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Abstract

One of the fuel assembly designs considered for liquid metal-cooled fast reactors (LMFR) uses wires helically wrapped around fuel pins as spacers. The understanding of the coolant behavior in LMFR fuels under the influence of a partially blocked flow area is required for a correct safety assessment of the Nuclear Power Plant. Accumulation of debris or cladding deformation may generate a partial or total flow blockage of coolant channels at different locations. In this paper, Unsteady Reynolds-Averaged Navier-Stokes (URANS) is applied using different turbulence models to predict the axial friction factor under the presence of blockages, placed at different position on the bundle cross section. The simulated Reynolds number was 17,000. Results are compared with experimental friction factor data produced at the Texas A&M experimental facility. The sensitivity analysis of the RANS turbulence models concluded that the  Realizable model is the recommended one for this Reynolds number because it presented the minimum relative error with respect to the experimental data that was found below 5%.
1. INTRODUCTION
Liquid metal fast breeder reactor (LMFBR) is one of the most promising reactor designs proposed for the next generation of nuclear reactors. Some designs of fuel bundles in LMFBR utilize a tightly packed triangular lattice of fuel pins with a helically wire-wrapped spacer enclosed within a hexagonal duct. Helical wire-wrapped spacers play an important role in separating fuel pins and maintaining adequate spacing between them, increasing the inter-channel flow mixing, and flattening the core temperature distribution.
Numerous studies of flow through helically wire-wrapped fuel bundles have been conducted both experimentally and computationally. Majority of the early experimental studies focused on the axial pressure drop through rod bundles, such the works of Rehme [1], [2], Cheng and N. E. Todreas [3], and Chen et al. [4]. More recent experimental studies focused on the flow behavior by employing particle image velocimetry (PIV) technique to visualize the flow, such the measurements performed by Nguyen et al. [5], [6], and Goth et al. [7]. Numerical studies have been conducted in parallel to experimental studies to understand the flow behavior in wire-wrapped fuel bundles. Jeong et al. [8] conducted a RANS based numerical study to characterize the thermal-hydraulic behavior of 7, 37, 127, 217 pin fuel assemblies. Brockmeyer et al. [9] conducted a numerical study with RANS and large eddy simulation (LES) techniques for 19, 37, 61, and 91 pin assemblies for the determination of the minimum representative bundle size in wire-wrapped geometries. It was concluded that the 37-pin bundle is the minimum bundle size for modeling the wire-wrapped fuel bundles. 
One of the major concerns in wire-wrapped fuel bundles is the potential for blockages of the flow channels which may have consequences on the fuel integrity. According to Han [10], the hypothetical mechanisms that may cause channel blockages in the fuel assemblies are (1) lodging of foreign materials carried into the core by the sodium, (2) bending and swelling of the fuel pins, and (3) lodging of debris from failed fuel pins and broken wires. It is expected that the blockages may increase the subchannel pressure drop, and impact the local thermal-hydraulic behavior. The severity of the consequences of localized blockages on reactor safety depend on several factors including the location of the blockage, its shape and size, the local heat flux near the blockage, and the local mean fluid velocity.
As it was investigated by Chai et al. [11], if single or several subchannels are partially or totally occupied by debris, flow area will be suddenly reduced, and a recirculation region can be expected downstream the blockage. Coolant temperature in this region can be greatly increased which may threaten the integrity of the fuel assembly. It has been recognized that coolant temperature peaks exist in the recirculation region formed downstream the blockage. A study performed by Gencay et al. [12] confirmed that one of the consequences of a blocked subchannel or a group of subchannels is to divert, depending on the area of the blockage, some or all of the flow into neighboring unblocked ones. 
Investigations for the flow blockages in wire-wrapped fuel assemblies have been motivated by the safety concerns previously mentioned. The effect of local blockages on reactor safety depends on several factors, such as size of blockages, their location, fuel pin power, and coolant velocity. Nguyen et al. investigated the flow behavior in wire-wrapped fuel bundles in presence of localized flow blockages by using particle image velocimetry (PIV) techniques for the flow visualization [13], [14], [15]. In his studies, he provided detailed information for the mean and root mean square velocity, vorticity, integral length scales, and showed vortex shedding frequencies induced by the flow blockages. More recently Childs et al. [16] performed an experimental study to investigate the pressure drop in a blocked 61-pin wire-wrapped fuel assembly. Di Piazza et al. [17] performed a numerical study to investigate the flow blockage phenomena in 127-pin fuel assembly without helically wrapped wires. Chai et al. [18] conducted a numerical simulation to characterize the heat transfer and flow behavior of a blocked 19-pin wire-wrapped rod bundle. 
The studies discussed above showed that the flow characteristics and behavior of the flow in presence of blockages need to be investigated in more detail. In this paper, we proposed a validation analysis of RANS turbulence models and their performance in predicting the pressure drop under different blockage configurations for a turbulent Reynolds number. Results are compared with the Texas A&M experimental facility results of a 61-pin wire-wrapped fuel bundle replica. It was found that the  Realizable model was able to reproduce the experimental results with a considerable low error for the Reynolds number analyzed.
2. experimental facility
The CFD simulations presented in this study are based on experiments conducted on the 61-pin wire-wrapped test bundle at Texas A&M University [19].
The test section, shown in FIG 1, is a of a typical LMFR fuel assembly with 61 wire-wrapped pins enclosed within a hexagonal duct. The fuel pins are organized in a triangular lattice set by machined grid plates installed at the bottom and top of the bundle. Flow enters the test section from the inlet plenum, proceeds upward within the test bundle, and leaves the test section the outlet plenum. Inlets and outlets are installed symmetrically from opposite sides of each plenum corresponding to faces B and E (FIG 2). The entrance and exit lengths were determined to ensure fully development of the flow within the measurement segment of the test section. The wires, pins, and hexagonal duct are manufactured of transparent acrylic to allow for flow visualization techniques in conjunction with the use of specialized fluids [5].
The horizontal cross section of the experimental bundle and the most relevant geometrical parameters are presented in FIG 2. Each face of the hexagonal duct is marked a letter (A–F) used to identify the azimuthal location of the pressure taps, wire clock orientation, and blockage locations. The main dimensions of the experimental bundle are listed in TABLE I.
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[bookmark: _Ref104820737]FIG 1.	View of the Experimental test Section and inlet and outlet plena. (put in single column).
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[bookmark: _Ref104820961]FIG 2.	View of the cross section (left), and test section dimensions and pressure t positions (right).
[bookmark: _Ref67228942]
[bookmark: _Ref67304862]TABLE I.	GEOMETRY DIMENSIONS

