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ABSTRACT 

 

Accurate evaluations of fuel behavior is a crucial part in the determination of fuel 

operation limits and in the verification of burnup capabilities and reliability characteristics. 

In-pile behaviors of metallic fuels are closely connected with one another under a wide 

variety of irradiation histories. In most cases, each individual behavior cannot be evaluated 

by considering its own physical phenomena in isolation. Due to the high degree of 

interconnection among the fuel behaviors, the models that predict and quantify the fuel 

behaviors contain nonlinear mathematical expressions, and the coefficients and boundary 

conditions of each model are dependent on the calculations of other models. These 

complex relations generally require an integrated platform which has high-performance 

computing capabilities to handle the fuel behavior models simultaneously. In this research, 

a comprehensive computational tool has been developed to provide an optimized platform 

where each model can communicate with other models to calculate the synergistic effects 

of the fuel behaviors. The tool was named Tool for Analyzing Metallic U-Zr Fuel 

Performance (TAMU-ZFP). 

The framework of the TAMU-ZFP code was erected by implementing improved 

thermo-mechanical models in the code with new advanced algorithms. The governing 

equations (GEs) of the thermo-mechanical models were established for each individual 

cell of the spatial and temporal mesh employed in the code, and the GEs of a cell were 

solved with the boundary conditions pertaining to the specific cell. These cell-based 

models effectively describe the spatial variation and time dependence of thermo-
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mechanical behaviors. By supplying the specific behavioral history of each cell, the new 

thermo-mechanical models enable the framework to be an optimized environment for the 

coupling of fuel performance models. TAMU-ZFP adopted new advanced algorithms to 

implicitly calculate the synergic effects of the irradiation behaviors. The radial and axial 

interlocking in a fuel performance calculation, coupling of fuel perform models, contact 

analysis, and dynamic dimensioning and power adjustment after fuel pin deformation are 

executed in three main algorithms: open-gap algorithm, serial-contact algorithm, and 

random-contact algorithm. Also, transient modules that allow one job-step for the 

simulations of design-based off-normal fuel behaviors were installed in the TAMU-ZFP 

code. 
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NOMENCLATURE 

 

Section 2.1 

 ,cool z t  = coolant density at elevation z on the pin axis at time t [g/cm3] 

 ,channel

cA z t  = cross-sectional area of the single coolant channel at elevation z on the pin 

axis at time t [cm2] 

 ,cool

pc z t  = heat capacity of the coolant at elevation z at time t [J/g-K] 

 ,coolT z t  = coolant temperature at elevation z at time t [K] 

 ,hP z t  = heated perimeter of the single coolant channel at elevation z on the pin axis at 

time t [cm] 

 ,pin surfq z t
  = incoming heat flux from the fuel pin surface at elevation z on the pin axis 

at time t [W/cm2] 

 cool

channelm t  = coolant mass flow rate in the single channel at time t [g/s] 

 ,pinr z t  = fuel pin radius at elevation z at time t [cm] 

L  = pin pitch [cm] 

 
cool

i
T  = coolant temperature at axial node  iz  [K] 

 cool s i

pc


 = average heat capacity of the coolant in axial section (i) [J/g-K] 

hf  = fraction of incoming linear heat 

 s i
z  = length of axial section (i) [cm] 
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N = number of pieces of the linear power function pertaining to axial section (i) 

 ip  = linear heat generation rate at axial node  iz  [W/cm] 

  
   

_ 1 1

cool s i s n

sub i n
T



 
 = coolant temperature at axial sub-node 

  
   

_ 1 1

s i s n

sub i n
z

 
 in axial section (i) at time 

 1n
t


 of time section [n] [K] 

 s n
t  = size of time section [n] [s] 

   s i s n
a  = average coolant velocity in axial section (i) for time section [n] [cm/s] 

   s i s n
b  = average coolant temperature increase rate by the fuel pin surface heat flux in 

axial section (i) for time section [n] [K/s] 

 
   

1

sub s i s n

n
z




  = size of axial sub-sections in axial section (i) at time 

 1n
t


 of time section [n] 

[cm] 

  
   

_

cool s i s n

sub top n
T


 = coolant temperature at the last axial sub-node,   

   
_

s i s n

sub top n
z , in axial section (i) 

at time 
 n
t  of time section [n] [K] 

 ,pin surfq z t
  = heat flux on the fuel pin surface at elevation z on the pin axis at time t 

[W/cm2] 

 ,filmT z t  = temperature drop across the coolant film layer by forced convection [K] 

 ,c

outT z t  = cladding outside temperature at elevation z at time t [K] 

 ,cool

convh z t  = convective heat transfer coefficient of the coolant at elevation z on the pin 

axis at time t [W/cm2-K] 

 cool s i
T


 = average temperature of the coolant in axial section (i) [K] 
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 s i
p  = average linear heat generation rate in axial section (i) [W/cm] 

 c s i

outr


 = radius up to the outer surface of the cladding in axial section (i) [cm] 

radial section <c> = the outermost radial section of the cladding 

 
   

1

c s c s i s n

c n
T




 = cladding temperature at the last radial sub-node,  

   
1

c s i s n

c n
r




, in radial section 

<c> of axial section (i) at time 
 n
t  of time section [n] [K] 

 
   s c s i s n

n
  = ratio of the convective heat transfer coefficient of the coolant to the conductive 

heat transfer coefficient of the cladding in axial section (i) at time 
 n
t  of time 

section [n] 

 
   c s c s i s n

n
r


  = size of radial section <c> of the cladding in axial section (i) at time 

 n
t  of 

time section [n] [cm] 

 
   c s c s i s n

n
k


 = average thermal conductivity of the cladding in radial section <c> of axial 

section (i) at time 
 n
t  of time section [n] [W/cm-K] 

 

   
1

2

c s c s i s n

c n
T




 = cladding temperature at radial sub-node 

 

   
1

2

c s i s n

c n
r




 in radial section <c> of 

axial section (i) at time 
 n
t  of time section [n] [K] 

 
   cool s i s n

n
k


 = average thermal conductivity of the coolant in axial section (i) at time 

 n
t  of 

time section [n] [W/cm-K] 

   heated s i s n

eD


 = equivalent heated diameter of the coolant channel in axial section (i) for 

time section [n] [cm] 
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 
   s i s n

n
Nu  = Nusselt number of the coolant in axial section (i) at time 

 n
t  of time section 

[n] [dimensionless] 

 
   Re

s i s n

n
 = Reynolds number of the coolant in axial section (i) at time 

 n
t  of time section 

[n] [dimensionless] 

 
   Pr

s i s n

n
 = Prandtl number of the coolant in axial section (i) at time 

 n
t  of time section [n] 

[dimensionless] 

 
   cool s i s n

n



 = average dynamic viscosity of the coolant in axial section (i) at time 

 n
t  of 

time section [n] [P] 

   hydraulic s i s n

eD


 = equivalent hydraulic diameter of the coolant channel in axial section (i) 

for time section [n] [cm] 

 ,cE r t  = thermal energy of the cladding per unit volume at point r  in three-dimensional 

space at time t [J/cm3] 

ne  = unit vector which is normal to the surface 

 
1

c s j s i

j
T




 = cladding temperature at radial node  

1

c s i

j
r




 in radial section <j> of axial section 

(i) [K] 

 c s j s i
r


  = size of radial section <j> of the cladding in axial section (i) [cm] 

 
1

c s j s i

j
T




 = virtual variable at ghost node    c s j s ic s i

j
r r


  [K] 

     ,
c s j s i s n

r t


 = density of the cladding at radius r in radial section <j> of axial section 

(i) at time t of time section [n] [g/cm3] 
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     ,
c s j s i s n

pc r t


 = heat capacity of the cladding at radius r in radial section <j> of axial 

section (i) at time t of time section [n] [J/g-K] 

     c s j s i s n
k t


 = average thermal conductivity of the cladding in radial section <j> of axial 

section (i) at time t of time section [n] [W/cm-K] 

 
   

1

c s j s i s n

j n
V




 = diffusion number at radial node  

   
1

c s i s n

j n
r




 in radial section <j> of axial section 

(i) at time 
 1n
t


 of time section [n] [dimensionless] 

 
   
1

c s j s i s n

D j n





 = thermal diffusivity of the cladding at radial node  

   
1

c s i s n

j n
r




 in radial section 

<j> of axial section (i) at time 
 1n
t


 of time section [n] [cm2/s] 

 
   

1

c s j s i s n

n
W




 = ratio of the conductive heat transfer coefficient of radial section <j-1> to 

the conductive heat transfer coefficient of radial section <j> in axial 

section (i) of the cladding at time 
 1n
t


 of time section [n] 

radial section <g> = the outermost radial section of the gap 

 
   

1

g s i s n

g n
T




 = gap temperature at radial sub-node  

   
1

g s i s n

g n
r




 in axial section (i) at time 

 1n
t


 of 

time section [n] [K] 

 g s i

inT


 = gap inside temperature in axial section (i) [K] 

 g s i

outT


 = gap outside temperature in axial section (i) [K] 

 g s i

mr


 = logarithmic mean radius of the gap in axial section (i) [cm] 

 g s i
h


 = the intensive-property representation of the gap conductance in axial section (i) 

[W/cm2-K] 
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 ,fE r t  = thermal energy of the fuel per unit volume at point r  in three-dimensional 

space at time t [J/cm3] 

 ,fS r t  = internal heat sources in the fuel slug region [W/cm3] 

 ,f

netq r t  = net current of heat at point r  at time t [W/cm2] 

 ,f

genq r t  = volumetric heat generation rate at point r  in three-dimensional space at time 

t [W/cm3] 

 
1

2

f s j s i

j
T




 = fuel temperature at radial sub-node 

 
1

2

f s i

j
r




 in radial section <j> of axial section 

(i) [K] 

 f s j s i

genq
  = average volumetric heat generation rate in radial section <j> of axial section 

(i) [W/cm3] 

 f s j s i
k


 = average thermal conductivity of the fuel in radial section <j> of axial section 

(i) [W/cm-K] 

 f s j s i
r


  = size of radial section <j> of the fuel slug in axial section (i) [cm] 

 f s i

outT


 = fuel outside temperature in axial section (i) [K] 

     ,
f s j s i s n

r t


 = density of the fuel at radius r in radial section <j> of axial section (i) 

at time t of time section [n] [g/cm3] 

     ,
f s j s i s n

pc r t


 = heat capacity of the fuel at radius r in radial section <j> of axial section 

(i) at time t of time section [n] [J/g-K] 
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 
   

1

f s j s i s n

D j n
V




 = diffusion number at radial sub-node  

   
1

f s i s n

j n
r




 in radial section <j> of axial 

section (i) at time 
 1n
t


 of time section [n] [dimensionless] 

 
   
1

f s j s i s n

D j n





 = thermal diffusivity at radial sub-node  

   
1

f s i s n

j n
r




 in radial section <j> of axial 

section (i) at time 
 1n
t


 of time section [n] [cm2/s] 

 
   

1

f s j s i s n

T j n
Q




 = fuel temperature increase at radial sub-node  

   
1

f s i s n

j n
r




 in radial section <j> 

of axial section (i) for time section [n] by the internal heat source at time 

 1n
t


 of time section [n] [K] 

 
   

1

f s j s i s n

T j n
q




 = fuel temperature increase rate at radial sub-node  

   
1

f s i s n

j n
r




 in radial section 

<j> of axial section (i) by the internal heat source at time 
 1n
t


 of time 

section [n] [K/s] 

 
   

1

f s j s i s n

n
W




 = ratio of the conductive heat transfer coefficient of radial section <j-1> to 

the conductive heat transfer coefficient of radial section <j> in axial 

section (i) of the fuel at time 
 1n
t


 of time section [n] 

 
   

1 1

g s i s n

n
T




 = gap temperature at radial sub-node  

   
1 1

g s i s n

n
r




 in axial section (i) at time 

 1n
t


 of 

time section [n] [K] 

 

Section 2.2 

k  = permanent deformations due to swelling, creep, and plastic flow [dimensionless] 

(k = r, θ, or z) 
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E = Young’s modulus (modulus of elasticity) [MPa] 

G = shear modulus (modulus of rigidity) [MPa] 

  = Poisson’s ratio [dimensionless] 

  = coefficient of linear thermal-expansion [K-1] 

s  = swelling strain [dimensionless] 

c

k  = creep and plastic strain [dimensionless] (k = r, θ, or z) 

 s j s i
  = average Poisson’s ratio in radial section <j> of axial section (i) 

 s j s i
  = average linear thermal-expansion coefficient in radial section <j> of axial 

section (i) [K-1] 

 s s j s i



 = swelling strain averaged over radial section <j> of axial section (i) 

[dimensionless] 

 c s j s i

r


 = creep and plastic strains in the radial direction averaged over radial section <j> 

of axial section (i) [dimensionless] 

 c s j s i




 = creep and plastic strains in the angular direction averaged over radial section 

<j> of axial section (i) [dimensionless] 

 s j s i
T  = average temperature in radial section <j> of axial section (i) [K] 

 
1

s j s i
C  = constant of integration for radial section <j> of axial section (i) [dimensionless] 

 
2

s j s i
C  = constant of integration for radial section <j> of axial section (i) [cm2] 

 
 

 
1

s j s i
s j s i

s j s i

E
a





 [MPa] 
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 
 

 
1 2

s j s i
s j s i

s j s i
b







 

          
03

s j s i s j s i s j s i s j s i s s j s i
c T T 

    
 

 

            
0

s j s i s j s i s j s i s j s i s s j s i c s j s i

k kd T T  
      

 
 (k = r, θ, or z) 

   
 

 
      

 

 
          

1 1

2 1

1 1 2 1
                    ln 1

2 21

s j s i
s j s i s j s i s j s i s s j s i

s j s i

s j s i
c s j s i c s j s i c s j s i c s j s i

r rs j s i

X r T

r 


 




   





   

 
    

   
           

 

 
 

 
    1 1 2

2 1

s j s i
s j s i c s j s i c s j s i

rs j s i
m 


 



 
 

    
 

 
( )

s i

z iu  = axial displacement of axial node  iz  in axial section (i) [cm] 

radial section <f> = the outermost radial section of the fuel 

   
 

1

1

f s i

f s s i

r
r r

u r





 = radial displacement of the first radial node  

1

f s i
r


 in axial section (i) 

of the fuel [cm] 

   
 

1

f s i

f

f s f s i

r
r r

r







 = radial stress at the last radial node  

1

f s i

f
r




 in axial section (i) of the 

fuel [MPa] 

plenumP  = plenum pressure in the fuel pin of interest [MPa] 

   
 

1

f s i

j

f s j s i

r
r r

u r


 


 = radial displacement of radial node  f s i

j
r


 of radial section <j-1> in 

axial section (i) of the fuel [cm] 
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   
 

1

f s i

j

f s j s i

r
r r

r







 = radial stress at radial node  

1

f s i

j
r




 of radial section <j> in axial 
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Section 3.1 

f openF   = friction force induced by the deformation of the axial sections having the open 

gap [MPa∙cm2] or [102∙N] 

A  = as-cast fuel density [g/cm3] 

SD = smeared density [%TD] 
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fr  = radius of the as-fabricated fuel [cm] 

gr  = radius up to the inner surface of the as-fabricated cladding [cm] 

T  = theoretical density of the fuel at room temperature [g/cm3] 

0p  = porosity of the as-fabricated fuel [%] 

 

Section 3.2 

 s i
H  = length of axial section (i) [cm] 

0M  = initial mole of gas in the fuel pin [mol] 

FGRM  = mole of the fission gas released to the gap and plenum [mol] 

R  = gas constant [J/mol-K] 

0

plenumV  = initial volume of the plenum region [cm3] 

0

plenumT  = initial average temperature of the plenum region [K] 

 p s i
V


 = volume of the pores in axial section (i) [cm3] 

 p s i
T


 = average temperature of the pores in axial section (i) [K] 
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1. INTRODUCTION 

 

Interest in the sodium fast reactor (SFR) systems whose primary missions are improved 

utilization of uranium resources and efficient management of high-level wastes [1] has 

been renewed and invigorated for the past ten years [2]. With innovations for economical 

electricity production, the SFR development is now aiming at establishment of the 

advanced nuclear energy system selected by the Generation IV International Forum (GIF) 

[1]. The GIF system has the following four criteria: safety and reliability, economic 

competitiveness, sustainability, and proliferation resistance and high physical protection 

[3]. 

The sodium-cooled fast reactor features a fast neutron spectrum and liquid-metal 

cooling. Abundant high-energy neutrons in the SFR core provide ability to burn long-lived 

radiotoxic nuclides, plutonium and other actinides in particular, included in the spent 

nuclear fuel (SNF) of the in-service commercial reactors such as the light water reactor 

(LWR) [4]. This TRU-burning ability of the SFR can be used to reduce the volume and 

toxicity of high-level wastes. With pyro-electro-chemical processing technology [5], the 

SFR system can have a fully closed fuel cycle and achieve ultimate utilization of uranium 

resources owing to its excellent transmutation efficiency. The fast neutron spectrum also 

minimizes the reactivity and power oscillation attributed to the variation of xenon and 

samarium concentrations because the neutron cross sections of xenon and samarium are 

relatively low in the high-energy region [4]. 
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Figure 1.1. Plant layout of the PHENIX reactor as a typical representative of the pool 

design of fast reactors. Reprinted from reference [2]. 

 

 

The liquid-sodium coolant basically allows high power density with a low coolant 

volume fraction [1]. The liquid sodium is chemically compatible with the steel materials 

[4] and provides an oxygen-free environment which prevents corrosion of the core 

components [1]. This characteristic permits the pool-type reactor configuration illustrated 

in Figure 1.1 [2] as a possible option of the SFR design. The liquid sodium also has a high 

boiling point of 883 ºC at atmospheric pressure [4], which gives an ample boiling margin 

from the normal coolant-operating temperatures (typically 350 ºC inlet and 510 ºC outlet) 

[6]. The atmospheric pressure eliminates the possibility of high-pressure release accidents 

[4]. Moreover, an atmospheric-pressure primary system does not need the thick pressure 

vessels necessary to contain the high pressures, and it, in turn, enables the pool-type 
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reactor configuration [7] together with the chemical compatibility of the liquid-sodium 

coolant. The large sodium inventory of the pool configuration generally provides a large 

thermal inertia [7] which makes thermal transients mild and allows a relatively longer 

grace period in an accident condition [4]. 

 

Table 1.1. Physical properties of fuel candidates (Pu / (U+Pu) = 20%). Reprinted from 

reference [3]. 

 

Property (U, Pu)O2 (U, Pu)Zr (U, Pu)N (U, Pu)C 

Density 

[g/cm3] 

11.0 15.6 14.3 13.6 

HM Density 

[g/cm3] 

9.7 14.0 13.5 12.9 

Melting Point 

[ºC] 

2730 1070 2720 

(atm. N2) 

2320 

Thermal Conductivity 

[W/m-K] 

2.9 

(1000 ºC) 

35 

(500 ºC) 

19.8 

(1000 ºC) 

19.6 

(1000 ºC) 

Thermal Expansion 

[10-6/ºC]  (20~1000 ºC) 

12.6 16.5 10.0 12.4 

 

 

1.1. Motivations 

 

The advantages of the SFR system are boosted by using metallic fuels which have high 

burnup capability and reliable steady-state and off-normal performance characteristics [8] 

originating from their intrinsic thermal, mechanical, chemical and neutronics properties. 

