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Abstract

In this study, a simplified mixed oxide (MOX) pellet fabrication method is developed for the fabrication of high-density hollow MOX fuel pellets with a low oxygen-to-metal (O/M) ratio of less than 1.97 for fast reactors. The MOX pellets are fabricated through tumbling granulation, die wall lubrication pressing, sintering, and O/M ratio adjustment using the raw powder obtained from the microwave direct heating denitration method. Die wall lubrication pressing, sintering, and the O/M ratio adjustment of green pellets were performed. A pressing pressure of 400 MPa was suitable for obtaining sintered pellets with a density 95% of the theoretical density. The O/M ratio adjustment test was conducted by scaling up the loading volume to 2.0 kgMOX/batch. As a result, the average O/M ratio of the MOX pellets on the bottom mesh plate was less than 1.97, and the average O/M ratios on the other mesh plates were slightly greater than 1.97. A gas flow analysis clarified that most of the gas did not pass through the mesh plate, and instead leaked through the clearance between the lower part of the outer frame of the tiered mesh plates and the gas inlet. The gas flow path can be improved in the model using a hollow rod with a vent hole in the center of the tiered plates without mesh. This is because the gas consumed in the reduction reaction of the MOX pellets on the lower plates does not flow into the upper ones, and fresh gas can be supplied to each plate. This is expected to reduce the O/M ratio of the MOX pellets to less than 1.97.
INTRODUCTION
[bookmark: _GoBack]In this study, a high-density mixed oxide (MOX fuel) pellet fabrication technology with low oxygen-to-metal (O/M) ratio of less than 1.97 for fast reactors has been developed. Fuel-cladding chemical interaction (FCCI) is an important factor in determining the fuel lifetime [1,2], and a low O/M ratio is required for suppressing FCCI at high burnup [3]. A simplified MOX pellet fabrication method (Fig. 1) has been studied and developed to fabricate MOX fuel for fast reactors. In this method, plutonium enrichment is adjusted at the liquid solution stage, and powder blending can be reduced compared to that in the conventional fabrication method [4]. First, a mixture of plutonium nitrate and uranium nitrate solutions undergoes microwave heating, followed by calcination and reduction to produce the MOX raw powder [5,6]. Because the powder prepared by microwave heating is very fine [7], it must be granulated to improve flowability. The MOX raw powder is granulated by adding water as a binder using an agitating granulator. Granules with favorable flowability with flowability indices of 70 or higher can be produced [8]. Then, green pellets are produced from the granules by die wall lubrication pressing [4,9]. In this method, lubricants are not degraded because of the temperature increase of the MOX powder caused by the high rate of alpha decay of Pu-238 and minor actinides, and granule compaction can be smoothly performed. In addition, this method can reduce the amount of lubricant mixed into the green pellets compared to that in the conventional powder mixing method [9], and de-waxing and degassing can be omitted. Furthermore, this method can improve the green pellets' density and mechanical strength compared to those in the conventional powder mixing method [10,11].
Sintered pellets with an O/M ratio of less than 1.97 are produced by the sintering and O/M ratio adjustment of green pellets [12]. The O/M change of the MOX pellets during heat treatment can be calculated by measuring the oxygen potential, and the adjusted O/M ratio of the MOX pellets in previous experiments agrees well with the calculated result [13,14]. The relationship between the oxygen potential and oxygen diffusion coefficient and point defect concentration has also been investigated [15]. As the O/M ratio decreases, the sintering activation energy and the density increase, and the grain growth rate decreases [16]. Therefore, the O/M ratio has a considerable effect on MOX fuel properties.
Oxygen potential is a function of temperature and oxygen partial pressure. At a constant temperature, the oxygen partial pressure depends on the ratio of the hydrogen partial pressure to the moisture partial pressure (PH2/PH2O). The PH2/PH2O ratio and the gas inflow rate must be increased to decrease the O/M ratio. Takano et al. showed that MOX pellets with an O/M ratio of 1.97 could be produced at 1 kgMOX/batch by increasing the contact of the supply gas with the MOX pellets using mesh plates. They performed a gas flow analysis in a simulation model of a small-scale furnace with tiered mesh plates [12].Pu/U ratio adjusting in nitrate solution
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However, the increase in gas inflow velocity through the mesh structure increases the pressure drop [17]. As the loading weight of the MOX pellets into the small-scale furnace increases, adjusting the O/M ratio becomes more challenging because the supply gas to the MOX pellets becomes less diffusive. Moreover, the gas flow behavior in the furnace is greatly affected by the tiered mesh plates and the furnace structure, which needs to be analyzed in detail.
In this study, tests on die wall lubrication pressing, sintering, and O/M ratio adjustment were conducted to scale up the fabrication technology. Additionally, the optimum equipment structure in the furnace for the O/M ratio adjustment was investigated using the gas flow analysis.FIG. 1. Process flow of the simplified MOX pellet fabrication method.