	Variable
	Symbol
	Value

	Flat to flat distance [mm]
	
	154.00

	Rod diameter [mm]
	
	15.88

	Wire diameter [mm]
	
	3.00

	Rod Pitch [mm]
	
	18.88

	Helix Pitch [mm]
	
	476.25

	Hydraulic Diameter [mm] 
	
	7.756



The cross-section flow area and the wetted perimeter are equal to  and  m, respectively, and were deducted from the dimensions of TABLE I. The hydraulic diameter of the test section is 7.756 mm, and it was determined using Eq. (1).
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The experimental facility is equipped with high-precision differential pressure transducers installed at different axial and azimuthal locations in the test section. Pressure transducers are installed along the centerline of face F (FIG 2), and designated with pressure tap numbers (PT 5, 6 and 7). The axial distance between PT5 and PT7 is equal to one wire pitch, H. Additional details on the experimental facility and test sections can be found in the experimental research conducted by Childs et al. [16].
To improve the understanding of flow channel blockage impact on wire-wrapped assemblies, a number of blockages were produced and mounted into the experimental section for the study. The scope of this test campaign was to analyze the effect of various blockage configurations, including blockage position and blocked flow area. A diagram of the different blockage configurations and their location is displayed in FIG 3. The axial blockage length was  mm (0.5 in.) and was selected for material availability. Blockages were installed at the midpoint between pressure taps PT5 and PT7 used to measure the axial pressure drop. 
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[bookmark: _Ref104821169]FIG 3. Blockage Locations.
The blockage scenarios studied in this article are based on experiments conducted by Childs et al. [16]. The geometry, size and location of the blockages were maintained from the experimental activity to allow for a comparison with the simulation results and validation of the computational model. It has to be remarked that the geometry and size of the blockages investigated may not represent the ones that are expected to occur during the operation of a typical LFR. This study has adopted regular shapes and full subchannel blockages, to facilitate the fabrication and installation of the blockages during the experimental activity, and the generation of the mesh for the geometry during the numerical analysis. Blockages generated during the life of a typical LMFR are expected to be irregular in shape and size, because they can be originated due to the accumulation of debris from the detachment of metallic parts or due corrosion between the sodium and the cladding, they could also be porous.
Each blockage identified with numbers 1, 2 and 3 was designed to block four edge subchannels and two half-corner subchannels within the same side of the hexagonal duct, corresponding to 6.4% of the total test section flow area. The interior central blockage (4, FIG 3) was manufactured as hexagonally symmetric around the central rod with the total area, chosen to be approximately twice the flow area impeded by a full edge, or interior peripheral blockage. This blockage has a surface equal to 11.6% of the total flow area. Due to constraints of residence time for acrylic rods in p-cymene, as well as length of time required for new pin installation in the test section, a selection of blockages to test in each case was determined to permit the most consecutive experimental cases with subsequent blockages added, as summarized in TABLE II.