The metal fuels have higher fissile and fertile densities than oxide or carbide fuels, as 

shown in Table 1.1 [3]. The higher heavy-metal densities allow higher breeding ratios 

(Figure 1.2 [6]) and smaller core sizes for a specific reactor power [9]. The superior 



 

4 

 

neutron economy further enables improvements in the reactor core design such as 

minimizing the reactivity swing over an operating cycle and increasing the cycle length 

[6]. Also, the metal fuel is chemically compatible with the liquid-sodium coolant, and it 

eliminates the potential of energetic fuel-coolant reactions and flow blockages in the case 

of cladding breach [10]. Thus, the metallic fuel exhibits benign run beyond cladding 

breach (RBCB) behaviors as shown in Figure 1.3 [8]. 

 

 

Figure 1.2. Comparison of breeding ratio potentials of oxide, carbide, and metal fuels. 

Reprinted from reference [6]. 

 

 

Another safety-related benefit of the metal fuel is its high thermal conductivity and 

consequent low fuel-operating-temperatures that afford a sufficient power-to-melt margin 

[4]. In the anticipated transient without scram (ATWS) events such as loss of flow without 
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scram (LOFWS), loss of heat sink without scram (LOHSWS), and transient overpower 

without scram (TOPWS) [6], the fuel and core expand with increased core temperatures 

[4], and the thermal expansion favorably induces a negative reactivity feedback and a 

power rundown. After the power rundown, the metallic fuel can retain this inherent 

passive safety characteristic with a negligible retraction of the negative reactivity as a 

result of smaller variations in the Doppler reactivity feedback attributed to the significantly 

lower operating-temperatures. Therefore, the metallic fuels show reliable thermal transient 

behaviors, and could deterministically survive in the accident scenarios without human 

interventions or operations of engineered components [6]. As an additional intrinsic safety 

feature of the metal fuel, the large amount of axial and radial expansion driven by fission 

gases provides negative reactivity feedback before the fuel pin itself fails [6]. 

 

(a) 

 

(b) 

 
 

Figure 1.3. Cross-sections of the oxide fuel and the metal fuel after RBCB tests. (a) During 

the oxide fuel RBCB test (9% burnup), the initial breach site is widened by the low density 

sodium-fuel-interaction-product, Na3(PuU)O4, which results in a small amount of fuel loss 

to the coolant. (b) There are no reaction products and no indications of breach site 

enlargement in the metal fuel RBCB test (12% burnup). Also, the fuel loss is practically 

zero in the metal fuel experiment. Reprinted from reference [8]. 
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Furthermore, the metallic fuel is easily fabricated by simple injection-casting. 

Extensive experience on the metallurgical processes of the injection-casting [11] is 

available, and the fuel slug can be manufactured without crystallographic texture which 

induces unusual irradiation growth and swelling [9]. The relatively short fabrication 

sequence of the injection-casting with easy-to-build and easy-to-use equipment [3] brings 

more economic competitiveness to the metal fuel. In addition to the ease of fabrication, 

the metal fuel can be supported by straightforward recycling technology that 

fundamentally precludes undetected diversion of the fuel material and its use for nuclear 

weapons through difficulties of handling the reprocessed product containing uranium and 

highly radioactive fission products along with plutonium [12]. This recycling method 

basically allows all the actinides to remain in the fuel cycle and to be fabricated back into 

the recycled fuel and fissioned for useful energy [12]. Also, its process involves batch 

operations, and thus is easily scaled to meet local requirements [12]. 

The beneficial intrinsic properties and reliable high-burnup performance of the 

metallic fuels are closely related to an alloying element which is added to the uranium or 

uranium-plutonium metal. The additive is primarily intended for enhancing dimensional 

stability under irradiation, but also for improving corrosion resistance and tailoring solidus 

and liquidus temperatures toward desired values for fabrication and operational 

performance [9]. Several elements were explored as candidates for the alloying agent, and 

chromium, molybdenum, titanium, and zirconium exhibited an adequate increase in 

melting temperature [12] for both of the uranium and plutonium bearing fuels. However, 

zirconium was exceptional among them in that it enhanced compatibility between the fuel 
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and cladding materials by suppressing the inter-diffusion of fuel and cladding components 

[12]. The inter-diffusion of fuel and cladding components and their chemical reaction 

generally deteriorate the cladding mechanical properties and lead to the formation of 

compounds having relatively low melting points in both fuel and cladding [13]. During an 

off-normal event, the lower-melting-temperature compositions can result in eutectic 

liquefaction, which effectively reduces the thickness of the load-bearing cladding wall. 

This fuel-cladding chemical interaction (FCCI) is initiated from high fuel swelling and 

enhanced by rare-earth fission products (lanthanides) present in increasing amounts with 

higher burnup [9]. 

 

 

Figure 1.4. Major Irradiation behaviors of metal fuel. Reprinted from reference [14]. 
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Figure 1.5. Fission gas release versus fuel volume increase. The bubble interlinkage and 

open-channel formation appear to be rather independent of fuel alloy. Reprinted from 

reference [12]. 

 

 

Although the U-Zr and U-Pu-Zr fuels were shown to have sufficient reliability to 

high burnups by earlier irradiation tests, further evaluations of key fuel-performance 

phenomena outlined in Figure 1.4 [14] are still of interest for determining fuel operational 

limits [9] and for demonstrating the enhanced safety characteristics of the zirconium alloy 

fuels. Fission gas release (FGR) and fission-gas-induced swelling had been considered as 

the most serious obstacle to achieving high burnup in early stages of the metallic fuel 

development. These issues were addressed with two simple design changes:  a reduced 

planar smeared density for accommodating fuel swelling to the point where fission gas 

bubbles are interconnected to develop open channels for fission gas to be continuously 
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released into the pin plenum (thus minimizing the driving force for further swelling) and 

 a larger fuel pin plenum for capturing the released fission gas with less stress placed on 

the cladding [9]. Figure 1.5 shows that FGR is rapidly increased at about 30% fuel swelling 

which is allowed by the low smeared density for the bubble interconnection and open-

channel formation [12]. 

 

 

Figure 1.6. Fuel length increase in various metallic fuels as a function of burnup. The open 

symbols represent EBR-II irradiation data, and the closed symbols indicate IFR-1 

irradiation data. Reprinted from reference [13]. 

 

 

Another critical irradiation behavior to be considered for the zirconium alloy fuels 

is fuel constituent redistribution, which is radial inter-diffusion of U, Pu, and Zr within the 

fuel. It occurs in the early stage of irradiation and creates Zr-depleted radial zones 

consequently having lower and local solidus temperatures. The constituent redistribution 
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and zone formation are due to phase equilibria effects established in the temperature 

gradient across the radius of the fuel [9], and hence they are temperature dependent and 

have radial patterns. The formation of radial zones accelerates the radial swelling 

markedly. The high rate of radial swelling induces stresses in the peripheral region of the 

fuel, which is large enough to result in crack formations [8]. This anisotropic swelling also 

leads to much smaller axial growth. The radial zone formation and anisotropic swelling 

are more pronounced in the plutonium ternary fuel than in the U-Zr fuels or U-fissium 

fuels [8], as shown in Figure 1.6 [13]. 

 

 

Figure 1.7. Inter-diffusion between U-10Zr fuel and HT9 cladding irradiated to 6 at.% 

burnup at ~ 620 °C. Reprinted from reference [13]. 

 

 

Although the addition of zirconium as an alloying element greatly improves the 

chemical compatibility between the fuel and cladding materials, FCCI is still one of the 
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life-threatening fuel-performance phenomena under high burnup and long reactor-

residence time. The FCCI in metallic fuels is characterized by two stages of interaction 

which have different cladding wastage mechanisms [13]. The first stage occurs prior to 

the accumulation of rare-earth fission products (lanthanides) at the fuel-cladding interface 

[13]. In this stage, the cladding components, nickel/carbon and iron in particular, diffuse 

into the fuel [12], and then develop lower-melting-temperature compositions near the 

interface. The Ni-depletion in the austenitic cladding and the decarburization of the 

martensitic cladding also cause the formation of a ferretic layer in the cladding region, as 

shown in Figure 1.7 [13]. During the second stage, the lanthanide fission products (FPs) 

eventually control the overall FCCI phenomena as more lanthanides migrate to the fuel-

cladding interface in higher burnup. The radial migration of the lanthanide FPs and the 

lanthanides-controlled FCCI increase with both fuel temperature and presence of Pu in the 

fuel [13]. The FCCI could be reduced by using a protective barrier (zirconium, vanadium, 

or zirconium-nitride) on the cladding inner surface or by using alloy agents that can slow 

down or impede the diffusion of critical FPs [13]. 

 

1.2. Background 

 

As mentioned in section 1.1, accurate evaluations of fuel performance is a crucial part in 

the determination of limiting conditions of operation (LCOs) [9] and in the verification of 

burnup capabilities and reliability characteristics. The fuel performance analysis generally 

requires a comprehensive computational tool which can predict and quantify in-pile fuel 
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behaviors that are elaborately linked to one another under diverse irradiation histories. The 

tool is also required as a practical guide for fuel modeling, irradiation experiments, and 

development of advanced fuel materials and designs. 

 

Table 1.2. Metallic fuel performance codes. Reprinted from reference [15]. 

 

 LIFE-METAL SESAME ALFUS MACSIS FEAST-METAL 

Developer ANL (US) CRIEPI (JAPAN) CRIEPI (JAPAN) KAERI (Korea) MIT (US) 

General capabilities Steady-state and 

transient behavior 

Steady-state 

behavior 

Steady-state 

behavior 

Steady-state 

behavior 

Steady-state and 

transient behavior 

Fission gas release 
and fuel swelling 

Empirical 
correlation 

Empirical 
correlation 

Mechanistic model, 
based on UO2 Fuel 

Mechanistic model, 
based on UO2 Fuel 

Mechanistic model, 
based on metal fuel 

Constituent 

redistribution 

Empirical 

correlation 

Chemical 

equilibrium model 

Thermo-transport 

theory 

Thermo-transport 

theory 

Thermo-transport 

theory 

Temperature 

distribution 

1D model 1D model 1D model 1D model 1D model 

Mechanical 
analysis 

1D model 1D model 2D model 1D model 1D model 

FCCI Empirical 

correlation 

Not included Empirical 

correlation 

Not included Diffusion model 

based on 
precipitation 

kinetics 

Creep fracture Cumulative 
damage fraction 

model 

N/A N/A N/A (1) Cumulative 
damage fraction 

model 

(2) Constrained 
diffusional 

cavity growth 

model 

 

 

Several fuel performance codes have been developed as the comprehensive 

computational tool to simulate irradiation behaviors of metallic fuels. Table 1.2 

summarizes representative metal fuel performance codes [15–19]. The first metal fuel 

code is LIFE-METAL which evolved from the LIFE series. The original version of the 

LIFE code had been built for oxide fuels, and the later versions, including LIFE-METAL, 

retained the same code structure with employing different materials properties and 
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behavior models according to the fuel type [13]. LIFE-METAL is a combined code for 

steady-state and transient fuel performance evaluations. It predicts thermo-mechanical 

behaviors of a metallic fuel pin in the sodium-cooled fast reactor as a function of reactor 

operating history. The code calculations are executed in the radial direction of the fuel pin 

where up to 20 radial rings are allowed to account for radial variations in the fuel behaviors 

(thermal analysis and mechanical analysis use different radial rings) [13]. Axial variations 

are represented through assigning the local power and fast flux at up to 9 axial nodes [13]. 

The axial nodes are thermally combined by coolant temperature calculations, but are not 

mechanically affected by the conditions or behaviors of any other axial nodes, which 

means axial lock-up effects on mechanical performance are not taken into account. LIFE-

METAL adopted empirical correlations for critical fuel performance phenomena such as 

fission gas release, fission-gas-induced swelling, and fuel constituent redistribution. 

SESAME (Simulating Evaluation System of Alloyed Metallic Element) [17] was 

developed next to LIFE-METAL by the Central Research Institute of the Electric Power 

Industry (CRIEPI) in Japan. The code predicts the steady-state irradiation behavior of both 

U-Fs and U-Pu-Zr alloy fuels. A single fuel element is divided into several axial nodes, 

each containing several equiaxial radial meshes in which performance variables such as 

stress, strain, temperature, and material properties are assumed to be uniform. 

Temperature calculations are done by a conventional one degree of freedom finite element 

method (FEM) in a temperature convergence loop for handling the nonlinearity of thermal 

conductance. The constituent redistribution model, fission gas release model, and fuel 

swelling model are also included in the temperature convergence loop due to the mutual 
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dependence of those models and temperature calculations. The convergence of the 

temperature calculations is achieved more easily than the gap conductance problem of 

oxide fuel performance codes, and hence the code uses relatively longer time-steps except 

the shortened time-step right before the gap closure. Like the LIFE-METAL code, 

SESAME employed many empirical correlations that could be invalid when applied to the 

outside of the database range for which they were formulated originally. 

The later codes MACSIS (Metal fuel performance Analysis Code for Simulating 

the In-reactor behavior under Steady-state conditions) and ALFUS (ALloyed Fuel Unified 

Simulator) contain more theoretical models based on the fundamental physics of fuel 

performance phenomena. MACSIS [19,20] was developed by Korea Atomic Energy 

Research Institute (KAERI) as a fuel design tool for the Korea advanced liquid metal 

reactor (KALIMER) program. Major models of MACSIS are included in the calculation 

scheme of temperature profiles that consider the effects of sodium infiltration, fuel 

constituent redistribution, fission gas release, and fuel pin deformation. The scheme is 

structured with a convergence loop where the gap conductance is iteratively calculated 

until convergence by the Ross-Stoute model which takes account of conduction through 

the sodium bond, radiant heat transfer, and solid-solid conduction through points of 

contact. The fuel constituent redistribution model was derived from the thermo-transport 

theory. The code computes fission gas release and fuel swelling by evaluating the intra-

granular diffusion of fission gas atoms (first suggested in Booth’s classical diffusion 

theory) and the inter-granular movements of fission gas bubbles. However, those 

mechanisms were originally introduced for ceramic fuels and may not be valid in metallic 
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fuels. The fuel slug is divided into up to 20 axial nodes, and each axial node is radially 

divided into ten concentric annuli of equal thickness. The detailed thermo-mechanical 

analyses are performed in the radial direction at each axial node as one-dimensional 

calculations. The axial nodes are thermally coupled through coolant temperature 

calculations, but the mechanical coupling between axial nodes is not considered in the 

code. MACSIS can simulate only steady-state fuel behaviors like the SESAME code. 

ALFUS [14,18,21–23] was developed by CRIEPI for a comprehensive 

understanding of the mechanical behaviors of metal fuels during irradiation. It consists of 

four major calculation parts: temperature distribution, fuel constituent migration, fission 

gas swelling and release, and stress-strain of the fuel slug and cladding. The stress-stain 

analysis is based on a 2D (r-direction and z-direction) finite element method which was 

used in the LWR fuel performance code FEMAXI-III. The mechanical analysis model 

assumes axial symmetry and takes account of gas bubble compressibility and open pore 

volume decrease. ALFUS adopted a mechanistic model to simulate fission gas release and 

fuel swelling phenomena. The model includes detailed descriptions about intra-granular 

diffusion, bubble growth and coalescence, and open pore formation, but it was originally 

developed for UO2 fuel. Temperature calculations use effective thermal conductivity of 

the porous slug infiltrated by the bond sodium. Fuel constituent migration is computed by 

a thermo-diffusion model. The code employed several empirical correlations to estimate 

solid fission product swelling, cladding wastage by rare-earth FPs, and anisotropic slug 

deformation due to cracks. Simulations can be applied only to the fuel pin under steady-

state conditions, and the usual time-step interval of the steady-state simulations is 20 
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hours. This preset time interval is divided into smaller intervals automatically in 

accordance with the rate of gap closure and the creep rate of the hottest part of the fuel 

slug. 

FEAST (Fuel Engineering And Structural analysis Tool) was developed by the 

Massachusetts Institute of Technology (MIT) to predict the irradiation behaviors of U-Zr 

and U-Pu-Zr metal fuel pins and UO2-PuO2 mixed oxide fuel pins in sodium-cooled fast 

reactors. FEAST-METAL [15,24] is the metal fuel version of the FEAST code. FEAST-

METAL can simulate the thermo-mechanical behaviors under both steady-state and 

design-based (non-disruptive) transient scenarios. The fuel pin is divided into up to 20 

axial nodes, and each axial node of the fuel slug and cladding is further divided into up to 

8 radial nodes. The code emphasized the importance of mechanistic models and attempted 

to adopt non-empirical models to the extent possible. Fission gas release and fuel swelling 

are calculated by the Gas Release and Swelling in ISotropic fuel matrix (GRSIS) model 

[25], which is based on detailed tracking of fission gas bubbles within the metal fuel. The 

fuel constituent redistribution model was derived from the thermo-transport theory. Fuel-

cladding chemical interaction was modeled with precipitation kinetics, and the transient 

creep-fracture of the cladding was modeled by using the diffusion-controlled cavity-

growth model. Temperature calculations assume no axial heat conduction. A thermal 

conductivity model that considers the effects of porosity and sodium-bond infiltration is 

used to calculate fuel temperature distributions. The thermal analysis models contain 

unrealistic assumptions such as constant heat flow within each radial node, and the 

transient thermal models employ some numerical methods which are inferior in stability 
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and accuracy. For mechanical analysis, FEAST-METAL adopted the mechanical models 

of LIFE-METAL. The mechanical models do not have any logical algorithm for updating 

dimensional information and mesh data with time-dependent net strains and displacements 

calculated iteratively in the time loop of the code; similarly, there is no specific algorithm 

for calculating new accumulated strains and displacements by using updated dimensions 

and mesh. The compressibility of open pores and the anisotropic deformation of the fuel 

are estimated by the empirical models used in ALFUS. In the FEAST-METAL code, 

thermal performance phenomena and mechanical performance phenomena are not 

evaluated simultaneously; instead, temperature-related behaviors are explicitly calculated 

by using the data generated in the mechanical analysis of the previous time-step. This 

decoupled algorithm has a tendency to become somewhat unstable and produce oscillating 

solutions under certain conditions. The code also utilizes ineffective matrix-solvers which 

generally entail an increased numerical error and are not efficient in terms of speed and 

computation load. 

 

1.3. Objectives 

 

As explained above, several codes were developed as the comprehensive computational 

tool for the evaluation of metallic fuel performance. However, those codes have various 

limitations on their ability to predict irradiation behaviors. The limitations are mainly 

caused by unrealistic assumptions such as radial and/or axial independency in fuel 

performance calculations, drastic simplifications for explicit code algorithms, decoupled 
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solution schemes of fuel perform models, adoption of empirical models, and employment 

of inferior numerical methods (in terms of stability and accuracy). To overcome the 

limitations of the existing codes, a study having the following objectives was conducted 

herein: 

 Erect a robust framework for a comprehensive computational tool by implementing 

improved thermo-mechanical models in the tool. The computational tool was named 

Tool for Analyzing Metallic U-Zr Fuel Performance (TAMU-ZFP). 

 Derive new improved thermal analysis models and mechanical analysis models that 

effectively describe the spatial variation and time dependence of thermo-mechanical 

behaviors. 

 Develop fully implicit solution schemes for handling the nonlinearity and information 

propagation involved in fuel performance models. 

 Establish advanced code algorithms which process the radial and axial interlocking in 

a fuel performance calculation, coupling of fuel perform models, contact analysis, and 

dynamic dimensioning and power adjustment after fuel pin deformation. 

