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ABSTRACT
DIMAC (A DIspersion Metallic fuel performance Analysis Code) is a computer
program for simulating the behavior of dispersion fuel rods under normal operating
conditions of HYPER. It computes the one-dimensional temperature distribution and the
thermo-mechanical characteristics of fuel rod under the steady state operation condition,
including the swelling and rod deformation.
DIMAC was developed based on the experience of research reactor fuel. DIMAC
consists of the temperature calculation module, the mechanical swelling calculation
module, and the fuel deformation calculation module in order to predict the deformation
of a dispersion fuel as a function of power history. Because there are a little of available
U-TRU-Zr or TRU-Zr characteristics, the material data of U-Pu-Zr or Pu-Zr are used
for those of U-TRU-Zr or TRU-Zr.
This report is mainly intended as a user's manual for the DIMAC code. The general
description on this code, the description on input parameter, the description on each
subroutine, the sample problem and the sample input and partial output are written in
this report.
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요약문
DIMAC 은 HYPER 의 정상운전상태 하에서 금속간 분산형핵연료봉의 노
내 거동을 모사하는 전산 프로그램이다. DIMAC 은 정상상태의 운전 조건에
서 연료봉 팽윤 및 피복관 변형을 포함한 연료봉의 1 차원적 온도 분포 및
조사/열기계적 특성을 계산한다.
DIMAC 의 연구로용 분산형 연료경험을 바탕으로 개발되었으며, 출력에
따른 변형율을 분석하기 위하여 온도계산, 스웰링 계산 및 변형 계산 모듈로
구성된다. 또한 U-TRU-Zr 연료특성 자료가 불충분하기 때문에 U-TRU-Zr
혹은 TRU-Zr 물성대신에 U-Pu-Zr 혹은 Pu-Zr 물성치를 사용한다. .
본 보고서는 MACSIS 전산코드의 사용자 지침서로서, DIMAC 코드에 관
한 개요, 입력변수에 관한 설명, 각 subroutine 에 대한 설명, 예제 및 입력
자료와 출력결과 등이 기술되어 있다.
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I. Introduction
Accelerator Driven Systems (ADS) are currently being evaluated in Europe, Asia, and the
United States for destruction of the higher actinide species and long-lived fission products that
result from nuclear power generation. The ability of these systems to econmically fission TRU
(transuranic elements) is enhanced if the TRU bearing blanket elements can be driven to high
burnup, on the order of 20-30 at.% HM (Heavy Metal) [1,2]. The desire for a robust fuel for use in
transmutation systems has caused renewed interest in metal-matrix dispersion fuel in the U.S.A [1]
and Korea [2]. The Korean ADS concept, known as HYPER (HYbrid Power Extraction Reactor),
uses either a metallic TRU-Zr alloy or a dispersion of TRU-Zr alloy particles dispersed in a metal
matrix as the actinide target. The actinide target is called a blanket rod or fuel rod by analogy to
the blanket region in heterogeneous fast reactors.
Dispersion fuels are typically used for high burnup, high power density applications, such as
research reactors. The metal matrix provides for efficient heat transfer from the fission event to
the coolant, and acts to locally contain fission products. The use of a metallic fuel particle in a
zirconium dispersion is attractive due to the compatibility of metal with molten salt electrorefining
recycle technology, and the high TRU content possible in alloy systems, and the ready availability
of zirconium.

A potential problem with the use of metal alloy fuel particles is the low melting

temperatures relative to ceramic fuels. The use of a zirconium matrix in this study also ignores, for
the present, the potential for reaction of the metal matrix with the dispersed fuel particle, and is a
discussion of the development of a fuel performance code.
During operation of the HYPER transmuter, fission within the dispersed fuel particles affects
the fuel microstructure in several ways. The fuel rod is also subjected to thermal cycling, and
there exist temperature gradients along the radial direction in the fuel rod that vary with time.
Consequently, material properties such as thermal conductivity, density, plasticity, elastic and creep
constants, material phase arrays, etc., vary as a function of burnup and time.
A performance analysis of the HYPER fuel rod design that takes these factors into
consideration is therefore essential to assure fuel integrity and adequate fuel performance under
irradiation. This paper describes the development of a physical model to predict the deformation of
a (TRU-Zr)-Zr dispersion fuel as a function of power history. The physical models have been
incorporated into the DIMAC (A DIspersion Metallic fuel performance Analysis Code) code, a fuel
performance code written to support HYPER system concept development. This paper provides
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details of the first stage development of DIMAC. Code development currently emphasizes the fuel
temperature profile calculation, assumes models for swelling and interaction based on analagous
fuel systems, and calculates fuel rod strain and deformation.
This first version of the DIMAC code will be used to interpret experimental data and to
extrapolate the results of irradiation tests to irradiation conditions for the HYPER system.