[bookmark: _Ref104821407]TABLE II.	SUMMARY OF BLOCKAGE CASES

	Case
	Blockage
	Blocked Flow Area (%)

	0
	-
	0

	1
	1
	6.4

	2
	1, 2
	12.8

	3
	1, 2, 3
	19.6

	4
	4
	11.6



3. NUMERICAL methodology
In the present study, STAR-CCM+ [21], a commercial computational fluid dynamics code, was used for the solution of the Navier-Stokes equations for incompressible flows, which are conservation of mass and conservation of momentum. The numerical method employed in the computational fluid dynamics (CFD) calculation was the Finite Volume Method [22]. The second-order Upwind scheme was used to discretize the advection term because it has a higher accuracy than the first-order Upwind scheme. The algebraic system of equation was solved using the algebraic multigrid solver within a segregated algorithm. The main approach to solve the pressure and velocity field within the wire-wrapped bundle was the Reynolds Averaged Navier-Stokes (RANS) method.
A turbulence model is required to calculate the Reynolds Stress Tensor in the RANS equations. Among the available RANS models, those of importance for this paper are the 2-layer Realizable  model, which satisfies certain mathematical constraints on the normal stresses consistent with the physics of turbulence (realizability), and the  SST (shear–stress transport), which introduces a modification to the linear constitutive equation of the standard  The mentioned two-equation models can capture more physical features than the standard two equation models or even the one equation model (Spalart-Allmaras) or the very simple 0-equation model proposed by Prandtl based on a mixing length.
The bundle-averaged Reynolds Number is defined as

	
	(2)



where  is the bulk velocity (or average inlet velocity of a blockage case), and  is the kinematic viscosity.
The bundle-averaged axial friction factor, , is defined according to Eq. (3),
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where  is the pressure drop between the inlet surface-averaged pressure  and the outlet surface-averaged pressure ,  is bulk velocity (or average inlet velocity of a blockage case),  is the fluid density, and  is the helix pitch.
Two sets of simulations were executed at . The first set focused on simulating a bundle with no blockage (case 0). Because the wire has a repetitive pattern after every one pitch, at fully developed conditions, the flow on a bare bundle is periodic, meaning that velocity satisfies Equation (4).

	
	[bookmark: _Ref104823208](4)



The purpose of this first set of simulations was to model the periodic fully-developed flow within the bundle because the experimental measurements are performed in the fully developed region of the test section. This was accomplished by modeling a one-wire pitch length geometry whose inlet and outlet boundaries were connected through a fully-developed periodic interface, which is a capability of the utilized code, STARCCM+. The adopted geometry for this CFD model is shown in FIG 4. The contacting region between the fuel rods and the wire were joined using circular fillets in order to reduce the required number of cells and to avoid the singularity that would occur at the tangential touching point.
[image: ]
[bookmark: _Ref104903684]FIG 4. (a) Wire-Wrapped bundle modeled geometry used in the CFD simulations with boundary conditions. (b) Detail of the circular fillets joining rods and wires.
The second set of simulations corresponded to the several blockages scenarios mentioned in TABLE II. The total geometry length was also set to one wire pitch for these case with the addition of the blockages for each case. The periodic fully-developed characteristics of the flow within a bare bundle are lost as a consequence of the blockage presence. Therefore, the periodic fully-developed interfaces were removed for these scenarios. The outlet boundary condition was replaced by a uniform pressure outlet condition set at 0 Pa. The inlet conditions were obtained from the first set of simulations, using the velocity and turbulence quantities values at the periodic interface. These quantities, which represent fully developed conditions, were imposed at the inlet boundary of the geometry with blockages. This allows to reproduce a fully developed flow entering the blocked geometry, replicating the experimental conditions.
The mesh convergence was determined by executing the case without blockage (Case 0). The computational domain was modeled with four different mesh sizes to establish the spatial convergence in RANS simulations. Four meshes were created with the different base sizes and number of cells, as it is presented on TABLE III. FIG 5 shows a portion of the mesh for each base size.
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[bookmark: _Ref104903744]FIG 5. Meshes analysed
The friction factor was analysed in order to find the mesh independent solution. In early studies, it has been shown that the  SST turbulence model is capable to provide accurate simulation results of a wire-wrapped fuel bundle [24]. Thus, the mesh sensitivity study was performed for Case 0 with  SST turbulence model. The friction factor was calculated at  and compared with the Upgraded Cheng Todreas Detailed correlation (UCTD) [23]. The friction factor predicted by the UCTD correlation at Reynolds number of 17000 is 0.02838±0.0042. The error between the calculated friction factors and the UCTD correlation is shown in TABLE III (experimental data is not available for case 0 at ). For all the cases analysed, the  value was kept below 1. 