 Construct transient code modules for the simulations of design-based off-normal fuel 

behaviors with installing efficient numerical methods for transient modeling. 

 Implant physics-based fuel performance models and up-to-date materials properties 

into the TAMU-ZFP code. 

 Build a 3D graphical tool for the visualization of the code output. Also, the graphical 

tool should include a module which provides basic post-processing. 
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In addition, the TAMU-ZFP code was aimed at having enhanced applicability and 

flexibility. The binary U-Zr alloys were considered as the primary fuel type in this research 

because of their superior performance characteristics. However, the irradiation behaviors 

of the ternary U-Pu-Zr alloy fuels can be simulated identically in TAMU-ZFP without any 

further restriction. The code is also applicable to various fuel pin designs (e.g., fuel pin 

designs having axial blanket regions, new cladding materials, etc.). 

In this dissertation, the following contents will be covered: 

 SECTION 2: modeling work for the evaluations of thermo-mechanical 

performance of metallic fuels. 

 SECTION 3: descriptions about the structure of the TAMU-ZFP code and 

calculation schemes. 

 SECTION 4: assessment of the TAMU-ZFP code with experimental data 

available in the open literature. 
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2. MODELS FOR EVALUATIONS OF METAL FUEL PERFORMANCE 

 

This section describes the fuel performance models which evaluate the irradiation 

behaviors of metallic fuels in sodium fast reactors. The phenomena considered in the 

models include heat conduction through the fuel and cladding, elastic and plastic 

deformation, fuel-cladding mechanical interaction, fission gas release and fuel swelling, 

pin internal gas pressure, heat transfer from cladding to coolant, and fuel restructuring. 

The models involve various numerical methods that need an adaptable mesh 

system and dynamic dimensioning. The adaptable mesh system means that the size and 

number of meshes are variable and non-uniform in order to accommodate the spatial and 

temporal dependence of the fuel pin deformation. Figure 2.1 shows an example of the 

subdivision of a fuel pin into radial and axial sections. Axial section (i) is located between 

axial node z(i) and z(i+1), and radial section <j> is located between radial node r<j> and 

r<j+1>. E<j>(i) depicted in Figure 2.1 indicates the element enclosed with radial node r<j> 

and r<j+1> within axial section (i). The round brackets are used for the axial space indexes 

and the axial mesh point numbers, while the angle brackets are used for the radial space 

indexes and the radial mesh point numbers. For transient modeling, the square brackets 

are additionally introduced to represent time space indexes and time node numbers. 

Each of the fuel performance models is implanted into the TAMU-ZFP code as an 

individual module, and the modules communicate with each other in iterative convergence 

loops to calculate the interrelated effects of the fuel behaviors. Details about the 

calculation procedure and loop structure in the code are represented in SECTION 3. 
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Figure 2.1. Subdivision of a fuel pin into radial and axial sections. 

 

 

2.1. Thermal Response Models 

 

Thermal response models calculate temperature distributions in a fuel pin and coolant 

temperatures in a coolant channel. Advanced numerical methods are used in the models 

for enhanced spatial and temporal definition of the internal heat source, heat conduction, 

and materials properties. The computed temperature distributions feed the calculations of 

mechanical response, fission gas release, and so forth. 
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2.1.1. Coolant Temperature 

The coolant temperature associated with the fuel pin of interest is calculated by a single 

channel coolant enthalpy rise model [26]: 
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where  ,cool z t  = coolant density at elevation z on the pin axis at time t [g/cm3] 

 ,channel

cA z t  = cross-sectional area of the single coolant channel at elevation z on 

the pin axis at time t [cm2] 

  ,cool

pc z t  = heat capacity of the coolant at elevation z at time t [J/g-K] 

  ,coolT z t  = coolant temperature at elevation z at time t [K] 

 ,hP z t  = heated perimeter of the single coolant channel at elevation z on the pin 

axis at time t [cm] 

 ,pin surfq z t
  = incoming heat flux from the fuel pin surface at elevation z on the 

pin axis at time t [W/cm2] 

  cool

channelm t  = coolant mass flow rate in the single channel at time t [g/s]. 

User-supplied linear heat generation rates (LHGRs), which are given for each time 

period, are used to calculate the local fuel pin surface heat flux. The coolant inlet 

temperature and mass flow rate are given as user-supplied boundary conditions, and can 

be specified for each time period. The cross-sectional area and heated perimeter of the 

single coolant channel are computed with the given values for pin pitch and pin radius as 
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depicted in Figure 2.2, which shows a schematic geometry of the single coolant channel 

in the sodium fast reactor. 

 

Sodium
Channel

Pin Radius

Pin Pitch

 

Figure 2.2. Schematic geometry of the single coolant channel in the sodium fast reactor. 

 

 

    , ,h pinP z t r z t  (2.2) 
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where  ,pinr z t  = fuel pin radius at elevation z at time t [cm] 

 L  = pin pitch [cm]. 

The fuel pin radius varies with the axial positon and time due to the cladding 

displacements, while the pin pitch is assumed to be invariant during irradiation time. 

Steady State 

When power and boundary condition changes are sufficiently slow for the term “steady 

state” to apply [26], the linear heat removed by the coolant flow is fully compensated by 
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the linear heat coming from the fuel pin. Thus, the thermal energy of coolant per unit of 

channel length does not change in time, and the left-hand side of Equation 2.1 becomes 

zero. Integration of the steady state equation yields an expression for the coolant 

temperature: 
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When the linear heat generation rates are given as a piecewise-linear function of z, 

applying Equation 2.4 over axial section (i) leads to the following equation for the coolant 

temperature at axial node z(i+1): 
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where 
 
cool

i
T  = coolant temperature at axial node  iz  [K] (if i = 1, 

   1

cool cool

i
T T  which is 

the coolant inlet temperature cool

inletT  given by the boundary conditions) 

 
 cool s i
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

 = average heat capacity of the coolant in axial section (i) [J/g-K] 

hf  = fraction of incoming linear heat = 
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 N = number of pieces of the linear power function pertaining to axial section (i) 

 
 ip  = linear heat generation rate at axial node  iz  [W/cm]. 
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Equation 2.5 is based on an assumption that the heat capacity of the coolant is constant 

within an axial section to which the equation is applied. Therefore, the size of axial 

sections should be small enough for the heat capacity to be reasonably represented by the 

sectional average. Figure 2.3 shows a coolant temperature distribution computed by the 

TAMU-ZFP code when the linear heat generation rate is given by the code user as a 

piecewise-linear function. 

 

 

Figure 2.3. Coolant temperature distribution in the single channel where the pin-average 

of a user-supplied LHGR is 117.1 W/cm. The coolant mass flow rate and the coolant inlet 

temperature used in the calculation are 48.68 g/s and 661.15 K, respectively. 

 

 

If the linear heat generation rates have a chopped cosine shape, the coolant 

temperature at axial node z(i+1) is written as 
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where Composite_Simpson(p(z), z(i), z(i+1)) is a numerical function that computes the 

integral with respect to z of the linear heat generation rate function p(z) on the interval [z(i), 

z(i+1)], using the composite Simpson’s 1/3 rule1. Figure 2.4 shows a result of the coolant 

temperature calculation for the case in which the LHGR has a cosine shape. 

 

 

Figure 2.4. Coolant temperature distribution in the single channel where the pin-average 

of a cosine-shaped LHGR is 117.1 W/cm. The coolant mass flow rate and the coolant inlet 

temperature used in the calculation are 48.68 g/s and 661.15 K, respectively. 

 

 

Transient State 

The rapid change of reactor operating conditions, like power ramps, induces a transient 

state where the linear heat taken by the coolant flow is not balanced with the incoming 

linear heat from the fuel pin to the coolant channel. Thus, the thermal energy of coolant 

 

1The composite Simpson’s 1/3 rule is one of the Newton-Cotes integration formulas, which uses the 

composite rule and Simpson’s 1/3 rule. 
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per unit of channel length varies with time, and Equation 2.1 should be treated in the full 

form of a hyperbolic partial differential equation. The Lax-Wendroff one step method is 

one of the most efficient and stable numerical algorithms for the linear hyperbolic partial 

differential equation, and is hardly influenced by the implicit numerical diffusion term2. 
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Figure 2.5. Stencil for the Lax-Wendroff one step method. The stencil shows a spatial and 

temporal discretization of the coolant temperature. 

 

 

2The implicit numerical diffusion term is also known as the implicit numerical dissipation term or artificial 

diffusion term. It can appear in the modified differential equation (MDE), and contributes to the increase of 

the numerical error by lowering the amplitude and curvature of the numerical solution. 
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Applying Equation 2.1 to axial section (i) of the coolant for time period [n] yields 
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The cross-sectional area and heated perimeter of the coolant channel, density and heat 

capacity of the coolant, and mass flow rate are considered to be constant within axial 

section (i) for time section [n]3 and have been represented by the sectional averages. When 

the Lax-Wendroff one step method is implemented to Equation 2.7 at axial sub-node z(sub_i) 

in axial section (i) shown in Figure 2.5, the following finite difference equation is 

obtained: 
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a t
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    



 

  



 
   
 
 

 
    
 
 

   
  

    _ 1 1

i s n cool s i s n

sub i n
T



 


 (2.8) 

where   
   

_ 1 1

cool s i s n

sub i n
T



 
 = coolant temperature at axial sub-node   

   
_ 1 1

s i s n

sub i n
z

 
 in axial section (i) 

at time 
 1n
t


 of time section [n] [K] 

 
 s n

t  = size of time section [n] [s] = 
   1n n
t t


  

   s i s n
a  = average coolant velocity in axial section (i) for time section [n] [cm/s] 

= 
 

       

cool s n

channel

cool s i s n channel s i s n

c

m

A



 
 

 
3Time section [n] indicates the time period from t[n-1] to t[n]. 



 

29 

 

   s i s n
b  = average coolant temperature increase rate by the fuel pin surface heat flux 

in axial section (i) for time section [n] [K/s] 

= 

       

           

s i s n s i s n

h pin surf

cool s i s n channel s i s n cool s i s n

c p

P q

A c



  


 

 
   

1

sub s i s n

n
z




  = size of axial sub-sections in axial section (i) at time 

 1n
t


 of time 

section [n] [cm] 

=   
   

  
   

  
   

  
   

_ 2 1 _1 1 _ 1 1 _ 1

s i s n s i s n s i s n s i s n

sub n sub n sub i n sub i n
z z z z

    
        (the size of 

axial sub-sections in axial section (i) is uniform). 

The Courant-Friedrichs-Lewy (CFL) condition for Equation 2.8 is 

 
    1

s i s n
C   (2.9) 

where 
   s i s n

C  = Courant number in axial section (i) for time section [n] [dimensionless] 

= 
     

 
   

1

s i s n s n

sub s i s n

n

a t

z







. 

This condition means that the numerical propagation velocity (∆z/∆t) should be higher 

than the physical propagation velocity (a) in order to maintain stability4. If the Courant 

number is one, Equation 2.8 becomes the exact solution. On the other hand, the solution 

is gradually affected by the implicit numerical dispersion as the Courant number 

approaches to zero. The implicit numerical dispersion induces the oscillation of the 

numerical solution, which results in the increase of error. Therefore, to make the Courant 

 

4The numerical domain of dependence includes the physical domain of dependence when the numerical 

propagation velocity is higher than the physical propagation velocity. 
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number in axial section (i) for time section [n] close to 1, the size of axial sub-sections in 

axial section (i) must properly be determined according to the size of time section [n]. 

Equation 2.8 explicitly calculates the coolant temperature at axial sub-node z(sub_i) 

from the temperatures at the previous time node, and it corresponds with the characteristic 

of hyperbolic partial differential equations that have a finite propagation velocity. The 

temperatures at the other axial sub-nodes in axial section (i) are also calculated in the same 

way, using the equations derived by the Lax-Wendroff one step method. However, the last 

axial sub-node in axial section (i) is an open boundary, and the temperature at the open 

boundary should be calculated by the following equation which employs a modified Lax-

Wendroff one step method: 

 

  
   

  
         

     
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z

a t

z

 
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  

    







  

 
   
 
 

 
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 


  
   

  
   

  
   

  
    

2

_ 1 _ 1 1 _ 2 1 _ 3 1
2 5 4

cool s i s n cool s i s n cool s i s n cool s i s n

sub top n sub top n sub top n sub top n
T T T T

   

      


   



(2.10) 

where   
   

_

cool s i s n

sub top n
T


 = coolant temperature at the last axial sub-node,   

   
_

s i s n

sub top n
z , in axial 

section (i) at time 
 n
t  of time section [n] [K]. 

As shown in Equation 2.10, each axial section must have more than three axial sub-

sections for the implementation of the modified Lax-Wendroff one step method. Figure 

2.6 shows a coolant temperature distribution for a time interval over which the pin-average 

LHGR and the coolant inlet temperature are maintained at 117.1 W/cm and 661.15 K, 

respectively. 
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Figure 2.6. Computed coolant temperature distribution in the single channel where the 

coolant mass flow rate is 48.68 g/s. 

 

 

2.1.2. Fuel Pin Surface Temperature 

The cladding outside temperature is evaluated by a forced convection film temperature 

drop model: 

 
 

 
 

,
,

,

pin surf film

cool

conv

q z t
T z t

h z t




   (2.11) 

where  ,pin surfq z t
  = heat flux on the fuel pin surface at elevation z on the pin axis at 

time t [W/cm2] 

 ,filmT z t  = temperature drop across the coolant film layer by forced convection 

[K] =    , ,c cool

outT z t T z t  
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  ,c

outT z t  = cladding outside temperature at elevation z at time t [K] 

 ,cool

convh z t  = convective heat transfer coefficient of the coolant at elevation z on the 

pin axis at time t [W/cm2-K]. 

In steady state, the local fuel pin surface heat flux can be obtained from the linear 

heat generation rate, so Equation 2.11 becomes 

 
   

 

   

1

2

s i
c s i cool s i

out c s i cool s i

out conv

p
T T

r h

 

 
   (2.12) 

where  cool s i
T


 = average temperature of the coolant in axial section (i) [K] 

  s i
p  = average linear heat generation rate in axial section (i) [W/cm] 

=  
 

 

    1

1
 /  

i

i

z

i iz
p z dz z z




  

 
 c s i

outr


 = radius up to the outer surface of the cladding in axial section (i) [cm]. 

The average coolant temperature is evaluated from the result of the coolant temperature 

calculation. Once the coolant temperatures are computed at all the axial nodes, a 

temperature distribution function can be created by the first degree polynomial regression, 

and the average coolant temperature in axial section (i) is given by 

 
 

 
 

 

   

1

1

i

i

z
cool

zcool s i

i i

T z dz

T
z z











 (2.13) 

The definite integral with respect to z of the temperature distribution function is efficiently 

handled with the composite trapezoidal rule because the coolant temperatures are 

expressed as piecewise-linear functions of z. 
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In transient state, the local fuel pin surface heat flux is directly defined by Fourier’s 

law. The derivative of the cladding temperature with respect to the cladding radius in the 

Fourier’s law can be represented by the high order spatial discretization, and Equation 

2.11 becomes 

  
   

 

   
 

      
   

 
   

 
   

1 1
2

4 3
c s c s i s n c s c s i s n s c s i s n c s c s i s n s c s i s n cool s i s n

c n n c n n nc n
T T T T 

   


     (2.14) 

where radial section <c> = the outermost radial section of the cladding 

 
   

1

c s c s i s n

c n
T




 = cladding temperature at the last radial sub-node,  

   
1

c s i s n

c n
r




, in radial 

section <c> of axial section (i) at time 
 n
t  of time section [n] [K] 

=  
   c s i s n

out n
T


 

 
   s c s i s n

n
  = ratio of the convective heat transfer coefficient of the coolant to the 

conductive heat transfer coefficient of the cladding in axial section (i) 

at time 
 n
t  of time section [n] = 

 
   

 
   

 
   

cool s i s n c s c s i s n

conv n n

c s c s i s n

n

h r

k

 




 

 
   c s c s i s n

n
r


  = size of radial section <c> of the cladding in axial section (i) at time 

 n
t  of time section [n] [cm] =  

   
 
   

1

c s i s n c s i s n

c n c n
r r

 


  

 
   c s c s i s n

n
k


 = average thermal conductivity of the cladding in radial section <c> of 

axial section (i) at time 
 n
t  of time section [n] [W/cm-K] 

 

   
1

2

c s c s i s n

c n
T




 = cladding temperature at radial sub-node 

 

   
1

2

c s i s n

c n
r




 in radial section 

<c> of axial section (i) at time 
 n
t  of time section [n] [K]. 
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The outermost radial section of the cladding contains radial sub-nodes for the transient 

case because a high order one-way finite difference equation is used for representing the 

conductive heat transfer at the cladding surface. Equation 2.14 is added into a 

simultaneous linear system which computes the cladding temperatures in axial section (i) 

at time t[n] of time section [n]. 

The convective heat transfer coefficient of the coolant in axial section (i) at time 

t[n] of time section [n] is given by 

  
     

   

     
   

cool s i s n

ncool s i s n s i s n

conv n nheated s i s n

e

k
h Nu

D






  (2.15) 

where  
   cool s i s n

n
k


 = average thermal conductivity of the coolant in axial section (i) at time 

 n
t  of time section [n] [W/cm-K] 

   heated s i s n

eD


 = equivalent heated diameter of the coolant channel in axial section 

(i) for time section [n]5 [cm] = 
       4 /

channel s i s n s i s n

c hA P


 

 
   s i s n

n
Nu  = Nusselt number of the coolant in axial section (i) at time 

 n
t  of time 

section [n] [dimensionless]. 

Equations 2.2 and 2.3 are used again for the calculation of the equivalent heated diameter. 

The Nusselt number can be obtained from the Dittus-Boelter correlation: 

 

5While the thermal conductivity and Nusselt number of the coolant are values at a specific time node, the 

equivalent heated diameter of the coolant channel in an axial section was already used as a time-sectional 

value for the calculation of the coolant temperature. Therefore, in the forced convection film temperature 

drop model, it is compatibly treated as a constant for a time section. The coolant heat capacity in the Prandtl 

number and the mass flow rate in the Reynolds number are also time-sectional values due to the same 

reason. 
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  
   

 
      

    
0.8 0.4

0.023 Re Pr
s i s n s i s n s i s n

n n n
Nu   (2.16) 

where  
   Re

s i s n

n
 = Reynolds number of the coolant in axial section (i) at time 

 n
t  of time 

section [n] [dimensionless] = 
     

 
       

cool s n hydraulic s i s n
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cool s i s n channel s i s n

cn

m D

A

 

 
 

 
   Pr

s i s n

n
 = Prandtl number of the coolant in axial section (i) at time 

 n
t  of time 

section [n] [dimensionless] = 

   
 

   

 
   

cool s i s n cool s i s n

p n

cool s i s n

n

c

k


 


 

 
   cool s i s n

n



 = average dynamic viscosity of the coolant in axial section (i) at time 

 n
t  of time section [n] [P] 

   hydraulic s i s n

eD


 = equivalent hydraulic diameter of the coolant channel in axial 

section (i) for time section [n] [cm]. 

The poise, P, is the cgs physical unit for dynamic viscosity, which symbolizes g/cm-s. The 

equivalent hydraulic diameter of the single coolant channel in sodium fast reactors has the 

same value as the equivalent heated diameter. 