Experimental
2.1.	Die wall lubrication pressingDie
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A pressing machine with a die wall lubrication system was used (Fig. 2). The tumbling-granulated MOX powder containing 18%PuO2 was employed for this test. The supplied zinc stearate amount as a lubricant was constant, and it was sprayed from below the die. After the zinc stearate mist traveled along the die wall in a spiral stream, the excess zinc stearate that did not adhere to the die wall was sucked and collected from above the die. The feeder on the die plate allowed the MOX powder to fall under gravity into the cavity of the die. The depth of the lower punch was adjusted so that the filling volume of the MOX powder was 6 g. The static ejection force of the green pellets was measured using the load cell installed below the lower punch.FIG. 2. Schematic diagram of the die wall lubricant pressing machine.

The die wall lubrication pressing tests were performed using the tumbling-granulated MOX powder P1 with pressing pressure as a parameter. The effect of pressing pressure on the quality of the MOX pellets was evaluated by measuring the static ejection forces, green densities, sintered densities, and microstructures of the sintered pellets. In addition, green pellets for the sintering and O/M ratio adjustment were prepared using P2 and P3.


TABLE 1.	Test conditions for die wall lubrication pressing of the tumbling-granulated MOX powder

	Material
	Average particle diameter [m]
	Hausner ratio [-]
	Carr's flowability index [-]
	Pressing [MPa]
	Pressing speed [cycle/min]

	P1
	182.7
	1.15
	69.0
	300
	8

	
	
	
	
	400
	

	
	
	
	
	500
	

	P2
	358.5
	1.11
	80.5
	400
	4

	P3
	296.1
	1.09
	77.5
	
	



In die wall lubrication pressing, the MOX powder must have high flowability. Carr's comprehensive flowability index was used to evaluate the flowability of MOX powder. It is calculated on the basis of four measurements: angle of repose, compressibility, angle of the spatula, and cohesiveness [18,19]. The closer Carr's flowability index is to 100, the higher the flowability is, and flowability is good when it is above 70 [19].
The Hausner ratio is also an indicator of the powders' flowability and filling properties [20]. It is closely related to the compressibility used in calculating Carr's flowability index. It represents the compressibility of the powder, that is, the potential strength and stability of the bridge of the powder. The closer the Hausner ratio is to 1, the higher the flowability, and flowability is good below 1.18 [21].

2.2.	Sintering and O/M ratio adjustment
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[bookmark: _Hlk72307197]The small-scale furnace used for the tests is shown in Fig. 3. Eight-tiered mesh-structured sintering plates for loading MOX pellets were suspended. A 5%H2–95%Ar gas mixture with a small amount of moisture was supplied to the furnace using a gas supply system. The oxygen potential was controlled by adding water vapor to the gas mixture. The gas mixture is supplied into the furnace from a gas inlet at the bottom. The oxygen partial pressure of the gas discharged from the furnace was measured using an oxygen sensor.
The sintering and O/M ratio adjustment conditions are shown in Table 2. The material P1 was sintered and its O/M ratio adjusted under the conditions of No.1 and P2 and P3 under the conditions of No.2.[bookmark: _Ref474425344]FIG. 3. Schematic diagram of the small-scale furnace.