[bookmark: _Ref104822744]TABLE III.	MESH PARAMETERS AND FRICTION FACTOR FOR CASE 0. THE BASE SIZE WAS NORMALIZED USING THE HYDRAULIC DIAMETER.
	Mesh #
	Normalized Base size
	Number of Cells
	Calculated Friction Factor
	Difference with respect to mesh 4
	Error w. r. t. UCTD

	1
	0.500
	60,322,349
	0.027353
	-5.62%
	-3.61%

	2
	0.375
	89,465,198
	0.028078
	-3.12%
	-1.05%

	3
	0.300
	146,754,866
	0.028872
	-0.38%
	1.75%

	4
	0.275
	180,747,033
	0.028983
	0
	2.14%


From the results in TABLE III, it can be observed that as the base size reduces, the relative difference in the friction factor prediction with respect to the finest mesh also reduces (fifth column), as expected. The UCTD [23] correlation prediction was also added for verification. Because meshes 3 and 4 produced very similar results in terms of friction factor (relative difference of -0.38%), it was concluded that Mesh 3 was converged for friction factor determination and their parameters (such as base size, number of prism layer, stretching factor, etc.)  are used for all the RANS simulations in the present study. Regarding the comparison with the UCTD correlation, the error when comparing with Mesh 3 is adequately small, moreover when considering that the error in the correlation is 14.8%, verifying that Mesh 3 is adequate for friction factor calculations.
results and Discussion
In this study, the  Realizable and the  SST turbulence models were employed for the solution of the RANS equations. This sensitivity study on the RANS turbulence models was performed to determine the model that best predicts the bundle friction factor for the different blockage scenarios analyzed. The simulations for Case 0 (unblocked) and all the blocked cases (1-4) where performed at the Reynolds number 17,000. The unblocked bundle was solved using a steady-state solver, whereas the cases with blockages were solved using a second-order implicit time scheme because the flow is highly unsteady due to the blockage. Thus, the method is known as unsteady-RANS equations (U-RANS), since the time derivative term is kept.
Convergence was determined after all the relative residuals fall below . In addition, the fourth decimal value of the friction factor was checked to not vary with iterations when reaching the residuals criteria. For the transient simulations, in addition to the residuals and the friction factor variation, the volume-averaged Convective Courant number, , was checked to fall below 1 in all cases. The time step was adjusted based on Equation (5)  for a selected Courant number:
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where  is the time step,  is the desired Courant number,  is the inlet average velocity and  is the average mesh size, defined in Equation (6), 
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In Equation (6),  is the volume of a mesh cell whose centroid is located at position  , and  is the total fluid volume.
FIG 6 shows the friction factor predictions of the 2 RANS turbulence models for the four different blockage scenarios analysed. The performance of the RANS models in predicting the friction factor was evaluated based on the relative error, , defined by Equation (7),
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where  is the calculated friction factor and  is the experimental data. Results of the relative errors calculated for each case are shown in TABLE IV. 
As it can be seen from the results, the  Realizable model predicted the friction factor with the lowest relative error among all cases, while the  SST performed with less accuracy and higher relative errors (max 13%). This can be explained due to the fact that the  is at the fully turbulent regime and in the derivation of the  model the flow is assumed to be fully turbulent and the effects of molecular viscosity to be negligible (see page 701 of Moukalled et al. [22]). 

[bookmark: _Ref104884805]TABLE IV. BUNDLE FRICTION FACTOR: RANS MODELS’ PREDICTIONS AND COMPARISON WITH EXPERIMENTAL VALUES AT .