 

2.1.3. Cladding Temperature 

The temperature distributions in the cladding region are obtained from an energy balance 

equation in which the net current of heat is defined by Fourier’s law: 

 
 

   
,

, ,

c

c c

n
volume surface

E r t
dV e k r t T r t dS

t


     
    (2.17) 
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where  ,cE r t  = thermal energy of the cladding per unit volume at point r  in three-

dimensional space at time t [J/cm3] 

 
ne  = unit vector which is normal to the surface. 

Equation 2.17 can be arranged to the following partial differential equation by the Gauss’s 

divergence theorem which converts the spatial-surface integral to the spatial-volume 

integral: 

 
 

   
,

, ,

c

c c
E r t

k r t T r t
t


    
 

 (2.18) 

Steady State 

During steady state, the thermal energy of the cladding does not change in time, and the 

net heat flow rate is zero. Thus, in cylindrical coordinates, Equation 2.18 becomes 

 
 1

0

c

c
dT rd

k r
r dr dr

 
 

 
 (2.19) 

Heat conduction in the axial and azimuthal directions is considered negligible relative to 

radial heat conduction and has been ignored. Equation 2.19 is also based on an assumption 

that the thermal conductivity of the cladding is constant within a radial section to which 

the equation is applied. Therefore, the radial section should be small enough for the 

thermal conductivity to be reasonably represented by the sectional average, and the 

equation is valid only within the specific radial section. Applying Equation 2.19 to radial 

node r<j> in radial section <j> of axial section (i) yields the following finite difference 

heat conduction equation: 
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    
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 (2.20) 

where  
1

c s j s i

j
T




 = cladding temperature at radial node  

1

c s i

j
r




 in radial section <j> of axial 

section (i) [K] 

  c s j s i
r


  = size of radial section <j> of the cladding in axial section (i) [cm] 

=    
1

c s i c s i
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 


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 
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


 = virtual variable at ghost node    c s j s ic s i

j
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
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
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1

c s i

j
r




). 

Equation 2.20 contains virtual variable  
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j
T




 defined at ghost node    c s j s ic s i

j
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
 . 

 
1

c s j s i

j
T




 cannot be identified with  1
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 


 defined at  

1

c s i

j
r




 because  

1

c s i

j
r




 is not 

   c s j s ic s i

j
r r


  but    1c s j s ic s i

j
r r

 
 . Moreover,  

1

c s j s i

j
T




 is a variable of the 

governing equation established for radial section <j> whose thermal conductivity is 

 c s j s i
k


, whereas  1

1

c s j s i

j
T

 


 is a variable of the governing equation for radial section <j-

1> and is influenced by 
 1c s j s i

k
 

. 

The virtual variable can be eliminated by the boundary conditions for radial section 

<j> of axial section (i): 

    1c s j s i c s j s i

j j
q q

     (2.21) 

    1

1 1

c s j s i c s j s i

j j
T T

  

 
  (2.22) 
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When these boundary conditions are employed for each radial section of axial section (i) 

and are applied to the finite difference heat conduction equations of each radial section for 

eliminating virtual variables, a simultaneous linear system is finally obtained for axial 

section (i): 

First radial section 

 
        

 

 

1 1

1 2 1 1 1
1

s i
c s s i c s s ic s i c s i

c s s i

p
T T R R

k

  


    (2.23) 

Last radial section 
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c
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c c
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k k
T

r R r R
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 


   

  


     





 

 
  
    
 

 

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 

1

c s i
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c

T
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 (2.24) 

The other radial sections 
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 
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1
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c s i

jc s j s i

j

T
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






 (2.25) 

where  1c s j s i

j
R

 
 = dimensionless number = 

 

 

1

2

c s j s i

c s i

j

r

r

 




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 radial section <c> = the outermost radial section of the cladding 

 radial section <j> = an arbitrary radial section (1 < j < c in Equation 2.25) 

 c s i

outT


 = cladding outside temperature in axial section (i) [K] (
 c s i

outT


 is given from 

the calculation of the film temperature drop). 

 

 

Figure 2.7. Cladding temperature distribution computed by the TAMU-ZFP code. The 

pin-average LHGR used in the calculation is 117.1 W/cm. 
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Figure 2.8. Comparison of the computed cladding temperature with the analytical solution. 

 

 

The number of equations contained in the simultaneous linear system is equal to 

the number of radial sections of axial section (i). These equations are fully compatible 

with the adaptable mesh system mentioned previously because the boundary conditions 

are applied not only to the inside and outside of the cladding but also to the boundaries of 

each flexible radial section. The coefficient matrix of the simultaneous linear system has 

the form of a tridiagonal matrix, so TDMA, which is also known as the Thomas algorithm, 

can be used to find out the cladding temperature distribution in axial section (i). Similar 

simultaneous linear systems are given to other axial sections and can be treated in the same 

way. Figure 2.7 shows a cladding temperature distribution computed by the TAMU-ZFP 
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code. The result of the code calculation has been compared with the analytical solution in 

Figure 2.8, and they are well matched to each other at all of the axial sections. The 

analytical solution used in the comparison is represented in APPENDIX A. 

Transient State 

The net flow rate of heat is not zero in transient state, and the imbalance in the heat flow 

rate induces the change of the cladding thermal energy with time. Thus, Equation 2.18 

should be handled in the full form of a parabolic partial differential equation. Applying 

Equation 2.18 to radial section <j> of axial section (i) for time section [n] yields 

 

     

     
           

     

,

,1
                    

, ,

c s j s i s n

c s j s i s n c s j s i s n

c s j s i s n c s j s i s n

p

T r t

t

k t T r t
r

r r rr t c r t



 

 






 
 
   

 (2.26) 

where 
     ,

c s j s i s n
r t


 = density of the cladding at radius r in radial section <j> of axial 

section (i) at time t of time section [n] [g/cm3] 

     ,
c s j s i s n

pc r t


 = heat capacity of the cladding at radius r in radial section <j> of 

axial section (i) at time t of time section [n] [J/g-K] 

     c s j s i s n
k t


 = average thermal conductivity of the cladding in radial section <j> 

of axial section (i) at time t of time section [n] [W/cm-K]. 

Like the steady state equation (Equation 2.19), Equation 2.26 is based on the assumption 

that the thermal conductivity of the cladding is not a function of r within a radial section. 

At radial node r<j>, the equation can be approximated to the following finite difference 

heat conduction equation by the Crank-Nicolson method: 
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 (2.27) 

where  
   

1

c s j s i s n

j n
V




 = diffusion number at radial node  

   
1

c s i s n

j n
r




 in radial section <j> of axial 

section (i) at time 
 1n
t


 of time section [n] [dimensionless] 

= 
 

     

 
    
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 
   
1

c s j s i s n

D j n





 = thermal diffusivity of the cladding at radial node  

   
1

c s i s n

j n
r




 in radial 

section <j> of axial section (i) at time 
 1n
t


 of time section [n] 

[cm2/s] = 
 

   

 
   

 
   
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1 1
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n

c s j s i s n c s j s i s n

j n p j n

k

c





 

 

 

 
 s n

t  = size of time section [n] [s] = 
   1n n
t t


  

  
   

1

c s j s i s n
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 = dimensionless number = 

 
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
. 

The boundary conditions for radial section <j> of axial section (i) are 

  
   

 
   1

1 1

c s j s i s n c s j s i s n

j n j n
q q

  

 
   (2.28) 

  
   

 
   1

1 1 1 1

c s j s i s n c s j s i s n

j n j n
T T

  

   
  (2.29) 

at time 
 1n
t


 of time section [n], and 
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  
   

 
   1c s j s i s n c s j s i s n

j n j n
q q

     (2.30) 

  
   

 
   1

1 1

c s j s i s n c s j s i s n

j n j n
T T

  

 
  (2.31) 

at time 
 n
t  of time section [n]. 

Equation 2.27 contains virtual variables  
   

1 1

c s j s i s n

j n
T



 
 and  

   
1

c s j s i s n

j n
T




 defined at 

ghost nodes  
   

 
   

1 1

c s i s n c s j s i s n

j n n
r r

 

 
  and  

   
 

   c s i s n c s j s i s n

j n n
r r

 
 , respectively. In the case of 

steady state finite difference heat conduction equations, their virtual variables were 

removed by applying boundary conditions. However, the virtual variables in the transient 

equations cannot be eliminated by the boundary conditions due to the time dependence of 

the material properties in addition to their spatial variation. Therefore, a modified Crank-

Nicolson scheme, which employs the three-point backward difference formula for the left-

hand side of the Neumann boundary conditions6, is used instead of the original scheme in 

order to derive transient finite difference heat conduction equations appropriate to the 

application of boundary conditions and to the removal of virtual variables. After the 

 

6Introducing the three-point backward difference formula into the left-hand side of the Neumann boundary 

condition for radial section <j> of axial section (i) at t[n-1] of time section [n] (Equation 2.28) gives 
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where 
 

   
1 1

2

c s j s i s n

j n
T



 
 is one of the virtual variables which need to be removed from the transient finite 

difference heat conduction equation derived at radial node r<j> in radial section <j> of axial section (i) for 

time section [n]. 
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modified numerical scheme has been implemented at the radial nodes in each radial 

section, combining the modified finite difference equations with the boundary conditions 

for all the radial sections of axial section (i) for time section [n] gives a simultaneous 

linear system for axial section (i) at time t[n] of time section [n]: 

First radial section (radial section <1>) 
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at radial sub-node 
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The others (arbitrary radial section <j>, 1 < j ≤ c) 
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at radial sub-node 
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 radial section <c> = the outermost radial section of the cladding 

 radial section <g> = the outermost radial section of the gap7 

 
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
 = gap temperature at radial sub-node  
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1

g s i s n

g n
r




 in axial section (i) at time 

 1n
t


 of time section [n] [K]. 

The number of equations contained in the simultaneous linear system is 2c where 

c is the number of radial sections of axial section (i). These equations have been 

established at the radial sub-nodes in each radial section shown in Figure 2.9 because the 

high order one-way finite difference method was introduced into the left-hand side of the 

Neumann boundary condition of each radial section. The high order one-way finite 

difference method generally entails sub-nodes and variables at the sub-nodes. To obtain 

the cladding temperatures in axial section (i) at time t[n] of time section [n], the 

simultaneous linear system should be integrated with the simultaneous linear systems for 

 

7The gap employs a mesh system for space and time in the transient case, so it has nodes and variables 

defined at the nodes. 
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the fuel temperatures and the gap temperatures in axial section (i) at time t[n] of time 

section [n] as well as Equation 2.14. The coefficient matrix of a merged simultaneous 

linear system can be handled by the Gaussian elimination method8 or the successive over-

relaxation (SOR) method9. 
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Figure 2.9. Stencil for the modified Crank-Nicolson method. It shows the radial sub-nodes 

in each radial section of axial section (i) for time section [n]. 

 

 

 

8This method involves a back substitution algorithm, which is the difference between Gauss elimination 

and Gauss-Jordan elimination. Also, the Gaussian elimination method requires additional procedures for 

pivoting and scaling to decrease its propagated round-off error. 
9The SOR method generally has a higher convergence speed than the Gauss-Seidel method. Also, the SOR 

method is more appropriate for treating the merged coefficient matrix than the Gaussian elimination method 

because the size of the merged coefficient matrix is relatively large. 
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2.1.4. Gap Temperature 

The temperature of the fuel-cladding gap in steady state is evaluated by a gap conductance 

model which computes a gap temperature drop: 

 
   
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   (2.36) 

where 
 g s i

inT


 = gap inside temperature in axial section (i) [K] 

 g s i

outT


 = gap outside temperature in axial section (i) [K] (
 g s i

outT


 is given from the 

calculation of the cladding temperature, and is equal to the cladding 

inside temperature  
1

c s i
T


) 
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 = logarithmic mean radius of the gap in axial section (i) [cm] 
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r r
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 

 


 

 g s i
h


 = the intensive-property representation of the gap conductance in axial 

section (i) [W/cm2-K]. 

According to the parallel thermal resistance formula, the gap conductance should 

be the sum of three components: conductance derived from  conduction through the 

sodium bond,  radiative heat transfer, and  conduction through points of contact. 

 
       g s i g s i g s i g s i

sodium radiation contacth h h h
   

    (2.37) 

Also, if the gap conductance is calculated by any combination of the three components, 

the arithmetic mean radius should be used for the extensive-property representation 

instead of the logarithmic mean radius. On the other hand, the sodium has higher thermal 
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conductivity and density than the common interstitial materials such as helium and argon, 

and retains the liquid state under the operating condition of SFRs. These characteristics of 

the sodium make the effect of radiation and thermal contact on the gap conductance 

relatively small. Therefore, the conductance can be computed only with the component 

related to the conduction through the sodium bond: 
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 
 


 (2.38) 

Equation 2.38 gives the gap conductance in axial section (i), which is coupled with the 

logarithmic mean radius of the gap in axial section (i). 

In transient state, the sodium can store and exchange thermal energy dynamically 

because of its high thermal effusivity. Thus, thermal inertia plays an important role in the 

calculation of the gap temperature. The transient gap temperatures in radial section <j> 

of axial section (i) for time section [n] are obtained from the following energy balance 

equation: 
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 (2.39) 

A mesh system for space and time has been introduced into the gap for the transient case 

as in the cladding. Equation 2.39 considers only the conductive heat transfer through the 

sodium bond, and is identical with the equation for the transient cladding temperature 

(Equation 2.26). Therefore, it can be treated in the same way, which was used for the 
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transient cladding equation, to derive a simultaneous linear system for the gap 

temperatures in axial section (i) at time t[n] of time section [n]. 

 

2.1.5. Fuel Slug Temperature 

The temperature distributions in the fuel slug region are obtained from an energy balance 

equation with internal heat sources: 
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where  ,fE r t  = thermal energy of the fuel per unit volume at point r  in three-

dimensional space at time t [J/cm3] 

  ,fS r t  = internal heat sources in the fuel slug region [W/cm3] 

 
ne  = unit vector which is normal to the surface 

  ,f

netq r t  = net current of heat at point r  at time t [W/cm2]. 

The net current of heat is described by Fourier’s law, and Equation 2.40 becomes 
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 (2.41) 

where  ,f

genq r t  = volumetric heat generation rate at point r  in three-dimensional space 

at time t [W/cm3]. 

Equation 2.41 is additionally arranged to the following partial differential equation by the 

Gauss’s divergence theorem which converts the spatial-surface integral to the spatial-

volume integral: 
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Steady State 

During steady state, the thermal energy of the fuel does not change in time, and the net 

flow rate of heat is equal to the heat generation rate. Thus, in cylindrical coordinates, 

Equation 2.42 becomes 
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Like the steady state equation for the cladding (Equation 2.19), Equation 2.43 is based on 

the assumption10 of constant thermal conductivity. The volumetric heat generation rate is 

also subject to the spatial variation and needs to be constant within a radial interval. 

Therefore, Equation 2.43 should be established separately for each radial section of an 

axial section to employ the sectional averages of the volumetric heat generation rate and 

thermal conductivity. At radial node r<j>, the equation established for radial section <j> 

of axial section (i) is approximated by the following finite difference heat conduction 

equation: 
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   
   


 

 
 

2
1

2

f s j s i

s j s i
r

 
 

 

 (2.44) 

 

10In addition to the assumption of constant thermal conductivity, heat conduction in the axial and azimuthal 

directions is considered negligible relative to radial heat conduction and has been ignored in Equation 2.43 

as in the equation for the cladding temperature. 
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where 
 

1
2

f s j s i

j
T




 = fuel temperature at radial sub-node 

 
1

2

f s i

j
r




 in radial section <j> of axial 

section (i) [K] 

 f s j s i

genq
  = average volumetric heat generation rate in radial section <j> of axial 

section (i) [W/cm3] 

 f s j s i
k


 = average thermal conductivity of the fuel in radial section <j> of axial 

section (i) [W/cm-K]. 

Equation 2.44 contains virtual variable 
 

1
2

f s j s i

j
T




 defined at ghost node 

   1

2

f s j s if s i

j
r r


  . As explained in the calculation of the cladding temperature, the 

virtual variable 
 

1
2

f s j s i

j
T




 is eliminated by the boundary conditions for radial section <j> 

of axial section (i): 

    1f s j s i f s j s i

j j
q q

     (2.45) 

    1

1 1

f s j s i f s j s i

j j
T T

  

 
  (2.46) 

These boundary conditions can be employed for each radial section of axial section (i) and 

be applied to the finite difference heat conduction equations of each radial section for 

eliminating virtual variables. However, the finite difference heat conduction equation at 

the first radial node11 has a singularity, which requires the Neumann boundary condition12 

of the first radial section to be treated with the three-point forward difference 

 

11The first radial node r<1> is zero when no central void is developed. 
12The Neumann boundary condition of the first radial section is 

 1

1
0

f s s i
q

  . 
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formula. The three-point forward difference formula generally entails sub-nodes and 

variables at the sub-nodes. Thus, the finite difference heat conduction equations for the 

first radial section are derived at the radial sub-nodes in the first radial section. The 

derivation of equations at sub-nodes is also implemented in the other radial sections for 

compatibility and enhanced accuracy (Equation 2.44 has also been derived at a radial sub-

node). 

Combining the finite difference heat conduction equations with the boundary 

conditions for all the radial sections of axial section (i) yield a simultaneous linear system 

for axial section (i): 

First radial section (radial section <1>) 

    

  

 

 

 
21 1

1.5 2 11

1.5

3

22 1 2

f s s i f s s i
f s i f s i gen

f s s if s s i

q r
T T

kR

 
 



  
    

  
 (2.47) 

Last radial section (radial section <f>) 

 

 

    
 

 

    

 

    
 

 

    

1

11 1
2

1

1 1

1

   
1 1

                                                           
1

f s f s i
f s i

ff s f s i f s f s i

f

f s f s i f s f s i
f s i

ff s f s i f s f s i f s f s i f s f s i

f f

f s f s i

f s f s i f s f s i

f

k
T

r R

k k
T

r R r R

k

r R

 


   

  


     



 

 

 
  
    
 


 

 

   

  

   

  

1
2

1 1

1
                                           

8 1 8 1

f s i

f

f s f s i f s f s i f s f s i f s f s i

gen gen

f s f s i f s f s i

f f

T

q r q r

R R





     

  

  
  

 

 (2.48) 

at radial sub-node  f s i

f
r


, and 
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     

   
 

 

 

1 1
2 2

2

1
2

1 2

                                   1
2

f s f s i f s i f s i

ff f

f s f s i f s f s i
f s f s i f s i gen

out f s f s if

R T T

q r
R T

k

  

 

 
 



    
 

             

 (2.49) 

at radial sub-node 
 
1

2

f s i

f
r




 

The others (arbitrary radial section <j>, 1 < j < f) 

 

 

    
 

 

    

 

    
 

 

    

1

11 1
2

1

1 1

1

   
1 1

                                                           
1

f s j s i
f s i

jf s j s i f s j s i

j

f s j s i f s j s i
f s i

jf s j s i f s j s i f s j s i f s j s i

j j

f s j s i

f s j s i f s j s i

j

k
T

r R

k k
T

r R r R

k

r R

 


   

  


     



 

 

 
  
    
 


 

 

   

  

   

  

1
2

1 1

1
                                           

8 1 8 1

f s i

j

f s j s i f s j s i f s j s i f s j s i

gen gen

f s j s i f s j s i

j j

T

q r q r

R R





     

  

  
  

 

 (2.50) 

at radial sub-node  f s i

j
r


, and 

 

         

 

 

 

1 1 1 1
2 2 2

2

1 2 1

                                                                      
2

f s j s i f s j s if s i f s i f s i

j jj j j

f s j s i f s j s i
gen

f s j s i

R T T R T

q r

k

   

  

 



         
   

  
    

 

 (2.51) 

at radial sub-node 
 

1
2

f s i

j
r




 

where  1f s j s i

j
R

 
 = dimensionless number = 

 

 

11

2

2

f s j s i

f s i

j

r

r

 



 
 

   

  f s j s i
r


  = size of radial section <j> of the fuel slug in axial section (i) [cm] 
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=    
1

f s i f s i

j j
r r

 


  

 f s i

outT


 = fuel outside temperature in axial section (i) [K] (
 f s i

outT


 is given from the 

calculation of the gap temperature, and is equal to the gap inside 

temperature 
 g s i

inT


). 