TABLE 2.	Sintering and O/M ratio adjustment conditions

	No.
	MOX weight [kgMOX]
	Sintering
	O/M ratio adjustment

	
	
	Holding
Temp.[K]× Time[h]
	PH2/PH2O ratio
	Gas inflow rate [L/min]
	Total holding time [h]
	Holding
Temp.[K]×
Time[h]
	PH2/PH2O ratio
	Gas inflow rate [L/min]

	1
	1.0
	2023 × 4
	10
	5
	0–4
4–8
8–18
	1573–2023 × 4
2023 × 4
2023 × 10
	430
430
1075
	5

	2
	2.0
	2023 × 4
	10
	10
	0–4
4–8
8–14
14–20
	1573–2023 × 4
2023 × 4
2023 × 6
2023 × 6
	430
430
1075
1075
	10



The oxygen potential depends on the equilibrium reaction of H2O ↔ H2 + 1/2O2 in a mixed gas system.  Considering this reaction, the equilibrium of this mixed gas system can be expressed as follows [13,22]:
	
	(1)


[bookmark: _Hlk72151607]where R is the gas constant (8.3145 J/(mol K)), T is the absolute temperature (K), and Pi is the partial pressure of gas species i (atm). The free energy Gf was calculated as a function of T according to the following [23]:
	
	(2)


From equations (2) and (3), the oxygen potential is expressed as
	
	(3)


A stabilized zirconia oxygen sensor was installed at the gas line inlet/outlet of the furnace to measure the oxygen potential in the atmosphere in the furnace. The O/M ratio in equilibrium with the oxygen potential of the gas was calculated.
The O/M ratio of the sample was calculated from its weight change due to heat treatment using the following equation [13]:
	
	(4)


where W is the weight change of the sample and W is the sample weight at an O/M ratio of 2.0000. To calculate the O/M ratio of the MOX pellet, the weight change of each pellet at each holding time was measured using the electronic balance.

2.3.	Numerical simulation

A thermal–hydraulic simulation was conducted using numerical simulation to efficiently supply gas to the small-scale furnace. The physical properties of the gas in the furnace and the structure are shown in Table 3. A computational fluid dynamics analysis was performed using the fluid analysis software STAR-CCM+® (ver. 10.04). A steady-state analysis was performed in three-dimensional Cartesian coordinates. The analysis object was divided into polyhedral and prism layer meshes, and the overall mesh number was approximately 230,000 to 260,000. The analysis is a three-dimensional conjugate heat transfer analysis in which solid and fluid regions coexist. The solid region was calculated using heat transfer analysis, and the fluid region was calculated using thermal–hydraulic analysis of single and multiple components. The gas comprised Ar, H2, and H2O vapor. The advection and diffusion of each component were considered. The surface-to-surface radiation heat transfer model was used for the laminar flow analysis instead of the turbulence model. The porous baffle model was used for the mesh structure of the mesh plate in simulation cases Nos. 1–3.
The three-dimensional Newtonian fluid is described by the incompressible Navier–Stokes equation and the equations of continuity as follows [24,25]:
	 
	(5)



	
	(6)


[bookmark: _Hlk72316647][bookmark: _Hlk72316651][bookmark: _Hlk72316656][bookmark: _Hlk72316662][bookmark: _Hlk72316667]where u is the fluid velocity vector, ρ is the fluid density, t is time, µ is the viscosity coefficient of the fluid, and p is the pressure of the fluid.
The mesh structure of the mesh plate was assumed to be a porous baffle model, and the pressure drop of this model is expressed by the following equation [26]:
	