	Case
	Experimental
Friction Factor
	 SST
	 Realizable

	
	
	Friction Factor
	Error w.r.t experiment
	Friction Factor
	Error w.r.t experiment

	Case 1
	0.033138
	0.029704
	10.36%
	0.033632
	1.49%

	Case 2
	0.037999
	0.033266
	12.46%
	0.038006
	0.02%

	Case 3
	0.045259
	0.039451
	12.83%
	0.043967
	2.86%

	Case 4
	0.034264
	0.032382
	5.49%
	0.035967
	4.97%



The effect of the blockages on pressure was also analysed by calculating the surface-averaged pressure, , defined according to Equation (8):
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FIG 7 shows the normalized surface-averaged pressure as a function of the axial length. Results correspond to the  Realizable model. The surface average pressure is only a function of the axial coordinate z, because the integration is performed in the x and y directions, as it can be seen in Equation (8). The unblocked case presents a linear trend, typical of channel flows. In contrast, the blocked scenarios show a sudden pressure reduction downstream of the blockage, which was located at . Further downstream, there was a recirculation region due to the presence of an adverse pressure gradient. Near the outlet, pressure resumes its decreasing behaviour.

[image: ][image: ]
[bookmark: _Ref104884735]FIG 6. Friction factor for cases with blockages at . Comparison of RANS models’ predictions with experimental data.
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[bookmark: _Ref104823915]FIG 7. Normalized surface-averaged pressure as a function of the axial coordinate obtained with k-ϵ Realizable model for the different blockage scenarios.
The wire spacer in a wire-wrapped fuel bundle has numerous advantages. The main advantage of the wire spacer is to reduce vortex induced vibration and to avoid collision between adjacent rods. Furthermore, the wire spacer can increase the flow mixing and the convective heat transfer due to the enhanced cross flow. The flow mixing was investigated from a macroscopic point of view by analyzing the crossflow intensity in the 61-pin wire wrapped fuel bundle. The crossflow intensity can be evaluated as a surface-averaged horizontal velocity magnitude, which is given by Equation (9),
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where , , and  are the flow velocities in , , and  directions, respectively, and  is the flow area at different axial elevations. FIG 8 shows the crossflow intensity with respect to the axial coordinate . Being the inlet and the outlet at 0 and 1, respectively.
The velocity profiles were extracted on the cross-sectional plane normal to the main flow direction. In the case without any blockages, it can be seen that the crossflow intensity due to the helically wrapped wires oscillates around 8%. This oscillation shows high peaks at positions in which the wires are facing one of the corners of the hexagonal enclosure, and low peaks at the positions in which the wires are in front of one of the faces. In the blockage cases, except for case 2, the crossflow intensity oscillates around 8% up to  and the distinguishable effect of the blockage on the crossflow can be observed downstream of that position. The maximum crossflow intensity in each blockage case is observed at near the  plane. In general, the maximum crossflow intensity is correlated with the blockage area regardless the blockage location. A higher blockage area results in a higher . 
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[bookmark: _Ref104886069]FIG 8. Crossflow Intensity for the four blocked cases investigated obtained with k-ϵ Realizable model.
It is important to notice that the  downstream of the blockage shows a rapid decrease when blockages are located in the outer region (adjacent to the faces of the hexagonal duct) compared to the case where the blockage is at the inner region of the bundle. It can be seen from cases 1-3 that the rapid decrease in the CFI takes place at  upstream of the blockage. Case 2 shows slightly different behavior upstream of the blockage. The CFI in case 2 slightly decreases at  compared to other cases. Existence of blockages in positions 1 and 2 (see FIG 3) drives the flow from the outer channels to the inner channels. Due to the position of the wires at , flow is redirected in the axial direction, which causes a decrease of the crossflow.
[bookmark: _GoBack]conclusion
The flow in a 61-pin wire-wrapped fuel bundle was simulated using unsteady RANS-based turbulence models to predict the pressure drop and flow characteristics in presence of localized blockages. Four different blockage scenarios in the interior and exterior region of the bundle were investigated. The simulation results were compared with the experimental measurements of the axial friction factor. Two RANS-based turbulence models were employed to simulate the flow for the selected blockage scenarios:  Realizable and  SST. 
CFD results confirmed that the total pressure drop is affected more when the same blockage area is placed at the outer region of the bundle, in agreement with the experimental observations. In general, predictions of  Realizable model are in reasonable agreement with the experimental data (maximum relative error of 5%), while the predictions of the  SST model presented a lower accuracy (maximum relative error of 13%).
Crossflow was investigated in presence of blockages which gives insight of flow mixing in macroscopic sense. Results showed that the crossflow intensity is directly correlated with the blockage area. As the blockage area increased, the crossflow intensity also increased. 
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