                                                   CHAPTER V. 
OPTIMIZATION OF COATED PARTICLES FUEL
1.INTRODUCTION   
            The small diameter coated particles fuel directly cooled by water have extremely important  nuclear reactor safety benefits.  Strong negative coolant and void reactivity coefficients with a very short thermal delay time (< 1 s) allow the nuclear reactor to shutdown quickly in the event of sever accident or terrorist acts like a premeditated reactivity or power excursion diversion. The high heat transfer surface due to small diameters of particles and a high conductivity of fuel decrease significantly a normal operational fuel temperature: the temperature of central region of particles is about 300-350 C whereas the fuel peak temperature for standard rod type fuel is about 1500 C or higher. The coated particles fuel are storing less latent heat, so during emergency conditions nuclear fuel cooled down by natural convection and radiation from the core to a subsequent passive system of heat removal [1, 2]. 

            The standard nuclear fuel for BWR and PWR is uranium dioxide (UO2) powder that is then processed into pellet form. The pellets are then fired in a high-temperature, sintering furnace to create hard, ceramic pellets of enriched uranium. The cylindrical pellets then undergo a grinding process to achieve a uniform pellet size. The pellets are stacked, according to each nuclear core's design specifications, into tubes of corrosion-resistant metal alloy. The tubes are sealed to contain the fuel pellets: these tubes are called fuel rods. The finished fuel rods are grouped in special fuel assemblies that are then used to build up the nuclear fuel core of a power reactor. The metal used for the tubes depends on the design of the reactor - stainless steel was used in the past, but most reactors now use a zirconium alloy. 

           Nuclear reactors with Pebble Bed of coated particles are designed in such a way that the fuel spherical particles are placed in the fuel assemblies as a random fixed beds. The coolant passed between particles in vertical or cross-flow direction. The fixed bed is characterized by specific heat transfer surface area of the bed Sb, where
                        Sb = surface area/bed volume  [m2/m3]. 
 For the diameter of a sphere d and pebble bed porosity a specific heat transfer surface is
                         Sb   =  6(1-  /d 
Heat transfer surface properties of pebble bed for spherical particles in comparison of the standard rod type fuel are given in the Table 1. 
Table 1.  Heat Transfer Properties of Fixed Pebble Bed and Standard fuel Assembly

	NN
	Type of fuel
	Sb,  m2/m3
	

	1
	Sphere
	
	

	2
	                 3 mm
	1300
	0.35

	3
	                  6 mm
	650
	0.35

	4
	                 10 mm
	390
	0.35

	5
	                  12.5
	312
	0.35

	6
	Standard Rod for BWR GE 8x8 Fuel Assembly 
(size 126.5x126.5; diameter of  fuel rod= 12.5mm)


	150
	0.49


        Table 1 demonstrates that the particles fuel core is characterized with more dense packaging of fuel in the core compared with standard BWR or PWR cores, because porosity of the fixed particles bed is less (see Table 1).  The specific heat transfer surface Sb, for the particles fuel is bigger than for the standard fuel assemblies, with smaller diameter of particles, the bigger is the specific heat transfer surface: for 3 mm diameter Sb almost one order higher, for 6 mm - 4 times, and for the particle diameter equal to a fuel rod diameter the heat transfer surface is two times bigger than for the BWR or PWR fuel assembly. Thus the optimum diameter of fuel particles with respect of heat transfer surface and reactor safety should be in the range of 5-6 mm, when the specific heat transfer surface and the specific nuclear fuel particles load density in the core are significantly exceeded those for the existing nuclear reactor core.    
2. MATERIALS FOR COATED PARTICLES FUEL
The material properties for coated particles fuel are under intensive investigation. The most known coated particles are TRISO particles fuel, tri-structural-isotropic (TRISO). The reference fuel concept for this study is similar to the German developed “TRISO” fuel particle used in various gas-cooled reactor designs.  In the TRISO fuel a tiny UO2 kernel is covered with several layers of pyrolitic carbon (PyC) and a single layer of silicon carbide (SiC) to create a “TRISO” fuel particle with a diameter of approximately 730 (m.  The TRISO coated particle fuel has been used in several gas cooled reactors: the Fort Saint Vrain High Temperature Gas Reactor (HTGR) in the United States and the 15 MWe AVR and 300 MWe THTR reactors in Germany. 