	(7)


where vn is the velocity in the normal direction perpendicular to the baffle. α and β are the inertial and viscous resistances, respectively, and 0.961 and 39.4 were used. The heater's temperature was kept constant at 2023 K. The temperature boundary condition of the reflector was set to be constant at −20.8 kW/m2 to account for heat loss outside the computational domain. In calculating heat loss due to heat conduction in the suspension, because one end of the suspension is fixed to the furnace body, the thermal boundary condition at this end was set to a constant heat flux of −499 kW/m2. Table 3 shows the analysis conditions of the thermal–hydraulic simulation. The radiation emissivity in each condition was set to 0.5.
The simulation model of the furnace is shown in Fig. 4. In this study, four types of furnace geometries were analyzed. Because this analysis is a steady-state calculation, the steady state was judged to have been reached when the mass balance at the inlet and outlet was sufficiently consistent and the fluctuation of the mean temperature at the outlet was sufficiently small.
· Case No. 1: The model simulates the structure of the small-scale furnace.
· Case No. 2: A cylindrical metal baffle with zero thickness and a length of 1/2 of the length L from the tiered mesh plates to the bottom reflector in the furnace is added to the model of Case No. 1. The cylindrical metal baffle can increase the pressure drop against the gas leakage from the clearance between the lower part of the outer frame of the tiered mesh plates and the gas inlet, thereby increasing the gas flow to the mesh plate.
· Case No. 3: A hollow rod is added to the model of Case No. 1 to penetrate the center of the tiered mesh plates. The hollow rod has the vent hole in each stage that can supply gas directly.
· Case No. 4: The mesh plate of Case No. 3's model is replaced with a plate without mesh to supply fresh gas to each plate. In addition, a gap was added to the outer periphery of the plate to serve as a gas flow path. Gas is supplied from the hollow rod in the center and exhausted from the outer periphery of the plate toward the top of the furnace, allowing gas to permeate the entirety of each stage.


[bookmark: _Hlk72330834]TABLE 3.	Analysis conditions of gas and structures inside the small-scale furnace

	Gas

	Density
	
	
	

	
	Calculation based on the equation of state
	[kg/m3]

	
	(molecular weight: 38.2426)
	

	Specific heat [27]
	521
	[J/kg·K]

	Thermal conductivity [27]
	
	[W/m·K]

	Viscosity coefficient [27]
	
	[Pa·s]

	Hoisting attachment

	Density
	10060
	[kg/m3]

	Specific heat [28]
	
	[J/kg·K]

	Thermal conductivity
	
	[W/m·K]

	Emissivity
	0.5
	[-]

	Reflectivity
	0.5
	[-]

	Structure inside the furnace

	(excluding the hoisting attachment)

	Emissivity
	0.5
	[-]

	Reflectivity
	0.5
	[-]




523 mm
260 mm
Outlet
Inlet
Tiered mesh plates

L
1/2L
Cylindrical metal baffle
Tiered mesh plates
Outlet
Inlet
Hollow rod with the vent hole
Tiered mesh plates
Outlet
Inlet
Tiered plates without mesh
Hollow rod with the vent hole
Outlet
Inlet

 (a) Case No.1             (b) Case No.2              (c) Case No.3               (d) Case No.4

[bookmark: _Hlk72331235]FIG. 4. Half-symmetry models of the small-scale furnace.

Results and discussion
[image: ]3.1.	Die wall lubrication pressing test results
The tumbling-granulated MOX powder P1 was compacted into green pellets by die wall lubrication pressing. The correlation between the pressing pressure and static ejection force is shown in Fig. 5. As the pressing pressures increased, the static ejection forces increased. The static ejection forces were approximately 1/10 to 1/5 of the pressing pressure. In die wall lubrication pressing of the UO2 powder using zinc stearate, the ejection forces were reported to be approximately 1/5 to 1/3 of the axial compression stress [29]. This result indicates that the direct application of zinc stearate to the die by spraying can greatly affect the decrease in the static ejection force.
The relations between the pressing pressure and the green density and sintered density are shown in Figs. 6 and 7, respectively. The green density and sintered density ranged from approximately 48% to 55% theoretical density (T.D.) and 94% to 96% T.D., respectively. The pressing pressure of 400 MPa is considered suitable for fabricating sintered MOX pellets with 95% T.D. from the tumbling-granulated MOX powder. Powder compaction at a lower pressing pressure is expected to reduce the wear of the punches and dies and improve economic efficiency.FIG. 5. Correlation between the pressing pressure and static ejection force.