The number of equations contained in the simultaneous linear system is 2f‒1 where 

f is the number of radial sections of axial section (i) in the fuel slug region. These equations 

are fully compatible with the adaptable mesh system mentioned previously, and well 

accommodate the spatial dependence of the volumetric heat generation rate and material 

properties. The coefficient matrix of the simultaneous linear system has the form of a 

tridiagonal matrix, so TDMA can be used to find out the fuel temperatures in axial section 

(i). The fuel temperature at the first radial node is calculated from the following relation 

once the fuel temperatures at the other radial nodes are determined by the tridiagonal 

matrix algorithm: 

  

   
1.5 2

1

4

3

f s i f s i

f s i
T T

T

 




  (2.52) 

Similar simultaneous linear systems are given to other axial sections and can be treated in 

the same way. Figure 2.10 shows a fuel temperature distribution computed by the TAMU-

ZFP code. The result of the code calculation has been compared with the analytical 

solution in Figure 2.11, and they are well matched to each other at all of the axial sections. 

The analytical solution used in the comparison is represented in APPENDIX A. 
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Figure 2.10. Fuel temperature distribution computed by the TAMU-ZFP code. The pin-

average LHGR used in the calculation is 117.1 W/cm. 
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Figure 2.11. Comparison of the computed fuel temperature with the analytical solution. 

 

 

Transient State 

In transient state, the net flow rate of heat is not balanced with the heat generation rate, 

and the imbalance between them induces the change of the fuel thermal energy with time. 

Thus, Equation 2.42 should be handled in the full form of a parabolic partial differential 

equation. Applying Equation 2.42 to radial section <j> of axial section (i) for time section 

[n] yields 

 

           
           

     
           

     

,

, ,

,1
                         +

, ,

f s j s i s nf s j s i s n

gen

f s j s i s n f s j s i s n

p

f s j s i s n f s j s i s n

f s j s i s n f s j s i s n

p

q tT r t

t r t c r t

k t T r t
r

r r rr t c r t







 

 

 






 
 
   

 (2.53) 
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where 
     ,

f s j s i s n
r t


 = density of the fuel at radius r in radial section <j> of axial 

section (i) at time t of time section [n] [g/cm3] 

     ,
f s j s i s n

pc r t


 = heat capacity of the fuel at radius r in radial section <j> of axial 

section (i) at time t of time section [n] [J/g-K]. 

Like the steady state equation, Equation 2.53 is based on the assumption that the 

volumetric heat generation rate and thermal conductivity are not functions of r within a 

radial section. At radial sub-node r<j>, the equation can be approximated to the following 

finite difference heat conduction equation by the modified Crank-Nicolson method which 

was used for the transient cladding equation: 

 

 
   

 
      

   

 
      

   
 

   
 

      

   

 
   

 
      
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
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   

1 1 1 1
2

1

1

                                                                                    

f s j s i s n f s j s i s n f s j s i s n
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f s j s i s n f s j s i s n

T j n T j n

R T

Q Q
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 





 

 (2.54) 

where  
   

1

f s j s i s n

D j n
V




 = diffusion number at radial sub-node  

   
1

f s i s n

j n
r




 in radial section <j> 

of axial section (i) at time 
 1n
t


 of time section [n] [dimensionless] 

= 
 

     

 
   
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1

1

2

f s j s i s n s n

D j n

f s j s i s n

n

t

r












 
 

 

 

 
   
1

f s j s i s n

D j n





 = thermal diffusivity at radial sub-node  

   
1

f s i s n

j n
r




 in radial section <j> 

of axial section (i) at time 
 1n
t


 of time section [n] [cm2/s] 
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= 
 

   

 
   

 
   

1

1 1

f s j s i s n

n

f s j s i s n f s j s i s n

j n p j n

k

c





 

 

 

  
   

1

f s j s i s n

j n
R




 = dimensionless number = 

 
   

 
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 
   

1

f s j s i s n

T j n
Q




 = fuel temperature increase at radial sub-node  

   
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f s i s n

j n
r




 in radial 

section <j> of axial section (i) for time section [n] by the internal 

heat source at time 
 1n
t


 of time section [n] [K] =  

     
1

f s j s i s n s n

T j n
q t




  

 
   

1

f s j s i s n

T j n
q




 = fuel temperature increase rate at radial sub-node  

   
1

f s i s n

j n
r




 in radial 

section <j> of axial section (i) by the internal heat source at time 

 1n
t


 of time section [n] [K/s] = 

 
   

 
   
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   
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q

c


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 


. 

Equation 2.54 contains virtual variables 
 

   
1

2

f s j s i s n

j n
T




 and 

 

   
1 1

2

f s j s i s n

j n
T



 
 defined at 

ghost nodes  
   

 
    / 2

f s i s n f s j s i s n

j n n
r r

 
   and  

   
 

    1 1
/ 2

f s i s n f s j s i s n

j n n
r r

 

 
  , respectively. 

As explained in the calculation of the transient cladding temperature, the virtual variables 

in the finite difference heat conduction equation derived with the modified Crank-

Nicolson method can be removed by applying related boundary conditions. Therefore, 

 

   
1

2

f s j s i s n

j n
T




 and 

 

   
1 1

2

f s j s i s n

j n
T



 
 are eliminated by the boundary conditions for radial section 

<j> of axial section (i) for time section [n]: 
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  
   

 
   1

1 1

f s j s i s n f s j s i s n

j n j n
q q

  

 
   (2.55) 
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1 1 1 1

f s j s i s n f s j s i s n
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  

   
  (2.56) 

at time 
 1n
t


 of time section [n], and 
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   1f s j s i s n f s j s i s n

j n j n
q q

     (2.57) 

  
   

 
   1

1 1

f s j s i s n f s j s i s n

j n j n
T T

  

 
  (2.58) 

at time 
 n
t  of time section [n]. 

When these boundary conditions are employed for each radial section of axial 

section (i) and applied to the finite difference heat conduction equations of each radial 

section for eliminating virtual variables, a simultaneous linear system is obtained for axial 

section (i) at time 
 n
t  of time section [n]: 

First radial section (radial section <1>) 

  
   

 
   

 
   

1 1.5 2
3 4 0

f s i s n f s i s n f s i s n

n n n
T T T

  
    (2.59) 

at radial sub-node 
   
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2

f s i s n

n
r



 
 

, and 
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  

 

 



   

  

    
   
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R T

Q Q

  

  

 





 

 (2.60) 

at radial sub-node 
   

11.5
2

f s i s n

n
r



 
 
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Last radial section (radial section <f>) 
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   
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at radial sub-node 
   
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 

, and 
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 (2.62) 

at radial sub-node 
   
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The others (arbitrary radial section <j>, 1 < j < f) 
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at radial sub-node 
   
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, and 
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 (2.64) 

at radial sub-node 
   
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f s i s n

j n
r



  
 

 

where  
   

1

f s j s i s n

n
W




 = ratio of the conductive heat transfer coefficient of radial section <j-

1> to the conductive heat transfer coefficient of radial section <j> 

in axial section (i) at time 
 1n
t


 of time section [n] 
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= 
 

   

 
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1
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  
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   
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   

 

 
   

1 1

g s i s n

n
T




 = gap temperature at radial sub-node  

   
1 1

g s i s n

n
r




 in axial section (i) at time 

 1n
t


 of time section [n] [K]. 

The number of equations contained in the simultaneous linear system is 2f where 

f is the number of radial sections of axial section (i). These equations well accommodate 

the spatial variation and time dependence of the internal heat source, heat conduction, and 

materials properties. Also, the equations have the form of implicit functions which is 

unconditionally stable. However, the solutions of the equations derived by the modified 

Crank-Nicolson method may exhibit oscillations or overshoots13 when the diffusion 

number has a very high value or a negative value. Thus, the value of the diffusion number 

needs to be between 0 and 114 by determining the size of the radial section properly 

according to the size of the time section. As mentioned in the calculation of the transient 

cladding temperature, to obtain the fuel temperature distribution in axial section (i) at time 

t[n] of time section [n], the simultaneous linear system should be integrated with the 

simultaneous linear systems for the gap temperatures and the cladding temperatures in 

axial section (i) at time t[n] of time section [n]. The coefficient matrix of a merged 

simultaneous linear system can be treated with the Gaussian elimination method or the 

successive over-relaxation (SOR) method. 

 

13The oscillations or overshoots originate not from the numerical instability but from the inherent 

characteristics of the original Crank-Nicolson method which are related to the diffusion number. 
14The range of 0 to 1 also contributes to decreasing the numerical error. 
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2.2. Mechanical Response Models 

 

Mechanical response models are concerned with the stress-strain analysis which 

determines the stress distribution in a fuel pin and the net strain of the fuel and cladding 

as functions of irradiation time. An accurate calculation of the mechanical behaviors is an 

important part of the fuel pin analysis in that the ultimate purpose of the fuel performance 

evaluation may be to predict the mechanical state of the cladding during irradiation. A fuel 

pin is considered to have failed when the cladding is breached. The mechanical response 

models are mutually connected not only with the adaptable mesh system and dynamic 

dimensioning but also with other major performance models such as the thermal response 

models and the fission gas induced swelling model. 

 

2.2.1. Governing Relations for Mechanical Response Models 

Three fundamental conditions are employed for the mechanical analysis: conditions for  

equilibrium of forces and moments,  geometric compatibility, and  stress-strain 

relations. Each of the three conditions yields a set of equations whose solutions determine 

the state of stress and strain in a fuel pin. 

In cylindrical coordinates, the equations derived from the condition for equilibrium 

of forces and moments are 

  
1 1 1

0r zr
rr R

r r r z r




 
 



 
    

  
 (2.65) 

  
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 
 

 
 



 
    

  
 (2.66) 
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  
1 1

0z z
rzr Z

r r r z

 




 
   

  
 (2.67) 

  ;    ;   r r z z zr rz            (2.68) 

where R, Θ, and Z are body forces per unit volume acting in the radial direction, angular 

direction, and axial direction, respectively. All the components of the stress tensor are 

functions of r, θ, and z. 

The equations derived from the condition for geometric compatibility are 
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  ;    ;   r r z z zr rz            (2.73) 

where ur, uθ, and uz are displacements of a point in the r-direction, θ-direction, and z-

direction, respectively. The components of the displacement vector and strain tensor15 are 

functions of r, θ, and z. 

The equations derived from the condition for stress-strain relations are 

    0

1
r r z rT T

E
               (2.74) 

 

15The stain tensor should be distinguished from the deformation tensor (also called the symmetric stain 

tensor) and the displacement derivative tensor. The shear components of the stain tensor have twice the 

values of the shear components of the deformation tensor, whereas the normal components of the stain 

tensor are equal to those of the deformation tensor. The displacement derivative tensor is the sum of the 

deformation tensor and the skew-symmetric rotation tensor. 
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where 
k  = permanent deformations due to swelling, creep, and plastic flow 

[dimensionless] = swelling creep plastic

k k     (k = r, θ, or z) 

 E = Young’s modulus (modulus of elasticity) [MPa] 

 G = shear modulus (modulus of rigidity) [MPa] 

   = Poisson’s ratio [dimensionless] 

   = coefficient of linear thermal-expansion [K-1]. 

The swelling strain is isotropic in all directions, while the creep strain and plastic stain are 

distributed among the individual components of the three principal directions. 

Governing Relations on the Assumption of Azimuthal Symmetry 

As shown above, the three fundamental conditions produce 21 equations, which contain 

21 unknown variables (9 components of the stress tensor, 9 components of the strain 

tensor, and 3 components of the displacement vector). These simultaneous linear 

equations can be simplified on the assumption of azimuthal symmetry: 
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zr rz   (2.86) 
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 zr
zr

G


   (2.90) 

The number of equations becomes fifteen, and they contain twelve unknowns (τrθ, 

τθr, τθz, τzθ, γrθ, γθr, γθz, γzθ, and uθ are zero with angular symmetry). Equation 2.79 simply 

represents σθ to be a function of r and z. Also, Equations 2.83 and 2.84 just represent that 

ur and uz are functions of r and z. Therefore, the three equations should be regarded as 

supplementary conditions for simultaneous solutions rather than independent equations, 
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which means that the simplified linear system satisfying azimuthal symmetry is not an 

overdetermined system. 

Governing Relations on the Assumption of Azimuthal and Axial Symmetry 

If axial symmetry is additionally assumed with azimuthal symmetry, considerable 

simplification is possible to the simultaneous linear equations and they can be reduced to 

seven equations with eight supplementary conditions. 
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    0

1 swelling creep plastic

r r z r rT T
E

                   (2.93) 

    0

1 swelling creep plastic

r z T T
E

                      (2.94) 

    0

1 swelling creep plastic

z z r z zT T
E
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supplementary conditions:  
r  is a function of r     is a function of r  

     
z  is a constant   

ru  is a function of r  

     
zu  is a function of z   r  is a function of r  

       is a function of r   z  is a function of r . 

The shear stresses, shear strains, and angular displacement become zero on the 

assumption of azimuthal and axial symmetry, and the seven equations have only eight 

unknown variables. When the axial boundary condition is used with the third 
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supplementary condition, the axial strain εz is removed from the unknown variables. 

Therefore, the seven equations eventually form a determined system. 

An assumption that the entire fuel pin is azimuthally and axially symmetric may 

be a controversial leap from the real phenomena. However, if the assumption of azimuthal 

and axial symmetry is applied to each small axial section of the fuel and cladding, it makes 

the mechanical analysis reasonably tractable. Thus, a set of seven equations should be 

established repeatedly for each small axial section. The time dependence is inherent in the 

mechanical analysis, especially due to the swelling and creep phenomena, and is handled 

by treating the system as a succession of equilibrium states [27]. 

 

2.2.2. Algebraic Solutions of Governing Relations 

As mentioned previously, when azimuthal and axial symmetry are assumed in an axial 

section of the fuel or cladding, the axial strain εz becomes a constant within the axial 

section. Therefore, Equation 2.95 can be written as 

    0

1 swelling creep plastic

z z r z zC T T
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                  (2.96) 

where Cz is a constant that is calculated by using the axial boundary condition of each 

axial section. When Equations 2.93 and 2.94 are combined with Equations 2.92 and 2.96, 

the stresses in an axial section are expressed in terms of the radial displacement. 
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 (2.99) 

where s  = swelling strain [dimensionless] = swelling  

 c

k  = creep and plastic strain [dimensionless] = creep plastic

k k   (k = r, θ, or z). 

Equations 2.97 and 2.98 are substituted for σr and σθ in Equation 2.91, and finally, 

the following differential equation for the radial displacement is obtained as an algebraic 

solution of the seven governing equations: 
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 (2.100) 

This solution is valid only within the axial section for which the seven equations were 

initially formulated. 

Solution of Differential Equation 

While the common form of algebraic solutions to a system of linear equations is that a 

variable is defined by a constant, the variable ur has been given as an implicit function of 

r in the above solution (Equation 2.100). Moreover, the solution includes the second 

derivative of the radial displacement. Therefore, to make it have the common solution 
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form, Equation 2.100 should be arranged further, which is to solve the ordinary differential 

equation of second order. 

Applying Equation 2.100 to radial section <j> of axial section (i) yields 
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where    
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 s j s i

  = average Poisson’s ratio in radial section <j> of axial section (i) 

 s j s i
  = average linear thermal-expansion coefficient in radial section <j> of 

axial section (i) [K-1]. 

Equation 2.101 is based on the assumption that the mechanical properties E, ν, and α are 

constants in each radial section of an axial section. Thus, the size of radial sections should 

be small enough for the mechanical properties to be reasonably represented by the 

sectional averages, and the equation should be established separately for each radial 

section. The indefinite integral of Equation 2.101 is 
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If the permanent deformations and temperature are additionally assumed to be constant 

within radial section <j> of axial section (i), the radial displacement is given by 
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where 
 s s j s i




 = swelling strain averaged over radial section <j> of axial section (i) 

[dimensionless] 

 c s j s i

r


 = creep and plastic strains in the radial direction averaged over radial 

section <j> of axial section (i) [dimensionless] 

 c s j s i




 = creep and plastic strains in the angular direction averaged over radial 

section <j> of axial section (i) [dimensionless] 

  s j s i
T  = average temperature in radial section <j> of axial section (i) [K] 

 
1

s j s i
C  = constant of integration for radial section <j> of axial section (i) 

[dimensionless] 

 
 

2

s j s i
C  = constant of integration for radial section <j> of axial section (i) [cm2]. 

The step to solve the second order ordinary differential equation has generated two 

integration constants, which should be determined by two additional conditions. The radial 

boundary conditions for each radial section can be used as the additional conditions. 

Equation 2.103 is one of the final solutions to the seven governing equations, and 

it is valid within radial section <j> of axial section (i). The other final solutions for radial 
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section <j> of axial section (i) are derived from substituting Equation 2.103 into Equation 

2.92 and Equations 2.97 to 2.99: 
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 
( )

s i

z iu  = axial displacement of axial node  iz  in axial section (i) [cm] (
 
( )

s i

z iu  is given 

from the calculation of the axial displacements in axial section (i-1), and is 

equal to 
 1

( )

s i

z iu


). 

A set of these equations can be found, as the solutions of the seven governing equations, 

for each radial section of each axial section in the same way. 

Boundary Conditions 

The seven solutions, Equations 2.103 to 2.109, include three unknown constants, which 

are the axial strain and two integration constants. The integration constants are determined 

by the following radial boundary conditions: 

Radial boundary conditions for fuel slug 

o Surface boundary 
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o Section boundary 
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Radial boundary conditions for cladding 

o Surface boundary 
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o Section boundary 
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where radial section <j> = an arbitrary radial section 

 axial section (i) = an arbitrary axial section 

 radial section <f> = the outermost radial section of the fuel 

 radial section <c> = the outermost radial section of the cladding 
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
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f
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
 in axial section (i) 

of the fuel [MPa] = 
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  

 plenumP  = plenum pressure in the fuel pin of interest [MPa] 
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 of radial section <j> in 

axial section (i) of the fuel [MPa] =  
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
 

 
coolP  = coolant pressure acting on the outside of the cladding [MPa]. 

Equation 2.110 is based on the assumption that no central void is developed at the center 

of fuel16. The axial strain of an axial section is computed by using the axial boundary 

condition shown below: 

Axial boundary condition for fuel slug 
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Axial boundary condition for cladding 

     

 
       1

1

2 2

1 1
1

2
c s i

c

c s i

Nr c s i c s i c s i c s n

z cool plenum tcr
n i

r rdr r P r P W   






   


 

      (2.119) 

 

16If the central void is developed, Equation 2.110 should be replaced with 
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where 
   f s i

z r


 = axial stress at radial node r in axial section (i) of the fuel [MPa] 

 
 1f s i

tW
 

 = weight of axial section (i+1) of the fuel [MPa∙cm2] or [102∙N] 

 N = number of axial sections. 

