pa)

Heat flux (kW/m?)

Re Reynolds number

Sk source term of turbulent kinetic energy

Se source term of specific turbulence dissipation rate

Tw Wall temperature (°c)

u Velocity component in x-direction (m/s)

Ui Velocity vector (m/s)

(u) Ensemble average quantity

(u) Turbulent fluctuating quantity

X; Coordinate vector (m)

X/D Non-dimensional distance

Y* Non-dimensional perpendicular distance from wall

Yy Dissipation of turbulent kinetic energy

Y, Dissipation of specific turbulence dissipation rate

Greek Symbols

o) Specific turbulence dissipation rate (m?/s%)

Tij Reynolds stress tensor

Ty Effective diffusivity of turbulent Kinetic energy

Ty, Effective diffusivity of specific turbulence dissipation rate
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