Although P2 and P3 had lower Hausner ratios and higher Carr's flowability indices than P1, their filling ratios at a pressing speed of 8 cycles/min were less than about 70%. It has been reported that the filling ratio of the die decreases with increasing feed rates [30-33]. The decrease in the filling ratio suggests that the powder was bridged in the feeder. It is also possible that the filling ratio decreased because of the increase in the average particle size of the powder. The characteristics of the granulated powders are essential for obtaining good filling properties at a pressing speed of 8 cycles/min. Because the particle size, particle shape, specific surface area, and surface properties have a combined effect on the Hausner ratio and Carr's flowability, evaluating these various powder characteristics is necessary. Assessing the flowability and fillability of the powder using various indicators is also important. The vibrating tube method has been studied [34,35] to evaluate the flowability of the powder. It is necessary to clarify the filling behavior of the MOX powders by further detailed evaluations and numerical simulations of the effect of the powder's characteristics and feed rate on the filling ratio.

      [image: ]  　[image: ]FIG. 7. Relation between the pressing pressure and sintered density.
FIG. 6. Relation between the pressing pressure and green density.




Fig. 8 shows the microstructures of the longitudinal cross-section of the sintered pellets obtained from a metallographic observation at 400× magnification. The average grain sizes of the pellets produced at pressing pressures of 300, 400, and 500 MPa were almost the same: 11, 10, and 10 µm, respectively. Sudo et al. also reported that the average grain size of the sintered MOX pellets was 10 µm [9]. The generally homogeneous microstructures were observed in each sintered pellet prepared under different pressing pressures.

(a)
25 µm
(b)
25 µm
(c)
25 µm

FIG. 8.	Microstructures of the sintered pellets under different pressing pressures: (a) 300 MPa, (b) 400 MPa, and (c) 500 MPa.
3.2.	Sintering and O/M ratio adjustment results
[bookmark: _Hlk72756131]The average sintered densities of the MOX pellets in each mesh plate from the first to the eighth stage fabricated under the sintering conditions of No. 2 in Table 2 are shown in Fig. 9. Here, the plates are numbered from bottom to top. The average sintered density of the pellets of each mesh plate ranges from 94% to 96% T.D. The average O/M ratios of all MOX pellets versus the treatment time are shown in Fig. 10. The O/M ratio was calculated from the oxygen partial pressure of the outlet gas. The calculated O/M ratio decreased until 15 h and then increased slightly from 15 to 20 h, instead of decreasing to the target value of 1.97.
In contrast to that in the calculated O/M ratio, the test results showed a monotonous decrease to 20 h. However, the average O/M ratio of the MOX pellets on the bottom mesh plate was approximately 1.96, and the average O/M ratios on the other mesh plates were slightly higher than 1.97. Takano et al. reported that the O/M ratios of the MOX pellets other than those on the top two mesh plates were adjusted to less than 1.97 at 1 kgMOX/batch by controlling the PH2/PH2O ratio of the supply gas [12]. Although the O/M ratio of the MOX pellets is aimed to be equivalent to the O/M ratio in equilibrium with the oxygen potential of the gas, as the loading weight of the MOX pellets increases, the gas flow path becomes narrower and the pressure drop increases, making gas flow difficult. Moreover, because the gas consumed in the reduction reaction of the MOX pellets on the lower plates flows into the upper mesh plates, the O/M ratio of the MOX pellets on the upper mesh plates hardly decreases. Because the supply gas did not make full contact with the MOX pellets because of the loading weight increase of the MOX pellets to 2 kgMOX/batch, the target O/M ratio of less than 1.97 was considered not achieved.

 [image: ]　　　[image: ]
FIG. 10. Change in average O/M ratios of all MOX pellets with time.
FIG. 9. Average sintered densities of the sintered pellets in each plate.

3.3.	Simulation results of the gas flow analysis
Fig. 11 shows the simulation results of the temperature distribution in the furnace for each case. In Figs. 11(a) and 11(b), the temperature in the first mesh plate at the bottom is the lowest at about 2023 K because of the influence of the supply gas, and the temperature in the upper mesh plate increases. As can be observed in Figs. 11(c) and 11(d), the temperature of the central hollow rod decreases. The temperature distributions are almost the same in both cases, and the installation of the cylindrical metal baffle in Fig. 11(b) and the central hollow rod in Fig. 11(c) and (d) does not significantly affect the temperature distribution.