The boundary conditions actually depend on whether the gap is open or closed, 

and the conditions described above are valid in an open-gap situation. If the gap is closed, 

the radial boundary conditions at the outer surface of the fuel and the inner surface of the 

cladding (Equations 2.111 and 2.114) should be replaced by the fuel-cladding-interfacial 

conditions: 
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where 
 s i

contactP  is a contact pressure at axial section (i), which is yet to be determined. Also, 

the axial boundary conditions for the closed-gap situation must be 
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 (2.122) 

in axial section (i) of the fuel, and 
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in axial section (i) of the cladding. 
 s i

fF  is the friction force acting vertically on the outer 

surface of the fuel at axial section (i). The friction force has a positive value in Equations 

2.122 and 2.123 when it restricts axial growth of the fuel. 

Equations 2.120 to 2.123 contain two unknowns, the fuel-cladding-interfacial 

pressure and the friction force, and they can be determined by the following contact 

conditions: 
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where 
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. 

Equation 2.125 assumes that the fuel and the cladding are so tightly wedged together that 

they move axially in unison after the fuel-cladding contact. This stick situation occurs only 

when 
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 (2.126) 

where 
static  is the coefficient of static friction. Therefore, if the friction force computed 

from Equation 2.125 does not satisfy Equation 2.126 and is large enough to permit relative 

axial displacement, the value of the friction force should be recalculated by considering a 

slip situation: 
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 (2.127) 

where sliding  is the coefficient of sliding friction. 

 

2.2.3. Mechanical Response Models under Open-Gap Condition 

The mechanical response models for the open-gap situation are obtained from determining 

the axial strain and integral constants by using the open-gap boundary conditions. 

Applying the radial boundary conditions in the open-gap situation to the solutions for the 

radial displacement and radial stress in axial section (i) of the fuel gives the following 

simultaneous linear system whose variables are the axial strain of axial section (i) and the 

integral constants of each radial section: 
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First radial section (radial section <1>) 
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Second radial section (radial section <2>) 
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at radial node  
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at radial node  
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Last radial section (radial section <f>) 
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at radial node  
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The others (arbitrary radial section <j>, 2 < j < f) 
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at radial node  f s i

j
r


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 (2.134) 

at radial node  
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. 

The number of equations contained in the simultaneous linear system is 2f‒1 where 

f is the number of radial sections in axial section (i) of the fuel. The integral constant C2 

of the first radial section becomes zero from the radial boundary condition at the center of 

the fuel (Equation 2.110), and the simultaneous linear equations have only 2f‒1 integral 
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constants17. However, the axial strain of axial section (i) of the fuel is yet an unknown 

variable, which requires an additional equation for a determined system. 

The additional equation can be obtained from the axial boundary condition at axial 

section (i) of the fuel (Equation 2.118). Applying the axial boundary condition to the 

solution for the axial stress in axial section (i) yields 
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where 
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17The solution for the radial displacement has a singularity at radial node 
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radial boundary condition at the center of the fuel to the solution is written as 

 
 

 

 
          

1
1 2

1
0

1
1 1 1 1

1

lim

1 1 2
               ln

2 21

                                                                        

f s s i
f s s i

r

f s s i
c f s s i c f s s i c f s s i c f s s i

r rf s s i

C
C r

r

r
r r 


   









       








   
         

 

 
      

1
1 1 1

1

1
   0

21

f s s i
f s s i f s s i s f s s i

f s s i

r
T


 




   



 
       

 

The above equation is arranged further to 
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and, finally becomes 
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by L’Hospital’s rule. 
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. 

When no central void is developed,    1

1 1

f s s if s i
r W


 has an indeterminate form, which goes 

to zero. Equation 2.135 should be included into the simultaneous linear system for the 

calculation of the axial strain and integral constants. The coefficient matrix can be treated 

with the Gaussian elimination method or the successive over-relaxation (SOR) method. 

In the cladding, applying the radial boundary conditions of the open-gap situation 

to the solutions for the radial displacement and radial stress in axial section (i) gives the 

following simultaneous linear system: 

First radial section (radial section <1>) 
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 (2.136) 

at radial node  
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at radial node  
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Last radial section (radial section <c>) 
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at radial node  c s i
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The others (arbitrary radial section <j>, 1 < j < c) 
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at radial node  c s i
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at radial node  
1

c s i

j
r




. 

The number of equations contained in the simultaneous linear system is 2c where 

c is the number of radial sections in axial section (i) of the cladding. These equations have 

2c+1 unknown variables (2c integral constants and one axial strain), so an additional 

equation is needed for a determined system. Similarly to the fuel model, the additional 

equation can be obtained from the axial boundary condition at axial section (i) of the 

cladding (Equation 2.119). Applying the axial boundary condition to the solution for the 

axial stress in axial section (i) yields 
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When Equation 2.142 is added to the simultaneous linear system, it eventually forms a 

determined system which contains 2c+1 equations and 2c+1 unknown variables. The 

system can be treated with the Gaussian elimination method or the successive over-

relaxation (SOR) method. 

 

2.2.4. Mechanical Response Models under Closed-Gap Condition 

The mechanical response models for the closed-gap situation are obtained from 

determining the axial strain and integral constants by using the closed-gap boundary 

conditions. Applying the radial boundary conditions in the closed-gap situation to the 

solutions for the radial displacement and radial stress in axial section (i) of the fuel and 

cladding gives simultaneous linear systems comparable with those in the application of 

the open-gap boundary conditions. However, in the closed-gap situation, the fuel-

cladding-interfacial conditions (Equation 2.120 and 2.121) are employed instead of the 

radial boundary conditions at the outer surface of fuel and the inner surface of cladding 

(Equations 2.111 and 2.114). Thus, the equation derived at the last radial node in axial 

section (i) of the fuel (Equation 2.132) should be replaced with 



 

88 

 

 

      
 

  
 

     

            

1 22

1

1

1 2

                                                                      

1 2

f s f s i
f s f s i f s f s i f s f s i f s f s i

f s i

f

f s f s i f s f s i f s i

z

f s f s i f s f s i f s f s i f s f s i f s f s is i

contact f

a
a b C C

r

a b C

P a b X b m


   





  

    



 



     
 

       
                                                    

f s f s i f s f s i f s f s i f s f s i

ra b c d
     

 

 (2.143) 

in the simultaneous linear system of the fuel region. Also, the equation derived at the first 

radial node in axial section (i) of the cladding (Equation 2.136) must be changed to 

 

      
 

  
 

     

            

1
1 1 1 1

1 22

1

1 1

1 1 1 1 1

1

1 2

                                                                      

1 2

    

c s s i
c s s i c s s i c s s i c s s i

c s i

c s s i c s s i c s i

z

c s s i c s s i c s s i c s s i c s s is i

contact

a
a b C C

r

a b C

P a b X b m


   



  

    

 



     
 

       1 1 1 1
                                                   

c s s i c s s i c s s i c s s i

ra b c d
     

 

 (2.144) 

in the simultaneous linear system of the cladding region. 

In the case of the closed gap, the simultaneous linear equations of the fuel and the 

cladding are merged into an integrated system for the calculation of the integral constants 

and axial strains. The merged simultaneous linear system consists of  2 1f c   

equations ( 2 1f   equations from the fuel region and 2c  equations from the cladding 

region), which contain  2 1f c   unknown variables ( 2 f  variables in the fuel equations 

and 2 1c   variables in the cladding equations). Like the simultaneous linear systems of 

the open-gap situation, additional equations are given from the axial boundary conditions 

at axial section (i) of the fuel and cladding (Equation 2.122 and 2.123): 
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by the application of the axial boundary condition to the solution for the axial stress in 

axial section (i) of the fuel, and 

 

       

         

           

1

1 1

2 2

1 1
1

1 1
1

1 1 1 1
               

2 2 2 2

          

c c
c s j s i c s j s i c s j s i c s i

r r z

j j

N N
c s i c s i c s n s n

cool plenum t fc
n i n i

c
c s j s i c s j s i c s j s i c s j s ic s i c s i

r j j j
j

F C G C

r P r P W F

H a b r W r

 



 

   

 

  


  

    

 


    
   

   

   
 

 

 


  

1

c
c s j s i

j
j

W




 
 

 (2.146) 

by the application of the axial boundary condition to the solution for the axial stress in 

axial section (i) of the cladding. 

When Equation 2.145 and 2.146 are added into the merged simultaneous linear 

system, it can be a determined system. However, the contact pressure and the friction force 

are still unknowns in the simultaneous equations. As explained in SECTION 2.2.2, the 

fuel-cladding-interfacial pressure and the friction force can be determined by the contact 

conditions of axial section (i) (Equation 2.124 and 2.125). Applying the contact conditions 

to the solutions for the radial displacement in axial section (i) yields 
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Also, applying the contact conditions to the solutions for the axial displacement in axial 

section (i) gives 
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Equation 2.147 and 2.148 are included into the simultaneous linear system, and it finally 

has  2 3f c   equations and  2 3f c   unknown variables. The coefficient matrix 

can be treated with the Gaussian elimination method or the successive over-relaxation 

(SOR) method for computing the integral constants, axial strains, contact pressure, and 

friction force. 
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3. DEVELOPMENT OF TAMU-ZFP 

 

Thermo-mechanical behaviors of metallic fuels are closely connected with one another 

under a wide variety of irradiation histories. In most cases, each individual behavior 

cannot be evaluated by considering its own physical phenomena in isolation. Due to the 

high degree of interconnection among the fuel behaviors, the models that predict and 

quantify the fuel behaviors contain nonlinear mathematical expressions, and the 

coefficients and boundary conditions of each model are dependent on the calculations of 

other models. These complex relations generally require an integrated platform which has 

high-performance computing capabilities to handle the fuel behavior models simul-

taneously. The TAMU-ZFP code that has been developed in this research was designed to 

provide an optimized platform where each model can communicate with other models to 

calculate the synergistic effects of the fuel behaviors. This section summarizes the 

structure of TAMU-ZFP and its solution schemes. 

 

3.1. Code Structure 

 

TAMU-ZFP consists of five major packages: code operation package, thermal analysis 

package, mechanical analysis package, materials data package, loop operation package. A 

package is basically a collection of correlated code-modules, and hence each package 

includes several modules as shown in Table 3.1. A module also contains stand-alone 

functions that execute specific computations for the module. 
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Table 3.1. Major packages and their modules in the TAMU-ZFP code. 

 

Package Module Module description 

Code operation 

package 

TAMU-ZFP_main: 

main driver module 

Includes functions for initiation of programs, 

case setup, declaration of code variables, 

control of basal loops, and termination of 

programs. 

In_TOOL: 

internal tools module 

Includes functions for allocating and returning 

heap memories and copying user-defined data-

type variables. 

Read_IN: 

input-processing module 

Includes functions for reading user-specified 

input. 

Print_OUT: 

output-processing module 

Includes functions for printing code output. 

Nu_TOOL: 

numerical tools module 

Includes functions for numerical tools related 

to average, integration, augmented matrix, etc. 

Glob_INFO: 

global information module 

Includes functions for initialization of code 

variables, dynamic dimensioning, and 

calculations of global data such as time, 

burnup, and local LHGR and VHGR. 

Thermal analysis 

package 

Therm_ST: 

steady-state thermal analysis 

module for fuel regions 

Includes functions for calculations of steady-

state temperature distributions in fuel regions 

and associated coolant channel. 

Therm_ST_BK: 

steady-state thermal analysis 

module for blanket regions 

Includes functions for calculations of steady-

state temperature distributions in upper/lower 

blanket regions and associated coolant channel. 

Therm_TR: 

transient thermal analysis module 

for fuel regions 

Includes functions for calculations of transient 

temperature distributions in fuel regions and 

associated coolant channel. 

Therm_TR_BK: 

transient thermal analysis module 

for blanket regions 

Includes functions for calculations of transient 

temperature distributions in upper/lower 

blanket regions and associated coolant channel. 

Mechanical 

analysis package 

Mech_OG: 

mechanical analysis module for 

fuel regions in open-gap situation 

Includes functions for calculations of stress-

strain distributions in fuel regions under open-

gap condition. 

Mech_OG_BK: 

mechanical analysis module for 

blanket regions in open-gap 

situation 

Includes functions for calculations of stress-

strain distributions in upper/lower blanket 

regions under open-gap condition. 

Mech_PC: 

mechanical analysis module for 

fuel regions in partial-contact 

situation 

Includes functions for calculations of stress-

strain distributions in fuel regions under 

partial-contact condition. 
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Table 3.1. Continued. 

Package Module Module description 

 Mech_PC_BK: 

mechanical analysis module for 

blanket regions in partial-contact 

situation 

Includes functions for calculations of stress-

strain distributions in upper/lower blanket 

regions under partial-contact condition. 

Mech_CC: 

mechanical analysis module for 

fuel regions in complete-contact 

situation 

Includes functions for calculations of stress-

strain distributions in fuel regions under 

complete-contact condition. 

Mech_CC_BK: 

mechanical analysis module for 

blanket regions in complete-

contact situation 

Includes functions for calculations of stress-

strain distributions in upper/lower blanket 

regions under complete-contact condition. 

Materials data 

package 

Mat_PRO: 

materials properties module 

Includes functions providing thermal, 

mechanical, and physical properties data. 

Swell_FGR: 

swelling and FGR module 

Includes function for calculations of fission gas 

release, gas swelling, void swelling, and 

swelling strain. 

Creep: 

creep module 

Includes functions for calculations of thermal 

creep rates, irradiation creep rate, and creep 

strain in three principal directions 

Loop operation 

package 

Gas_PRESS: 

gas pressure module 

Includes functions embodying gas-pressure 

convergence loop 

Opn_GAP: 

open-gap algorithm module 

Includes functions constituting iterative loops 

used in open-gap algorithm 

Ser_CON: 

serial-contact algorithm module 

Includes functions constituting iterative loops 

used in serial-contact algorithm 

Ran_CON: 

random-contact algorithm module 

Includes functions constituting iterative loops 

used in random-contact algorithm 

 

 

3.1.1. Packages and Modules 

The code operation package performs the initiation and termination of programs, case 

setup, input/output processing, declaration and initialization of code-variables, and control 

of basal loops. It also carries out dynamic dimensioning and calculations of global data 

which are commonly utilized for various modules in the TAMU-ZFP code. The thermal 
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analysis package computes the temperature distributions in a fuel pin and single coolant 

channel. The package includes modules for transient temperature calculations. 

The mechanical analysis package conducts stress-strain simulations which predict 

the stress distributions in the fuel pin of interest and the net strains of the fuel and cladding 

by irradiation time. The simulations selectively use three kinds of modules, depending on 

the state of gap: open-gap modules (Mech_OG/Mech_OG_BK), partial-contact modules 

(Mech_PC/Mech_PC_BK), and complete-contact modules (Mech_CC/Mech_CC_BK). 

The complete contact indicates a situation where the outer surface of the fuel is in contact 

with the inner surface of the cladding at all the axial sections. In the partial-contact 

situation, some axial sections have the closed gap, and the other axial sections have the 

open gap. While the mechanical models in the open-gap modules exploit open-gap 

boundary conditions (Equation 2.110 to 2.119), the models in the partial-contact modules 

adopt the following equations as the radial boundary conditions at the outer surface of the 

fuel and the inner surface of the cladding: 

Radial boundary conditions for axial sections having open gap (i < k) 
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Radial boundary conditions for axial sections having closed gap (i ≥ k) 
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where axial section (i) is an arbitrary axial section, and axial section (k) is the lowest axial 

section among the axial sections having the closed gap. The axial boundary conditions for 

the partial-contact modules are 

Axial boundary conditions for axial sections having open gap (i < k) 
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Axial boundary conditions for axial section (k) 
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Axial boundary conditions for axial sections having closed gap (i > k) 
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where f openF   is the friction force induced by the deformation of the axial sections having 

the open gap, and it acts vertically on axial section (k) and all of the axial sections having 

the open gap. f openF   has a positive value in Equations 3.5 to 3.8 when it restricts axial 

growth of the fuel. The contact pressure and friction forces are yet to be determined. The 

friction force f openF   is obtained from the following contact condition: 
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 (3.11) 

where axial section (k-1) is the top axial section among the axial sections having the open 

gap. The contact pressure 
 s i

contactP  and the friction force fF  can be calculated by using 

Equation 2.124 and 2.125. The boundary conditions for the partial-contact modules take 

account of only the serial-contact case, which will be discussed in section 3.2. The 

mechanical models in the complete-contact modules employ the fuel-cladding-interfacial 

conditions which are represented in Equation 2.120 to 2.123. 

The materials data package deals with the variables whose values are dependent 

on the types of materials. The package consists partly of simple data on thermal, 

mechanical, and physical properties. The other parts of the package involve behavior 

models which compute the rates of particular processes (e.g., fission-gas-induced swelling 
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and creep). The scope of this research does not include the implementation of the behavior 

models, and hence the package was structured to deliver code default data for the variables 

requiring the behavior models. The loop operation package runs and controls iterative 

loops included in three main algorithms of the TAMU-ZFP code: open-gap algorithm, 

serial-contact algorithm, and random-contact algorithm. The details of these algorithms 

will be explained in section 3.2. 

 

3.1.2. Input and Output 

The TAMU-ZFP code predicts thermo-mechanical responses of a metallic fuel pin 

according to the fuel pin designs and reactor-operation history which are given in a user-

specified input. The input variables of TAMU-ZFP are divided into three groups: case 

control integers, fuel pin designs, and reactor operation data. Table 3.2 lists the input 

variables in each group. 

 

Table 3.2. Input variables of the TAMU-ZFP code. 

 

Input variable group Input variable Variable description 

Case control integers timestep Number of time steps 

transient Time step when the transient starts; transient = 0 means 

steady-state only. 

tdependency_cool Time-dependency indicator of thermal-hydraulic 

parameters 

axsection_fuel Number of axial sections in the fuel slug region 

axsection_upb Number of axial sections in the upper blanket region 

axsection_lob Number of axial sections in the lower blanket region 

axpshape Indicator for axial power shape 

num_axprofiles Number of user-supplied axial power profiles 

cladtype Indicator for the type of cladding 
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Table 3.2. Continued. 

Input variable group Input variable Variable description 

Fuel pin designs wtpct_pu Weight percent of plutonium in alloy fuel (wt% Pu) 

wtpct_zr Weight percent of zirconium in alloy fuel (wt% Zr) 

smearden Smeared density of fuel (%TD) 

fradi Radius of fuel slug 

cladthi Thickness of cladding 

gapthi Thickness of gap 

fuelen Length of fuel slug (or length of a stack of fuel pellets) 

upblen Length of upper blanket 

loblen Length of lower blanket 

plenmlen Length of gas plenum 

plenm_ipress Initial pressure of helium in gas plenum 

sod_level Upper sodium level 

pin_pitch Fuel pin pitch (center-to-center distance between pins in a 

triangular coolant channel) 

Reactor operation data time Array for cumulative time at the end of each time step 

lhgr Array for average linear heat generation rate at each time 

inlet_temp Array for coolant inlet temperature at each time step 

cmflow Array for coolant mass flow rate at each time step 

cool_press Array for coolant pressure at each time step 

hist_axpro Array for index of axial power profile used for each time 

step 

axpro Array for the ratios of the linear power at each axial node 

to the axially-averaged value 

 

 

Basically, the fuel pin design parameters such as dimensions of the fuel slug and 

cladding, fuel composition, and smeared density are provided in the input by the code 

user. The fuel smeared density is used in the following equation to calculate the as-cast 

fuel density: 

 

2

100

g

A T

f

rSD

r
 

 
   

 

 (3.12) 
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where 
A  = as-cast fuel density [g/cm3] 

 SD = smeared density [%TD] 

 fr  = radius of the as-fabricated fuel [cm] 

 gr  = radius up to the inner surface of the as-fabricated cladding [cm] 

T  = theoretical density of the fuel at room temperature [g/cm3] (in the case of U-

10 wt% Zr, 
T  is 16.31 [28,29]). 