Fig. 1. TRISO particle with  pyrolytic carbon (PyC) cracked, showing the multiple coating layers. 
         The coated fuel particle consists of a fuel kernel composed of UOX or MOX (sometimes UC or UCO) in the center, coated with four layers of three isotropic materials. The four layers are a porous buffer layer made of carbon, followed by a dense inner layer of pyrolytic carbon (PyC), followed by a ceramic layer of SiC to retain fission products at elevated temperatures and to give the TRISO particle more structural integrity. The fourth external layer of dense pyrolytic carbon (PyC) is applied to protect the brittle silicon carbide layer during fuel particles fabrication. The pyrolytic carbon (PyC) are designed to not crack due to the stresses from processes (such as differential thermal expansion or fission gas pressure) at temperatures beyond 1600°C, and therefore can contain the fuel in the worst of accident scenarios in a properly designed reactor. Two such reactor designs are pebble bed modular reactor (PBMR), in which thousands of TRISO fuel particles are dispersed into graphite pebbles, and a prismatic-block gas cooled reactor (such as the GT-MHR), in which the TRISO fuel particles are fabricated into compacts and placed in a graphite block matrix. Both of these reactor designs are high-temperature gas-cooled reactors (HTGR), which is a type of very high temperature reactors (VHTR), one of the six classes of reactor designs in the Generation IV initiative
        In gas-cooled reactors, TRISO particles are encapsulated in carbon matrix materials.  For the HTGR the TRISO fuel particles were encapsulated in prismatic fuel elements.  In the pebble-bed reactor concept the fuel particles are pressed into spheres.  Both designs required that the fuel effectively retain and contain the fission products during normal operations, anticipated operational occurrences, and accidents.   TRISO coated particle fuel is also being developed for use in a pebble-bed reactor in China and South Africa, and is currently in use in the 30 MWt High Temperature Test Reactor (HTTR) in Japan.  TRISO coated particles fuel is designed to operate at high temperatures (approximately 1,000°C) and high burnup values (> 10% FIMA).

       For the Light Water Reactors (LWR) the Pebble Bed of coated particles has the low fuel temperature (~ 300-350 C) at normal operation conditions that could results in irradiation-induced swelling in the SiC coating layer. It was demonstrated by experiments and by numerical calculations using the finite element modeling that the swelling would be significant to cause the SiC layers failure during the first several hours or days of operation.  
3. ANALYSIS OF TEMPERATURE FOR THE PARTICLES FUEL
     The most important material properties for nuclear reactor safety are the thermal physical properties: density ρ, thermal conductivity λ, heat capacity Cp and thermal diffusivity α.  For uranium dioxide fuel the thermal conductivity is low, it is affected by porosity and burn-up. The burn-up results in fission products being dissolved in the lattice, formation of fission gas bubbles due to fission products such as xenon and krypton and radiation damage of the lattice. As a result the low thermal conductivity of the ceramic uranium oxide can lead to overheating of the centre part of the pellets during use. The porosity results in a decrease in both the thermal conductivity of the fuel and the swelling which occurs during use.
           The thermal delay time t is defined as the time required for the thermal wave comes from particle external surface to particle center to experience its final temperature rise. Estimation of the fuel temperature is possible through the simplified analytical representation (Lumped Heat Parameter Approach). For a small particle with high thermal conductivity immersed in a convective environment, and for the not to high Bio number, it is possible to assume that the temperature in the object is independent of position and has the form
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The energy balance for such an object can be expressed as 
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where M is the mass of the object, C is its specific heat, A is its surface area, and [image: image5.png]Ixl



is the temperature of the surroundings. 

For the constant mass and specific heat the equation becomes
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For the constant temperature of the surroundings the excess temperature 
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can be introduced to give 
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For the constant heat transfer coefficient and the initial temperature of the particle equal to [image: image9.png]
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 Defining the time constant of the system to be 
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This becomes
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Approach described above is valid when the Biot number
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In this equation L is a characteristic length scale of the solid, and k is the thermal conductivity of the object.

For an irregular solid a convenient measure of L is 
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where V is the volume of the object.

         For multilayer particle design and arbitrary Bio numbers we have developed a computer program based on the finite volume technique.  In the finite volume technique the object is subdivided into a mesh of contiguous finite elements each of which contains a number of nodes (also known as grid points or mesh points).  Around each of the internal nodes a finite volume is constructed such that each finite volume contains a single node.