(a) Case No.1              (b) Case No.2               (c) Case No.3              (d) Case No.4

FIG. 11. Temperature distributions in the reactor.

[bookmark: _Hlk72757368][bookmark: _Hlk72757333]The velocity vector distribution and gas inflow diagram for each case are shown in Figs. 12–15. In Case No. 1 (Fig. 12), most of the supply gas leaks from the clearance between the lower part of the outer frame of the tiered mesh plates and the gas inlet due to the pressure drop of the mesh plate and passes through the side of the sintering furnace and is discharged outside the furnace. This simulation result suggests that gas was not sufficiently supplied to the MOX pellets, and the O/M ratio did not decrease in the O/M ratio adjustment test.
In Case No. 2 (Fig. 13), the cylindrical metal baffle is installed to reduce gas leakage, but the amount of gas passing through the mesh plates increases only slightly compared with that in No. 1 in Fig. 1, and there was almost no change.



(a) Velocity vector          (b) Gas flow diagram        (a) Velocity vector        (b) Gas flow diagram
[bookmark: _Hlk72408247]
FIG. 12. Gas flow simulation result (Case No. 1).           FIG. 13. Gas flow simulation result (Case No. 2).


(a) Velocity vector         (b) Gas flow diagram         (a) Velocity vector        (b) Gas flow diagram

FIG. 14. Gas flow simulation result (Case No. 3).           FIG. 15. Gas flow simulation result (Case No. 4).
In Case No. 3 (Fig. 14), gas is directly supplied to all tiered mesh plates from the vent hole of the hollow rod. This simulation result is expected to supply gas uniformly to the MOX pellets on each mesh plate and reduce their O/M ratios. The gas supplied from the vent hole moves upward through the mesh plates. This result suggests that less gas is supplied to the lower periphery of the mesh plate and that the upper mesh plate is less likely to receive fresh gas.
In Case No. 4 (Fig. 15), gas passed through the periphery of each plate without mesh and is discharged out of the furnace. Therefore, it is expected that fresh gas is sufficiently supplied to the MOX pellets in all positions of all plates to reduce the O/M ratio. However, evenly supplying gas to each plate without mesh is desirable, and further improvements are necessary.
CONCLUSIONS
In this study, die wall lubrication pressing and the O/M ratio adjustment tests were implemented to scale up the fabrication technology, and a gas flow analysis was conducted using the numerical simulation. The following results were obtained.
· The results of the die wall lubrication pressing tests showed that the pressing speed of 8 cycles/min, suitable for engineering-scale processes, was achieved. However, the powder characteristics of the tumbling-granulated MOX powder are essential for obtaining good filling properties because the filling ratio decreased depending on the powder characteristics.
· A pressing pressure of 400 MPa was suitable for fabricating sintered pellets with a density of 95% T.D. from the tumbling-granulated MOX powder.
· The results of the 2 kgMOX/batch O/M ratio adjustment test showed that the average O/M ratio of the MOX pellets on the bottom mesh plate was less than 1.97. In contrast, the average O/M ratios on the other mesh plates did not reach below 1.97. Because the loading weight of MOX pellets increased, gas was not sufficiently supplied to the MOX pellets to achieve an O/M ratio in equilibrium with the oxygen potential.
· The numerical simulation of the gas flow analysis clarified that most of the supply gas leaked from the clearance between the lower part of the outer frame of the tiered mesh plates and the gas inlet and the sintering plate because of the pressure drop of the mesh.
· The gas flow path can be improved by installing a hollow rod with a vent hole in the center of the tiered plates. The gas spread to all tiered plates.
· Furthermore, using the plates without mesh, the gas consumed in the reduction reaction of the MOX pellets on the lower plates did not flow into the upper one, and fresh gas can be supplied to each plate. This method is expected to reduce the O/M ratio of an entire MOX pellet to less than 1.97.
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