The computed as-fabricated density is also used in the following equation to obtain the 

initial porosity of the fuel: 

 0 100 1 A

T

p




 
  

 
 (3.13) 

where 
0p  = porosity of the as-fabricated fuel [%]. 

In the input, the code user can specify the linear heat generation rates as a 

piecewise-linear function of z and a piecewise-constant function of t for the steady-state 

case. For the transient case, the user-supplied linear heat generation rates are given as a 

piecewise-bilinear function of z and t in the input. The code also provides a default axial 

power profile which is based on a chopped cosine function. The thermal-hydraulic 

parameters such as coolant inlet temperature, mass flow rate, and coolant pressure are 

given in the input as a piecewise-constant function of t for both of the steady-state and 

transient. More details of the input instructions of the TAMU-ZFP code is represented in 

APPENDIX C. 
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(a) 

 
 

Figure 3.1. An example of TAMU-ZFP output. (a) Output starts with a summary of the 

input. (b) Output shows calculation results by the axial section of a time-step. 
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(b) 

 
 

Figure 3.1. Continued. 
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TAMU-ZFP repeatedly prints out its calculation results by the axial section of a 

time-step as shown in Figure 3.1. This sectional information includes radial temperature 

distribution, coolant temperature, local power and burnup, radial stress distribution, and 

net strains of fuel and cladding. At the end of each time-step, the output shows information 

pertaining the entire fuel pin such as internal pressure and accumulated fraction of fission 

gas release. The output also provides a final summary of critical irradiation behaviors at 

the end of the last time-step. The TAMU-ZFP code is equipped with a 3D graphical tool 

for the visualization of the output. The tool was built on the MATLAB platform. Once the 

code generates raw data files, based on its calculation results, the graphical tool processes 

the raw data files for basic post-processing and visualization. 

 

3.2. Calculation Schemes 

 

Three new advanced algorithms were developed in this study: open-gap algorithm, serial-

contact algorithm, and random-contact algorithm. TAMU-ZFP executes its computations 

by selectively following the three algorithms according to the state of the fuel-cladding 

gap. The open-gap algorithm contains two sub-algorithms: initial serial-contact time 

(ISCT) algorithm and completely-random-contact time (CRCT) algorithm. The serial-

contact algorithm also has two sub-algorithms: continuous serial-contact time (CSCT) 

algorithm and partly-random-contact time (PRCT) algorithm. Figure 3.2 to 3.8 shows the 

three main algorithms and four sub-algorithms of the TAMU-ZFP code. 
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Figure 3.2. Flowchart of the open-gap algorithm. 
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Figure 3.3. Flowchart of the closed-gap algorithm expressing serial-contact mechanism (serial-contact algorithm). 
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Figure 3.4. Flowchart of the closed-gap algorithm expressing random-contact mechanism (random-contact algorithm). 
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Figure 3.5. Flowchart of the initial serial-contact time (ISCT) algorithm. 
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Figure 3.6. Flowchart of the completely-random-contact time (CRCT) algorithm. 
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Figure 3.7. Flowchart of the continuous serial-contact time (CSCT) algorithm. 
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Figure 3.8. Flowchart of the partly-random-contact time (PRCT) algorithm. 
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3.2.1. Main Algorithms and Sub-Algorithms 

The programs starts with the open-gap algorithm. The open gap algorithm expresses a 

situation where all the axial sections have the open gap. The mechanical analysis of the 

open-gap algorithm is conducted by using the models in the open-gap modules 

(Mech_OG/Mech_OG_BK) as explained in section 3.1. Based on the results of the 

mechanical analysis, the code investigates a contact case that occurs when the fuel radius 

is larger than the radius up to the inner surface of the cladding. If the contact case happens 

to the top axial section, the code call the ISCT sub-algorithm. All the sub-algorithms of 

TAMU-ZFP are operated basically to calculate the exact time of the contact and the 

contact displacements in the radial and axial directions which are used in Equation 2.147 

and 2.148. While the code is repeating its computations in the contact time loop of the 

sub-algorithms shown in Figure 3.5 to 3.8, the size of sub-time-step keeps being reduced 

to find out the exact contact-time. Once the time of the first serial-contact is obtained from 

the ISCT sub-algorithm, TAMU-ZFP follows the serial-contact algorithm for further 

calculations. If the contact case happens to any axial section other than the top axial section 

and the average radius of the fuel axial-sections is larger than the average radius of the 

inner surfaces of the cladding axial-sections, the code call the CRCT sub-algorithm. Once 

the contact time and the radial and axial contact-displacements are obtained from the 

CRCT sub-algorithm, the code follows the random-contact algorithm for further 

calculations. 

The serial-contact algorithm describes a situation where the fuel-cladding contact 

happens serially from the top axial section to the bottom axial section. Before the contact 
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occurs in all the axial sections, some axial sections have the open gap and the other axial 

section have the closed gap. Therefore, the mechanical models in the partial-contact 

modules (Mech_PC/Mech_PC_BK) are employed for the stress-strain analysis. The code 

searches for a new contact at the end of each time-step, based on the stress-strain analysis. 

If a new contact is found at the axial section right below the axial sections having the 

closed gap, the code call the CSCT sub-algorithm to calculate the contact time and contact 

displacements of the axial section. If the additional contact is found at any axial section 

other than the continuous axial section and the average radius of the open fuel-axial-

sections is larger than the average radius of the inner surfaces of the open cladding-axial-

sections, the code call the PRCT sub-algorithm. Once the contact time and the radial and 

axial contact-displacements are obtained from the PRCT sub-algorithm, the code follows 

the random-contact algorithm for further calculations. The random-contact algorithm uses 

the mechanical models in the complete-contact modules (Mech_CC/Mech_CC_BK) 

because all the axial sections have the closed gap. 

 

3.2.2. Iterative Loops 

When the numerical equations of a fuel performance model are formulated implicitly18, 

a variable at a node is influenced by the variables at the other nodes in the same 

computation-domain. Thus, the variables of the equations need to be determined by using 

 

18The implementation of implicit methods is not limited to the realistic time-dependent behavior. It can be 

applied to a time-like process which is actually in steady state. As a matter of fact, the implementation of 

implicit methods for steady-state computations is more attractive because the number of iterations required 

for a solution is often much smaller than the number of time-steps needed for an accurate transient 

simulation that asymptotically approaches steady conditions. 
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a matrix (direct method) as explained in SECTION 2. The implicitly formulated numerical 

equations also entail nonlinearity which is induced by interrelation between fuel 

performance models or information propagation. The nonlinearity is typically represented 

as parameters in the equations. The estimation of the parameters should be coupled with 

the calculations in other fuel performance models or the calculations in other computation-

domains. One of the most common and efficient way to handle the coupling is iterative 

techniques (iterative method). As shown in Figure 3.2 to 3.8, the algorithms of the TAMU-

ZFP code contain eight kinds of iterative loops: time-step loop, power convergence loop, 

thermal convergence loop, dynamic dimensioning loop, gas-pressure convergence loop, 

friction-force convergence loop, mechanical convergence loop, and axial section loop. 

In the thermal analysis, a temperature at a mesh-point is influenced by thermal 

properties at the mesh-point, but at the same time the thermal property models are 

functions of temperature. This nonlinearity is processed by the thermal convergence loop. 

Average stresses in a mesh-cell are calculated with accumulated permanent strains of the 

mesh-cell. However, the creep strain rate and swelling rate in the mesh-cell are reversely 

functions of the average stresses in the mesh-cell (i.e., average equivalent stress and 

average hydrostatic stress, respectively). The nonlinearity in the mechanical analysis is 

handled by the mechanical convergence loop. 

The average stresses and average strains in a mesh-cell are obtained from the 

following equations: 
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where  s i
H  = length of axial section (i) [cm]. 

When no central void is developed, the solutions for stresses and strains have a singularity 

at the center of fuel, and hence the TAMU-ZFP code computes the average stresses and 

average strains in each mesh-cell instead of the stresses and strains at mesh-points19. If the 

stresses and strains at mesh-points are required, the solutions explained in APPENDIX B 

can be used to replace Equation 2.104 to 2.108. 

The calculations of the average stresses are also affected by gas pressure within 

the fuel pin, but at the same time the calculations of the internal gas pressure are dependent 

on the results of the stress-strain analysis. This nonlinearity is processed by the gas-

pressure convergence loop. The gas pressure within the fuel pin is given from the ideal 

gas law for a closed system consisting of multi-thermal-zones that have different 

temperatures under a single system-pressure: 
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where plenumP  = gas pressure within the fuel pin [MPa] 

 

19When 
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1

f s i
r


 is zero, 
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1 1

f s s if s i
r W


 has an indeterminate form which goes to zero. Thus, the solutions 

for the average stresses and average strains do not involve any singularity. 
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0M  = initial mole of gas in the fuel pin [mol] = 

 

 
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




 
  

 
  

 
FGRM  = mole of the fission gas released to the gap and plenum [mol] 

 R  = gas constant = 8.314 [J/mol-K] 

 0

plenumV  = initial volume of the plenum region [cm3] 

 0

plenumT  = initial average temperature of the plenum region [K] 

 N  = number of axial sections 

 
 p s i

V


 = volume of the pores in axial section (i) [cm3] 

  p s i
T


 = average temperature of the pores in axial section (i) [K]. 

The mechanical computations proceed from the bottom axial section to the top 

axial section because the axial deformation occurs upward with an axial boundary 

 

 

Figure 3.9. Mesh cells created with static dimensioning. 
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condition at the bottom of the fuel pin. Information on the friction forces is, meanwhile, 

propagated from the top axial section to the bottom axial section. The friction-force 

convergence loop deals with the nonlinearity which is caused by the discrepancy between 

computation direction and information-propagation direction. 

The fuel performance calculations in a fuel pin require fuel axial-sections and 

cladding axial-sections to be matched for coupled evaluations. In this research, two 

dimensioning methods were studied for the fuel-cladding matching: static dimensioning 

and dynamic dimensioning. As shown in Figure 3.9, the static dimensioning uses two 

 

 

Figure 3.10. Flowchart containing the algorithm of the static dimensioning. The yellow 

rectangles represent the static dimensioning processes. 
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different configurations of the cladding axial-sections: cladding axial-sections for 

mechanical behavior calculations and cladding axial-sections for non-mechanical 

behavior calculations. The two separate configurations allow the non-mechanical 

computations to be executed in the matched axial sections even after the changes of the 

mechanical state. The static dimensioning has a relatively simple algorithm (Figure 3.10), 

and does not demand any convergence loop for the dimensioning process. However, it is 

not effective in conducting contact analysis, and generates additional errors related to the 

averages for radial sections. The dynamic dimensioning employs a convergence loop 

where the cladding axial-sections are repeatedly matched to the fuel axial-sections after 

fuel pin deformation as shown in Figure 3.11. Figure 3.12 describes the dynamic 

dimensioning loop. Although the dynamic dimensioning requires more computations than 

 

 

Figure 3.11. Mesh cells created with dynamic dimensioning. 
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Figure 3.12. Flowchart containing the algorithm of the dynamic dimensioning. The yellow 

rectangles represent the dynamic dimensioning processes. 

 

 

the static dimensioning, it provides an optimized environment for contact analysis. The 

TAMU-ZFP code adopted the dynamic dimensioning for the fuel-cladding matching. 

Linear heat generation rates and volumetric heat generation rates are changed 

according to the results of fuel performance calculations. The fuel performance 

calculations, meanwhile, utilize inform on the linear power and the volumetric power. This 

nonlinearity is handled by the power convergence loop. The loop also processes a 

comprehensive coupling of all the fuel performance calculations. The time-step loop and 
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axial section loop operate in order to repeat the code calculations for all of the time-steps 

and all of the axial sections. 

As shown in Figure 3.2 to 3.8, each of the code algorithms, which contains the 

eight kinds of iterative loops, was structured with three parts to separately simulate two 

types of fuel behaviors: fuel behaviors described by a total accumulated amount as a 

function of time (e.g., creep strain, swelling strain, and fission gas release) and fuel 

behaviors characterized by state function, reversibility, and/or instant equilibrium (e.g., 

temperature, thermal stress, and gas pressure). The first part determines the values of the 

parameters used in the accumulated permanent strain models and the accumulated FGR 

model at the central time of a time-step. The second part calculates the accumulated 

permanent strains and the accumulated FGR at the end of a time-step. The third part 

updates all the fuel performance calculation results with the computed permanent strains 

and FGR at the end of a time-step. 
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4. ASSESSMENT OF TAMU-ZFP 

 

To assess the prediction ability of the TAMU-ZFP code, its calculation results were 

compared with experimental data available in the open literature. The irradiation data of 

the metal fuels are very limited and mostly based on the experiments in EBR-II. In this 

study, the data of the EBR-II test assemblies designated as X447 and X425 were used for 

assessment. 

 

Table 4.1. Fuel pin design data of X447 subassembly. 

 

Parameter Value 

Fuel composition U-10Zr (wt%) 

Cladding material HT9 

Radius of fuel slug 0.21997 [cm] 

Thickness of cladding 0.038 [cm] 

Thickness of gap 0.03403 [cm] 

Length of fuel slug 34.3 [cm] 

Length of gas plenum 48.02 [cm] 

Sodium level above fuel 0.635 [cm] 

Initial pressure of helium in gas plenum 0.084 [MPa] 

As-cast fuel density [30,31,32] 15.7 [g/cm3] 

Fuel smeared densiy 75 [%] 

Fuel pin pitch 0.655 [cm] 

 

 

4.1. Assessment with X447 Data 

 

The EBR-II subassembly X447 used U-10Zr metal as the fuel material, and the smeared 

density of the fuel was 75%. Details about the fuel pin design [24,33,34] are represented 
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in Table 4.1. The X447 test was performed to determine the burnup capability of HT9 

cladding at extremely high cladding temperature approaching 660 ºC [34]. As shown in 

Figure 4.1 [24], the subassembly was irradiated with high coolant-temperatures that were 

much higher than normal operating conditions. 
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Figure 4.1. History of the coolant outlet temperature of X447 subassembly. Modified from 

reference [24]. 

 

 

Figure 4.2 and 4.3 show the power history and axial power distribution of X447 

subassembly [24], which were used to making the input of TAMU-ZFP for the code 

assessment. The power history, axial power distribution, and coolant outlet temperature 

history were obtained from interpreting the input of the FEAST-METAL code [24]. The 

TAMU-ZFP input requires information on coolant pressure and coolant inlet temperature, 
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and 0.1 MPa and 370.85 ºC were used in the input for the X447 case, respectively. The 

fuel pin design data in Table 4.1 were also included in the TAMU-ZFP input. 
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Figure 4.2. Power history of X447 subassembly. Modified from reference [24]. 
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Figure 4.3. Axial power distribution of X447 subassembly. Modified from reference [24]. 
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While the data on the coolant outlet temperatures were given for the X447 case, 

TAMU-ZFP requires coolant mass flow rates to be specified in the input instead. In this 

study, the mass flow rate for a single coolant channel (Figure 2.2) was assumed to be 16.2 

g/s for the X447 case. As shown in Figure 4.4, the code predicted the coolant outlet 

temperatures very accurately with the assumed mass flow rate. 
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Figure 4.4. TAMU-ZFP calculation results about coolant outlet temperatures. 

 

 

Temperature distributions computed with the X447 data are represented in Figure 

4.5. The temperatures were calculated in axial section (10) which was the top axial section 

located at 31.226 cm to 34.702 cm from the bottom of the fuel slug. The temperatures of 

axial section (9), having a height of 27.750 cm to 31.226 cm, are also represented in Figure 
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4.5. The TAMU-ZFP calculation results were compared with the experimental data 

measured at the inner side of the cladding at the beginning of life (BOL) [33]. The 

measurement was conducted for four fuel pins designated by the pin IDs: DP70, DP75, 

DP04, and DP11, respectively. The data from R.G. Pahl [35] is also displayed in Figure 

4.5. The peak cladding temperatures in the range of 630 to 660 ºC were observed in the 

X447 experiments [34], and they are well matched with the TAMU_ZFP predictions. 
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Figure 4.5. TAMU-ZFP calculation results about fuel pin temperature distributions. The 

BOL linear power used in the calculations was 330 W/cm. 

 

 

Figure 4.6, 4.7, and 4.8 show radial stress distributions, angular stress distributions, 

and axial stress distributions in a fuel pin at the BOL, respectively. The stresses in the 
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principal directions of a cylindrical coordinate were computed at three different axial 

locations: 5.193 cm, 19.067 cm, and 32.964 cm from the bottom of the fuel slug, 

respectively. The calculation results show that the upper axial sections are under smaller 

compressive radial stresses than the lower axial sections in both of the fuel and cladding, 

although the upper axial sections are in higher temperatures. It is related to a steeper 

temperature-gradient at the lower axial section induced by higher local power. In the 

azimuthal direction and the axial direction, the upper axial sections are in smaller 

compression than the lower axial sections in the inner regions of the fuel and cladding. In 

the outer regions of the fuel and cladding, the lower axial sections are under larger tensile 

stresses than the upper axial sections. 
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Figure 4.6. TAMU-ZFP calculation results about radial stress distributions. 
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Figure 4.7. TAMU-ZFP calculation results about angular stress distributions. 
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Figure 4.8. TAMU-ZFP calculation results about axial stress distributions. 
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Figure 4.9 shows a comparison of the stress distributions in the three principal 

directions. The comparison utilized the stresses calculated at axial section (10) which was 

the top axial section located at 31.226 cm to 34.702 cm from the bottom of the fuel slug. 

The results indicates that the greatest compressive stress is at the center of the fuel in the 

axial direction. In the cladding region, the largest compression occurs on the inner side of 

the cladding in the axial direction. The largest tension occurs on the outer sides of the fuel 

and cladding in the angular direction. The tensile hoop stress contributes to tearing the 

outer surface, which is a mechanism of the crack formation in the fuel and cladding. 
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Figure 4.9. Comparison of the calculated stress distributions in three principal directions. 

 

 

The diametral strains of the cladding axial sections computed with the X447 data 

are represented in Figure 4.10. The peak linear power, which was 330 W/cm, was used for 
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the calculations of the diametral strain. The results were compared with the experimental 

data measured at 30 cm to 38 cm from the bottom of the fuel slug [34]. The post-irradiation 

examination (PIE) was conducted for three fuel pins: breached elements DP70 and DP75 

and intact element DP04. The breached elements were excluded from the comparison 

because the code version developed in this research did not have any module that evaluates 

the cladding breach. The average value of the DP04 data is also display in Figure 4.10. 