         A typical node is shown below, along with its nearest neighbors. Uppercase letters are used to denote the nodes, and lower case to denote the faces of the finite volume. 
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Denoting the surface of the finite volume as S, and the volume of the finite volume as V, the steady state conservation of energy becomes
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where e is the internal energy per unit mass 
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is the conduction heat flux
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is a unit vector on the surface of the finite volume and pointing out of the volume

R is the internal heat generation per unit volume, and [image: image21.png]


is the density.

The volume integral can be evaluated approximately by assuming that the integrand is uniform within the volume and assumes the value at the node P,
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The conduction flux term is first split into integrals over the individual flat faces of the control volume.
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Consider a typical term and assume that the flux is constant over a control volume face 
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where ae is the area of face e. 

Putting it all together gives an algebraic equation of the form
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       Boundary conditions (heat flux, assigned temperature, temperature dependent flux) are naturally fitted in to equation 17. To transform equations (17) in to code able to work with heterogenic materials it is necessary to calculate interface conductivities (k). In the code the harmonic mean approximation with added contact resistance (R) was implemented as shown in the equation (18).
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We also used the implicit time marching scheme in calculations to ensure stability.

      The results of calculations for a time delay for uranium dioxide (UO2) fuel in different material of matrix are shown in Fig 3.  Also time delay calculations of the UO2 solid sphere are presented by black solid curve.  The radius of the solid sphere varied from 1 mm to 7 mm.  The calculation for spherical particles fuel in metallic matrix (solid blue color curves) were made with approximation that fuel were dispersed homogeneously in the metallic matrix and the  micro spheres diameter is small ( ~ 50m). Then two-layer model with interface conductivity equal to conductivity of matrix material can be used.
        A requirement for "inherent nuclear reactor safety" prescribes a delay time for a single particle to be at least an order less that an operational transient time or accident time, tdelay<< tacc  , so reactor will be shut-down  automatically without any involvement from the plant  personal.       
The time tacc  for developing severe consequences like fuel failure ( high cladding or fuel center temperatures) in reactor core due to operational mistake or sabotage action (withdrawal of control rods from the core) or any accident (small and large LOCA, a power station  blackout) is normally ten seconds or even more. So the diameter of particles and the thermal physical properties of the components should be design to satisfy condition: 

                                              tdelay  <  1 s                                                     (19)
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Fig. 3. Delay time for spherical particles 
         As it is follows from Fig. 2 for the uranium oxide particle it could be recommend to limit a maximum radius of fuel particles by 2 mm, when fuel delay time is less 1 second.  For metallic matrix material the optimum radius particles varied from 5 to 7 mm depending upon material. For Zr radius of fuel particles equal approximately 6 mm, for Mo matrix it will be about 7 mm.
        How can we reduce the particle time delay? Obviously we can use more thermal conductive material, like uranium nitride or uranium carbide. This is often the fuel of choice for reactor designs that NASA produces, one advantage is that UN has a better thermal conductivity than UO2. Uranium carbide is in the form of pin-type fuel elements for liquid metal fast breeder reactors. The high thermal conductivity and high melting point make uranium carbide an attractive fuel.
 4.   CERMET FUEL
           The cermet fuel design is a fine dispersion of UO2 or MOX micro-spheres that have uranium U-235 enrichment below 20%. The fuel micro-sphere diameter is in the range of  50m. The fuel- to- matrix ratio of about 50:50.  A.Solomon, S.McDeavitt and et [ 3 ] have developed a producing spray dry micro-spheres for fuel fabrication. The micro-spherse were produced by the spray drying method. The micro-spheres obtained from spray jet were dried at 473 K for 4 hours, pre-sintered at 1173 K for 2 hours and sintered at 1923 K for 10 hours. Then the micro-spheres are mixed with zirconium compaund and dry to create a matrix. It is possible also to consider other metals with  high melting points, the most likely candidates are Ti, Mo and V, or  their alloys such Ti/Cr/V. This fuel has high heat transport characteristics and can withstand a large amount of expansion. The cermet fuel have significant potential to enhence fuel performance and nuclear reactor safety because of low internal fuel temperatures and low stored energy.

     To illustrate this result is shown in Fig. 4. The temperature profile in the fuel pellets of 25 mm diameter fabricated from the standard UO2 ceramic fuel compare with cermet fuel. The power density is 250 W/cm3
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Fig.4. Temperature profile for 25 mm diameter pellet

It is clear that because the melting point of uranium dioxide is about 3300 K,  uranium oxide fuel is overheating and close to melting point.  However the cermet fuel has low temperature about 500 0C.
5. HEAT TRANSFER IN THE FIXED PEBBLE BED OF COATED PARTICLES FUEL 
        There are two category of fixed bed: regular and random packed. Regular packing provides a good control of bed porosity (voidage) and heat transfer surface area, but assembly is expensive and it is not used widely.  However the regular packing from metallic matrix is used in high temperature stoves in the glass and steel industries.