As

described in section II, one of the important irradiation performance characteristics of a TRU/Zr
fuel rod in transmutation systems is its diametral increase resulting from fuel meat swelling. By
analyzing irradiation behaviors in the literature on experimental data for Pu-Zr, and U-Pu-Zr fuels,
the key models that are significant in controlling fuel pin behavior are described. Section II also
gives the input description in the DIMAC code. Section III gives major model descriptions in the
DIMAC code. The models include temperature profile calculation, fission gas release and retention,
and fuel rod deformation. Section IV describes some preliminary and benchmark calculations to
evaluate the validity of the DIMAC code.
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II. Description of the Program
1. Overview
Some mechanisms contributing to fuel swelling in U-Pu-Zr and U-Pu-Fs metallic alloy fuels for
FRs (Fast Reactors) have already been identified [3,4]; the same is true for uranium-based
dispersions used in most research reactors [5]. Since there is no data on the behavior of (TRU-Zr)
metallic fuel, and more specifically dispersions of TRU-Zr alloys in a metal matrix, mechanistic
models cannot yet be developed based on experimental results for this fuel type. The swelling
mechanisms postulated to be operating during irradiation of both metallic fuel and

uranium

silicide-based dispersion fuel have therefore been applied to the modeling of (TRU-Zr)-Zr
dispersion fuel behavior.
There are no known data on the behavior of TRU-bearing metallic fuels that contain TRU
as the major phase and also contain little or no uranium under conditions calculated for the HYPER
system. The major component of LWR (light-water reactor) generated TRU is Pu (> 90% Pu) [6].
Despite a lack of data on (TRU-Zr)-Zr fuel properties and behavioral characteristics, there is a large
database of metallic fuel irradiation data [7], some low burnup Pu-Zr metallic fuel irradiation data
[8,9], and a good deal of analyses of silicide and metal alloy dispersion fuels [10,11,12].

A study

of the behavior of these fuel types has led to the postulation of that the following major physical
processes will dominate the behavior of for (TRU-Zr)-Zr dispersion fuel under irradiation.
(i) Total swelling is comprised of three major components; (1) a volume increase due to the
accumulation of non-gaseous fission products, (2) a volume increase due to fission gas
accumulation, and (3) a volume change due to the change in alloy composition with TRU
depletion due to fission. The quantity of non-gaseous fission products was determined with
the aid of published fission yield data [13]. The contribution of solid fission products to volume
change were estimated by evaluating their solubility in fuel and their tendency to form
compounds with each other and with TRU and Zr. These two contributions to swelling, i.e.,
phase transformation and non-gaseous fission products were combined and yielded a linear
function of fission density.
(ii) (TRU-Zr)-Zr dispersion fuel is not thermodynamically stable, and the matrix zirconium reacts
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with TRU-Zr particles. The crystal structure type and the amount of reaction product formed
varies with fuel particle zirconium content and temperature. In addition, the alloy composition
changes with TRU burnup. The volume change due to was calculated using the most current
Pu-Zr equilibrium phase diagram and measured densities of the phases involved, and found to
be negligible with respect to mechanisms (1) and (2) above, and so was not included in the
present version of the code.
(iii) The largest component of fuel swelling is due to the precipitation of fission gas in the form of
bubbles [14,15]. The component of fuel swelling due to the formation of fission gas bubbles is
not linear with fission density at lower swelling values but tends to behave linearly when
swelling reaches higher levels. The non-linear behavior is caused by the capability of smaller
bubbles to contain more gas atoms according to the equilibrium between the gas pressure in
the bubble and the surface tension of the fuel. The apparent fission rate dependency is due to a
delay in the development of larger bubbles when the fission rate increases [16]. In reactor
irradiation experiments with inter-metallic uranium compounds, Hofman [17] showed that an
enormous increase in gas bubble growth occurs when a compound becomes amorphous during
irradiation. This accelerated swelling phenomenon occurs only in compounds that undergo a
crystalline-to-amorphous transformation, and is a manifestation of radiation enhancement of
diffusion and plastic flow in amorphous solids [18].
(iv) In a dispersion fuel, the most important driving force for cladding deformation is the swelling
of the fuel meat. When compared to commercial UO2 fuels, the goal discharge burnup of
blanket fuel for accelerator driven transmutation systems are very high (about 20 at.% BU) ,
therefore fuel meat swelling can be high enough to cause large permanent plastic deformation in
the meat and cladding.
The total swelling for (TRU-Zr)-Zr fuel is thus estimated as in equation (1).
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sp

 ∆V 
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 V  il

(1)

The terms in equation (1) are defined as follows, each term taking into account fuel temperature
and fission rate.