The code predictions show some differences form the PIE results, but they are still in a 

reasonable range in that the current version of the TAMU-ZFP code contains limited fuel 

performance models. 
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Figure 4.10. TAMU-ZFP calculation results about cladding diametral strains. 
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4.2. Assessment with X425 Data 

 

The metallic U-19Pu-10Zr fuel which had a smeared density of 72.4% was irradiated in 

X425 subassembly of EBR-II reactor. Table 4.2 shows fuel pin design data of X425 

subassembly [18,35,37,38], which were used to making the input of TAMU-ZFP for the 

code assessment. The TAMU-ZFP input also requires information on coolant pressure and 

coolant inlet temperature, and 0.1 MPa and 370 ºC were used in the input for the X425 

case, respectively. The coolant outlet temperature is given in Figure 4.11 [24] as a function 

of burnup. 

 

Table 4.2. Fuel pin design data of X425 subassembly. 

 

Parameter Value 

Fuel composition U-19Pu-10Zr (wt%) 

Cladding material HT9 

Radius of fuel slug 0.216 [cm] 

Thickness of cladding 0.0381 [cm] 

Thickness of gap 0.0379 [cm] 

Length of fuel slug 34.3 [cm] 

Length of gas plenum 34.3 [cm] 

Sodium level above fuel 0.635 [cm] 

Initial pressure of helium in gas plenum 0.084 [MPa] 

As-cast fuel density [36] 15.51469 [g/cm3] 

Fuel smeared densiy 72.4 [%] 

Fuel pin pitch 0.655 [cm] 

 

 

The power history and axial power distribution of X425 subassembly are given in 

Figure 4.12 and 4.13 [24], and they were used in the input as the reactor operation 
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parameters. As in the X447 case, the power history, axial power distribution, and coolant 

outlet temperature history were obtained from interpreting the FEAST code input [24]. 
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Figure 4.11. History of the coolant outlet temperature of X425 subassembly. Modified 

from reference [24]. 
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Figure 4.12. Power history of X425 subassembly. Modified from reference [24]. 
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Figure 4.13. Axial power distribution of X425 subassembly. Modified from reference 

[24]. 
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Figure 4.14. TAMU-ZFP calculation results about coolant outlet temperatures. 
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While the data on the coolant outlet temperatures were given for the X425 case, 

TAMU-ZFP requires coolant mass flow rates to be specified in the input instead. The mass 

flow rate for a single coolant channel was assumed to be 26.9 g/s for the X425 case. As 

shown in Figure 4.14, the code reasonably predicted the coolant outlet temperatures with 

the assumed mass flow rate. 
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Figure 4.15. TAMU-ZFP calculation results about fuel pin temperature distributions. 

 

 

Temperature distributions computed with the X425 data are represented in Figure 

4.15. The temperatures were calculated in axial section (7) which was the top axial section 
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located at 29.729 cm to 34.691 cm from the bottom of the fuel slug. The temperatures of 

axial section (6), having a height of 24.768 cm to 29.729 cm, are also represented in Figure 

4.15. The average linear power used in the calculations was 400 W/cm. The code results 

were compared with the fuel element design data provided by R.G. Pahl [36,38]. The 

computed temperatures show some differences from the design data, especially at the 

center of the fuel, but they are still in a reasonable range. The discrepancy would be 

generated by using different local LHGRs in the calculations. Therefore, if more specific 

information on the fuel element design and its operating conditions is given for making 

the input, more accurate assessment is possible. 
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Figure 4.16. TAMU-ZFP calculation results about radial stress distributions. 
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Figure 4.17. TAMU-ZFP calculation results about angular stress distributions. 
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Figure 4.18. TAMU-ZFP calculation results about axial stress distributions. 
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Figure 4.16, 4.17, and 4.18 show radial stress distributions, angular stress 

distributions, and axial stress distributions in a fuel pin at the BOL, respectively. The 

stresses in the principal directions of a cylindrical coordinate were computed at three 

different axial locations: 2.47 cm, 17.33 cm, and 32.21 cm from the bottom of the fuel 

slug, respectively. The calculation results show that an axial section which has a steeper 

temperature-gradient induced by higher local power is under larger compressive radial 

stresses. In the azimuthal direction and the axial direction, the axial section with higher 

local power is in larger compression in the inner regions of the fuel and cladding. In the 

outer regions of the fuel and cladding, the axial section with higher local power is under 

larger tensile stresses regardless of temperature. 
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Figure 4.19. Comparison of the calculated stress distributions in three principal directions. 
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Figure 4.19 shows a comparison of the stress distributions in the three principal 

directions. The comparison utilized the stresses calculated at axial section (4) which was 

located at 14.851 cm to 19.809 cm from the bottom of the fuel slug. The results indicates 

that the greatest compressive stress is at the center of the fuel in the axial direction. In the 

cladding region, the largest compression occurs on the inner side of the cladding in the 

axial direction. The largest tension occurs on the outer sides of the fuel and cladding in 

the angular direction. The tensile hoop stress contributes to tearing the outer surface, 

which is a mechanism of the crack formation in the fuel and cladding. Although X425 

subassembly is under lower irradiation temperatures than X447 subassembly, it shows 

much larger stresses in all the principal directions. It is attributed to the higher linear power 

of X425 subassembly. 
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Figure 4.20. TAMU-ZFP calculation results about cladding diametral strains. 
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The diametral strains of the cladding axial sections computed with the X425 data 

are represented in Figure 4.20. The diametral strains were calculated at 10.4 at% peak 

burnup. The predictions of the TAMU-ZFP code were compared with the experimental 

data measured at 10.4 at% peak burnup [18]. The calculation results of the ALFUS code 

are also displayed in Figure 4.20 [18]. The diametral strains computed by TAMU-ZFP are 

slightly higher than the other data, but they are still in a reasonable range. 
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5. CONCLUSIONS 

 

Accurate evaluations of fuel behavior is a crucial part in the determination of fuel 

operation limits and in the verification of burnup capabilities and reliability characteristics. 

In-pile behaviors of metallic fuels are closely connected with one another under a wide 

variety of irradiation histories. In most cases, each individual behavior cannot be evaluated 

by considering its own physical phenomena in isolation. Due to the high degree of 

interconnection among the fuel behaviors, the models that predict and quantify the fuel 

behaviors contain nonlinear mathematical expressions, and the coefficients and boundary 

conditions of each model are dependent on the calculations of other models. These 

complex relations generally require an integrated platform which has high-performance 

computing capabilities to handle the fuel behavior models simultaneously. In this research, 

a comprehensive computational tool has been developed to provide an optimized platform 

where each model can communicate with other models to calculate the synergistic effects 

of the fuel behaviors. The tool was named Tool for Analyzing Metallic U-Zr Fuel 

Performance (TAMU-ZFP). 

The fuel behavior models involve thermo-mechanical parameters in their 

mathematical functions, and hence the framework of a fuel performance code that holds 

the fuel behavior models should provide accurate information on those parameters. The 

framework of the TAMU-ZFP code was erected by implementing improved thermo-

mechanical models in the code with new advanced algorithms. The governing equations 

(GEs) of the thermo-mechanical models were established for each individual cell of the 
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spatial and temporal mesh employed in the code, and the GEs of a cell were solved with 

the boundary conditions pertaining to the specific cell. These cell-based models inherently 

and effectively describe the spatial variation and time dependence of thermo-mechanical 

behaviors with minimized unrealistic assumptions and simplifications. Also, the cell-

based models are fully compatible with the adaptable mesh system and dynamic 

dimensioning which were introduced into TAMU-ZFP. The adaptable mesh system means 

that the size and number of mesh cells are variable and non-uniform in order to 

accommodate the spatial and temporal dependence of the fuel pin deformation. The 

dynamic dimensioning was implemented to readjust the marred or mismatched mesh after 

the fuel pin deformation. The model features mentioned above ultimately allow an 

approach where the code can track the thermo-mechanical evolution of each cell with less 

restriction. Thus, based on the specific behavioral history of each cell, the framework 

developed with the new thermo-mechanical models provides optimized environments for 

the coupling of fuel performance models. 

In the case of thermal analysis, the coolant temperature associated with the fuel 

pin of interest was calculated by a single channel coolant enthalpy rise model. The Lax-

Wendroff one step method was applied to the GE of the single channel model for the 

transient coolant temperature. The temperature distributions in the fuel pin were obtained 

from an energy balance equation in which the net current of heat was defined by Fourier’s 

law. The transient temperature distributions used a modified Crank-Nicolson scheme to 

take account of the time dependence of material properties in addition to their spatial 

variation. Mechanical analysis models employed three fundamental conditions: conditions 
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for equilibrium of forces and moments, geometric compatibility, and stress-strain 

relations. Each of the three conditions yields a set of equations whose solutions determine 

the state of stress and strain in a fuel pin. The simultaneous equations from the three 

conditions were repeatedly established for each small axial section on the assumption of 

azimuthal and axial symmetry within an axial section. They were solved in each radial 

section of an axial section with specific section boundary conditions. The surface 

boundary conditions and axial boundary conditions are divided into open-gap conditions 

and closed-gap conditions according to the existence of the fuel-cladding contact. 

TAMU-ZFP adopted new advanced algorithms to implicitly calculate the synergic 

effects of the irradiation behaviors. Radial and axial interlocking in a fuel performance 

calculation, couplings of fuel performance models, contact analysis, and dynamic 

dimensioning and power adjustments after fuel pin deformation are executed in three main 

algorithms: open-gap algorithm, serial-contact algorithm, and random-contact algorithm. 

The open-gap algorithm can call two sub-algorithms which computes initial serial-contact 

time and completely-random-contact time, respectively. Also, the serial-contact algorithm 

can call two sub-algorithms which computes continuous serial-contact time and partly-

random-contact time, respectively. The calculation scheme in each of the three main 

algorithms was constructed with three parts to separately simulate two types of fuel 

behaviors: fuel behaviors described by a total accumulated amount as a function of time 

and fuel behaviors characterized by state function, reversibility, and/or instant 

equilibrium. The three parts contain eight kinds of iterative loops: time-step loop, power 

convergence loop, thermal convergence loop, dynamic dimensioning loop, gas-pressure 
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convergence loop, friction-force convergence loop, mechanical convergence loop, and 

axial section loop. The time-step loop and axial section loop operate in order to repeat the 

code calculations for all the time-steps and all the axial sections. The other loops was 

designed for the implicit determination of converged values of parameters and variables 

in fuel performance models. 

Also, various convenient features were implemented in the TAMU-ZFP code. An 

example is transient modules that allow one job step for the simulations of design-based 

off-normal fuel behaviors. It is not needed in TAMU-ZFP to generate the initial conditions 

for the transient simulation, store interim results, and separately run a transient code with 

its own input. Another convenient feature is a 3D graphical tool included in the code. 

TAMU-ZFP (written in the C language) generates raw data files for the visualization of 

the code output, and a program built on the MATLAB platform processes the raw data 

files for basic post-processing and visualization. 

To assess the prediction ability of the TAMU-ZFP code, its calculation results 

were compared with experimental data available in the open literature. The irradiation data 

of the metal fuels are very limited and mostly based on the experiments in EBR-II. In this 

study, the data of the EBR-II test assemblies designated as X447 and X425 were used for 

assessment. TAMU-ZFP successfully predicted most of the thermo-mechancal behaviors 

of metallic fuels with high accuracy. However, the code version developed in this research 

contained limited fuel performance models, so the code showed discrepancies in 

simulating some mechanical behaviors. Therefore, further implementation of reliable fuel 

performance models is required for the future research. For these updates of the TAMU-
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ZFP code, new physics-based fuel performance models should be studied in company with 

investigating up-to-date materials properties models. Another important part of the 

updates is the validation and verification work which entails a procedure known as 

calibrating or fine code-tuning. To do this, more accurate PIE data and in-pile data should 

be obtained with establishing a benchmark for the TAMU-ZFP simulation. 
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APPENDIX A 

 

ANALYTICAL SOLUTIONS FOR STEADY-STATE TEMPERATURE 

DISTRIBUTIONS IN A FUEL PIN 

 

A.1. Analytical Solution for Steady-State Cladding Temperature 

 

The steady-state cladding temperatures calculated by TAMU-ZFP have been compared 

with the following analytical solution: 

      
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where 
   c s j s i

T r


 = cladding temperature at radius r in radial section <j> of axial 

section (i) [K] 

radial section <j> = an arbitrary radial section of axial section (i) in the cladding 

region (radial section <j> is located between radial node 
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p  = average linear heat generation rate in axial section (i) [W/cm] 
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k


 = average thermal conductivity of the cladding in radial section <j> of 

axial section (i) [W/cm-K] 
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
 in radial section <j+1> of 

axial section (i) [K]. 
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A.2. Analytical Solution for Steady-State Fuel Temperature 

 

The steady-state fuel temperatures calculated by TAMU-ZFP have been compared with 

the following analytical solution: 

First radial section (radial section <1>) 
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The others (arbitrary radial section <j>, j ≥ 2) 
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where 
   f s j s i

T r


 = fuel slug temperature at radius r in radial section <j> of axial 

section (i) [K] (    
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f s i f s i

j j
r r r

 


   in radial section <j>) 
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 in radial section <j+1> of 

axial section (i) [K] 
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genq
  = average volumetric heat generation rate in radial section <j> of axial 

section (i) [W/cm3] 

 f s j s i
k


 = average thermal conductivity of the fuel in radial section <j> of axial 

section (i) [W/cm-K]. 

 



149 

 

APPENDIX B 

 

POLYNOMIAL SOLUTIONS FOR STRESSES AND STRAINS IN THE FIRST 

RADIAL SECTION OF THE FUEL 

 

When no central void is developed, the solutions for stresses and strains (Equation 2.104 

to 2.108) have a singularity at the center of the fuel. On the other hand, the solutions for 

average stresses and average strains (Equation 3.14 to 3.18) do not involve any singularity. 

Thus, the TAMU-ZFP code computes the average stresses and average strains in each 

mesh-cell instead of the stresses and strains at each mesh-point. If the stresses and strains 

at mesh-points are required, the solutions for the first radial section which contains the 

center of the fuel need to be approximated by the following polynomial solutions: 
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When the polynomial solutions are used instead of Equation 2.103 to 2.108 for 

radial section <1> of the fuel, the equations obtained from applying the radial boundary 

conditions to the solutions, which are included in the simultaneous linear systems of the 

open-gap model and the closed-gap model, are also changed. The equation obtained from 

applying the radial boundary condition    1 2
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The equations obtained from applying the axial boundary conditions for the open-gap 

situation and the closed-gap situation to the solutions for axial stresses are also changed 

in similar ways. 
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APPENDIX C 

 

INPUT INSTRUCTIONS FOR THE TAMU-ZFP CODE 

 

TAMU-ZFP input instructions are given in Table C.1. For user-convenience purposes, the 

input of the TAMU-ZFP code adopted the style of the FRAPCON-3 input with which the 

users of fuel performance codes are already familiar. 

TAMU-ZFP was designed to be flexibly applicable to various fuel designs, and it 

can simulate the metallic fuel pins that have fertile blankets at the top and/or bottom of the 

fuel slug within the fuel pin, as in the oxide fuel pins. Thus, the code user can feed 

information on the upper and/or lower blankets via the input. The information on axial 

sections and time sections is also supplied by the code user, but radial sections are 

configured by the code for more accurate and efficient computations. The change of the 

information on the radial sections requires a higher user-level. 

 

Table C.1. Input instructions for the TAMU-ZFP code. 

Input variable name Description Limitation 

timestep Number of time steps Should be greater than 0. 

transient Time step at which the 

transient starts 

Should be less than or equal to 

timestep. 

Steady state only if transient = 

0. 
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Table C.1. Continued. 

Input variable name Description Limitation 

tdependency_cool Time-dependency indicator of 

thermal-hydraulic parameters 

1 = the values of thermal-

hydraulic parameters are 

specified for each time step. 

0 = a single value of each 

parameter is applied to all the 

time steps. 

axsection_fuel Number of axial sections in 

the fuel slug region 

Should be greater than 0. 

More than 5 is recommended. 

axsection_upb Number of axial sections in 

the upper blanket region 

No upper blanket if 

axsection_upb = 0. 

axsection_lob Number of axial sections in 

the lower blanket region 

No lower blanket if 

axsection_lob = 0. 

axpshape Indicator for axial power 

shape 

1 = default chopped-cosine 

shape. 

2 = user-specified shape. 

num_axprofiles Number of user-supplied axial 

power profiles 

0 when axpshape = 1. 

cladtype Indicator for the type of 

cladding 

1 = SS_304L. 

2 = SS_316. 

3 = D9. 

4 = HT9. 

wtpct_pu Weight percent of plutonium 

in alloy fuel (wt% Pu) 

Should be less than 100. 

wtpct_zr Weight percent of zirconium 

in alloy fuel (wt% Zr) 

Should be less than 100. 

smearden Smeared density of fuel 

(%TD) 

Used to compute the as-cast 

density. 

fradi Radius of fuel slug [cm] Should be greater than 0. 

cladthi Thickness of cladding [cm] Should be greater than 0. 

gapthi Thickness of gap [cm] Should be greater than 0. 

fuelen Length of fuel slug (or length 

of a stack of fuel pellets) [cm] 

Should be greater than 0. 

upblen Length of upper blanket [cm] 0 when axsection_upb = 0. 

loblen Length of lower blanket [cm] 0 when axsection_lob = 0. 
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Table C.1. Continued. 

Input variable name Description Limitation 

plenmlen Length of gas plenum [cm] Should be greater than 0. 

plenm_ipress Initial pressure of helium in 

gas plenum [MPa] 

Default = 0.084 

sod_level Sodium level above the fuel 

slug [cm] 

Should be greater than 0. 

pin_pitch Fuel pin pitch (center-to-

center distance between pins 

in a triangular coolant 

channel) [cm] 

Should be greater than the fuel-

pin diameter. 

time Array for cumulative time at 

the end of each time step 

[day] 

The size of the array should be 

equal to timestep. 

The cumulative time at the 

beginning of the first time step 

is 0 [day]. 

All the values contained in the 

array should be greater than 0. 

lhgr Array for average linear heat 

generation rate of the fuel 

slug at each time [W/cm] 

The size of the array should be 

equal to timestep. 

The linear heat generation rates 

averaged in the fuel slug are 

treated as a piecewise-constant 

function of t for the steady-state 

case and as a piecewise-linear 

function of t for the transient 

case. 

If transient = 1, the average 

LHGR at the beginning of the 

first time step is 0. 

inlet_temp Array for coolant inlet 

temperature at each time step 

[ºC] 

When tdependency_cool = 1, the 

size of the array should be equal 

to timestep. 

When tdependency_cool = 0, a 

single value (not array). 
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Table C.1. Continued. 

Input variable name Description Limitation 

cmflow Array for coolant mass flow 

rate at each time step [g/s] 

When tdependency_cool = 1, the 

size of the array should be equal 

to timestep. 

When tdependency_cool = 0, a 

single value (not array). 

cool_press Array for coolant pressure at 

each time step [MPa] 

When tdependency_cool = 1, the 

size of the array should be equal 

to timestep. 

When tdependency_cool = 0, a 

single value (not array). 

hist_axpro Array for index of axial 

power profile used for each 

time step 

Used only if axpshape = 2. 

The size of the array should be 

equal to timestep. 

All the values contained in the 

array should be greater than or 

equal to 1, and should be less 

than or equal to num_axprofiles. 

axpro Array for the ratios of the 

linear power at each axial 

node to the axially-averaged 

value (an array represents an 

axial power profile and has an 

individual index for the 

identification) 

Used only if axpshape = 2. 

The number of arrays should be 

equal to num_axprofiles. 

The size of each array should be 

equal to the total number of 

axial nodes. 

The values in each array are 

normalized. 

 

 