        Random packing is found in a wide range of industrial operations: absorption, drying, catalysis, combustion, and filtration and in much other application. Random beds are simple in design, assembly is cheap, and transportation and construction are rugged. Theoretically random bed exists only in infinitely sized bed, but this is closely approached when the ratios of a container diameter and container length to the particle diameter are greater than 10 [ 4,5 ]. 

        In the fixed bed operation of Pebble Bed reactors like FBNR,BWR-PB and AFPR the heat transfer in the bed and the pressure across the fixed bed are the major factors for nuclear reactor safety and operating cost.  The following parameters effect pressure drop and heat transfer in fixed beds: coolant velocity, density and viscosity; orientation of the flow (upward, downward or cross flow).

        The flow through a pebble bed is considered as a flow in parallel convergent-divergent channels.  For predicting heat transfer coefficient from spherical particles to liquid the average heat transfer hav or Nusselt Number is used in the following form:

        Nu =  hav d/u ch / 0.28 
The empirical correlations for heat transfer in a single-phase coolant (for PWR conditions) will be

Nu chRe ch 0.64  Pr1/3    for  m=0.364-0.463    and     Re ch = 30-  2x103    (21)

for  Re ch = 2 x103-  104                Nu chRe ch 0.65  Pr1/3                                (23)

and   for  Re ch = 104 -  3x105        Nu ch = 0.088 Re ch  0.7  Pr1/3                              (24)

Here    Here    Re ch   =  Vd ch  /V0 d ch/Reinolds Number calculated on channel diameter

Pr- CpPrandtl Number 

inematics viscosity [m2/s]
V0 is a superficial velocity [m/s]

d-diameter of micro- fuel elements (MFE) [m]

porosity ( for random packing porosity is 0.35-0.45)
d ch =  d  /6   is a equivalent channel diameter,  [m]

thermal conductivity of coolant ,  [W/K m]
Example of calculation:  Heat transfer in PB of AFPR

       Water region:  p=7.5 MPa; T= 280 C;  
[image: image31.wmf]r

=731 kg/m3
d = 0.002 m;     V0=0.1 m/s;     x[m2/s]

[W/m C]= 625x10-3;  Pr= 0.81
For given condition for water region in fuel channel Reinolds Number calculated on channel diameter is equal

       Re ch   = 0.45   Re = Vd ch  /V0 d ch/1
and  Nu ch is determined by  formula (3)      
  Nu chRe ch 0.64  Pr1/3  = 7.9 
and 

Nu and heat transfer coefficient are

Nu =  hav d/u ch / 0.28 = 46.9      and 

 hav= 14.6x 103  [ W/m2 K]

Heat flux in PB of AFPR is determined as 

qv= Qt/ Vcore

here Qt- thermal power of AFPR [W]   and Vcore  in the core is  [m3]

For Qt=300,000,000 W and Vcore= 12.8 m3 the volume occupied by MFE is 12.8x0.65= 8.32 m3.    The average volumetric heat flux in the AFPR is equal 36.05 MW/ m3.  

      The specific surface aria of the particles S is defined as the surface area of the particles divided by the volume of the particles. For a spherical particles   S=6/d= 3000 m2/ m3. So one m3 of PB of MFE with diameter of 2mm has a heat transfer surface 3000 m2 .  Then the average surface heat flux q is 12,019 W/ m2.

The temperature difference between fuel and coolant is determined as 

T= q/ hav=12,019/14,600 ~ 1 C0 .

6. HYDRAULIC RESISTANCE IN THE FIXED PEBBLE BED OF COATED PARTICLES

         One-phase flow. Experimental data are given in Fig.4. Coefficient of hydrodynamic resistance is calculated with the measured values of pressure drop in the pebble bed and flow rate.
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 and Re number  
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  –  velocity of the liquid (gas), related to the cross section of the tube without a pebble bed;  H – pebble bed height;  d –  diameter of particles; 
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 – liquid average density, for gas – density corresponding to the average pressure on the reference section.
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Fig.4 Experimental data and a curve
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 Re ch   = 0.45   Re 

As can be seen, the experimental values 
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 are in average by 10% higher than calculated ones at large Re, that can be caused by the rough surface of particles. Experimental data at 
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 are well described by formula (26) if the last summand in brackets is changed:
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Example of calculation:  Hydraulic Loss in PB of the AFPR