 ∆V 

 is the total fractional volume change due to the swelling for (TRU-Zr)-Zr dispersion fuel,
 V  ts
 ∆V 
 is the fractional volume change due to the fission gas bubble nucleation, growth and

 V  gb
coalescence,

 ∆V 


 V  sp

is the fractional volume changes as a result of TRU depletion due to fissioning and the
accumulation of solid fission products, and

 ∆V 


 V  il

is the fractional volume change due to a thermal-chemical reaction between TRU-Zr
fuel particles and the Zr matrix .
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0 Read Input Data
- Fuel rod data
- Model Specification
- Power History
- Coolant Condition

start

0 Initialize Input Variable
Call RNUM & GEOMT
- node number, mass and the
ring volume at each node

Call TEMP1D
- one dimensional radial temp.
profile
Next
Time
Step

Call DSWELL, BUDIS
0 Volume change due to
- Gas bubble accumulation
- Solid fission product accumul.
- Thermal-chemical reaction

Call STRESS
- Strain
- Stress
- Radial displacement

End of Time Step

End

Figure 1. Calculation Procedure for DIMAC
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2. Input Description
Input data consist of the fuel slug characteristics, the cladding, characteristics, the operational
condition, the power history. Input for DIMAC is not free field, but does not require that all
variables be input. The example of the input data is given by Appendix B, and Table 1 shows a
description of the input data variables.

Table 1. DIMAC Input Variables

<Group 1 : fuel slug characteristics : (Format (2I5, 7F10.0))>
Column

Variable

Definition

Default Value

5

IGROUP

Group number

1

6 -10

NELM

Fuel rod number per assembly

217

11 -20

DI

Fuel slug outer diameter (mm)

5.4

21-30

ASIZ

Average size of fuel slug particle (мm)

70

31-40

LAMFP

Thermal conductivity of the fuel

0.019

particle(W/mK)
41-50

DENMET

Density of the fuel slug (Mg/m3)

51-60

DENURA

Density of the TRU in the fuel slug(Mg/m3)

61-70

FRAFP

Fraction of the fuel particle in the fuel rod

0.61

71-80

LE

Fuel slug length (mm)

300
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<Group 2 : fuel slug material characteristics: (Format (2I5, 7F10.0))>
Column
5

Variable
IGROUP

6 -10

Definition

Default Value

Group number

2

Not used

11 -20

DENFP

Density of the fuel slug particle (Mg/m3)

21-30

MDFM

Modulus of elasticity of fuel slug (GN/m2)

31-40

TLAMFM

Thermal expansion coefficient of fuel slug

15.58

(мm/m/K)
41-50

UMUFM

Poisson ratio of fuel slug

0.3
2

51-60

SURTNS

Surface tension of the bubble (J/m )

61-70

DENURA

Density of the TRU in the fuel slug(Mg/m3)

71-80

Not used

<Group 3 : cladding material characteristics-1: (Format (2I5, 7F10.0))>
Column

Variable

Definition

Default Value

5

IGROUP

Group number

3

6 -10

SHTH

Option of the cladding material

0

11 -20

THS

Thickness of cladding (mm)

0.76

21-30

MD

Modulus of elasticity of the cladding (GN/m2)

70

31-40

TLAM

Thermal expansion coefficient of the cladding

24.6

(мm/m/K)
41-50
51-60

LAMAL
DENAL

Thermal conductivity of the cladding (W/mK)
3

Density of the cladding (Mg/m )

61-70

Not used

71-80

Poisson ratio of the cladding
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0.2
2.7
0.33

<Group 4 : cladding material characteristics-2: (Format (2I5, 7F10.0))>
Column
5

Variable
IGROUP

6 -10

Definition

Default Value

Group number

4

Not used

1

11 -20

GAP

Smear density

1

21-30

FINHT

Cladding pin length (mm)

0

31-40

FINWD

Cladding pin thickness(mm)