Let consider two cases of the coolant flow in AFPR.  The first is a upward  vertical flow in the annular channel.  For flow rate Gch= 500kg/s ; water density 770 kg/m2 the inlet coolant velocity in vertical direction 1.84 m/s. The pebble bed height H=3m. Diameter of particles is 2 mm. Using correlation (26) for Rejet= 2400 we found, that coefficient for hydraulic resistance and the pressure drop in the vertical channel, filled by pebble bed is equal 

P= U2 /2 H/d = 35x770x1.842 x3000/2= 68 MPa.

So it is not feasible to use the design with the standard vertical coolant flow.

Coolant cross-flow.  

         For cross-flow direction the flow surface is bigger, than for vertical flow. As a result for the same flow rate Gch=500kg/s the velocity that penetrate through the perforated wall into the pebble bed is smaller. For second fuel zone (200 mm width) inlet velocity is 0.15 m/s, p=7.5 MPa;  280 C;  
[image: image42.wmf]r

=731 kg/m3
d = 0.002 m;     V0=0.15 m/s;     x[m2/s]

[W/m C]= 625x10-3;  Pr= 0.81
For given condition for water region in fuel channel Reynolds number calculated on the average channel diameter is equal

       Re ch   = 0.45   Re = Vd ch  /V0 d ch/1

and   65
P= U2 /2 H/d = 65x770x0.152 x 200/2= 0.11 MPa.

The result of calculation shows small hydraulic losses, that is the main reason for using a coolant cross-flow in the PB reactors.
           Two-phase flow.  For Boiling Water Reactor with coated particles fuel the experimental data on the resistance of steam-water mixture in a pebble are given below. The experimental data  covers the range of pressure p=0.9-3 MPa, mass velocity related to the cross-section of the tube without a pebble bed 40-88 kg/(m2s),  and average steam quality  x =0-0.21.

          It is known that irrecoverable pressure losses of two-phase flow in channels depend on the mass velocity of the flow, its phase composition, flow mode, ratios between densities and viscosity of phases, coefficient of liquid surface tension, roughness of the channel walls, direction of the flow in relation of the mass forces field and other parameters. All these numerous factors that impact the hydrodynamic resistance, multiple structures of the flow, uncertain mode of interaction and contact area between the phases make analyses and empirical correlation of experimental data extremely difficult, even for simplest flows in straight tubes. In practice, resistance of two-phase flows is calculated with particular empirical formulae or with nomographs built with experimental data.

           Among the known methodologies of calculation, the simplest is the method based on the homogeneous model of two-phase mixture, where a two-phase flow is represented as a homogeneous medium with the density equal to the density of the mixture (mix, calculated by the flow concentration of phases, i.e. without accounting for the relevant movement of steam (gas) and liquid.
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Similar to a one-phase flow the pressure drop in section with l length  is defined with Darcy-Weisbach formula
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where coefficient of resistance 
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 for simplicity is taken as 
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 of a one-phase flow of a saturated liquid with  the mass velocity equal to the mass velocity of two-phase mixture; 
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 - velocity of a saturated liquid at the flow rate equal to the flow rate of the mixture.

Relative pressure drop in the two-phase flow is defined with a homogeneous method as         
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where 
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Δp

– pressure drop in adiabatic flow of the saturated liquid at velocity 
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. As a matter of fact, experimental values 
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 differ considerably from those calculated with the homogeneous model. It is obvious that this model is not accurate as it doesn’t take into account the sliding of phases and doesn’t provide for the limit transition at x=1.

In practical calculations formula (28) is added with a correction coefficient (. Its values are represented as nomographs depending on the mass velocity, pressure and steam content, and pressure drop of the two-phase flow is defined as 

       
[image: image53.wmf]о

dph

p

 

Δ

p

 

Δ

=
[image: image54.wmf]ú

û

ù

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

¢

¢

¢

+

1

 

x

1

 

Ψ

r

r

                                                   (29)

or, with a better methodological justification as
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It should be noted that the relative resistance of two-phase flow in the tube with a pebble bed is less sensitive to the changes of velocity or pressure. As can be seen on Fig.5, experimental data can be described with formula (30) with the average y=0.4.   
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Fig. 5. Comparison of experimental data and calculations (7) of the specific pressure drop for the two-phase flow in a pebble bed at 
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Fig.2.   Conventional finite volume configuration
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