0

41-80

LAMAL

Not used

<Group 5 : Operational condition: (Format (2I5, 7F10.0))>
Column
5

Variable
IGROUP

6 -10
11 -20

Definition
Group number

Default Value
5

Not used
FILMCO

Film coefficient (kW/ m2/K)

30

Coolant pressure (MPa)

0.3

Coolant temperature (K)

313

(IDATA)
21-30

CPR
(IDATA)

31-40

TCL
(IDATA)

41-80

Not used
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<Group 6 : Power history : (Format (10X, 7F10.0))>
Column

Variable

Definition

5

Not used

6 -10

Not used

11 -20

POWER

Linear power (kW/ m)

(IDATA)
21-30

ABURNUP Burnup (at%)
(IDATA)

31-40

TCL

Coolant axial temperature (K)

(IDATA)
41-80

Not used
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Default Value

III. Subroutines in DIMAC
1. Subroutine TEMP1D
A best-estimate prediction of fuel temperature distribution within the fuel rod is the foundation
of a fuel performance code. In the DIMAC code, a subprogram TEMP1D computes the onedimensional, radial temperature distribution within a cylindrical fuel rod.
1.1 Cladding surface temperature
The cladding surface temperature is given by:
Tco= Tb + ∆Tf + ∆Tc ,
where, Tb

(2)

: bulk coolant temperature

∆Tf: temperature rise across the film
∆Tc : temperature rise across the crud and oxide layers.
For forced convection heat transfer, the film temperature rise can be calculated as:
∆Tf = q''/hf .
where q''

(3)

= heat flux

hf = film convective heat transfer coefficient
The numerical value of the film coefficient is obtained from the Nusselt number. For the case of a
liquid metal flowing under turbulent conditions through a hexagonal lattice of rods, parallel to the
rods, Dwyer has given the following correlation [19],
Nu = 6.66 + 3.126(p/d) + 1.184(p/d)2 + 0.0155 (ΨPe)0.86.

(4)

where, p/d is the ratio of the lattice pitch to the rod diameter and Pe is the Peclet number; ψ is a
function given graphically by Dwyer.
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Ψ = 1 – 0.942(p/d)1.4/Pr(Re/103)1.281.

(5)

∆Tc (the temperature rise across the crud and oxide layer ) is given by:
∆Tc = q''δco/kco.
where, δco

(6)

= the thickness of the crud and oxide layer
= thermal conductivity of the crud and oxide layer.

kco

1.2 Temperature distribution in the fuel rod
In the steady-state, the temperature distribution in the fuel rod is given by Poisson’s equation in
one dimension.

d 2 T dT q' ' '
+
+
= 0.
dr 2 rdr k f

(7)

where, kf is the thermal conductivity of the fuel and q''' is the volumetric heat generation rate. For a
two-phase medium, kf is determined by the Bruggeman equation[20]:

ks − k f
k s + 2k f

=

k f − kd
Vd
⋅
.
1 − Vd 2 k f + k d

(8)

where Vd is the volume fraction of fuel particles, kf is the thermal conductivity of the effective twophase medium, ks is the thermal conductivity of the matrix phase, and kd is the thermal conductivity
of the fuel phase.
kPu-Zr (thermal conductivity of unirradiated Pu-Zr fuel alloy) is estimated as [21]:
kPu-Zr = 7.488 + 3.43x10-3T – 32.53XZr + 4.33x10-6T2 + 39.97(Xzr)2 – (7.843x10-4)TXzr
(W/mK).

(9)
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where, Xzr is the weight fraction of zirconium in the alloy and T is temperature (K).
ks is given as [22]:
ks = 29.479-0.0315T+3x10-5T2 (W/mK).

(10)

Eq. (7) can be written in finite difference form as follows:

(

1
1
1
1
− q '''
−2
T
T
T
)
(
)
+
(
+
)
=
−
+
,
i −1
i
i +1
Kf
∆R 2f
∆R 2f 2 Ri ∆R f
∆R 2f 2 Ri ∆R f

(11)

where ∆Rf is the inter-nodal spacing in the fuel.
1.3 Temperature distribution in the cladding
In the steady-state, the temperature distribution in the cladding is given by:

kc

d 2T
dT
= 0,
2 + kc
dr
rdr

(12)

where kc is the cladding thermal conductivity. HT-9 steel [23] is assumed to be the
cladding material for HYPER, and the thermal conductivity of HT9 is given by
[24]:
kc = 17.622 + 2.428 x 10-2T – 1.696 x 10-5 T2 (W/m-K) for T <1050K

(13.a)

kc = 12.027 + 1.218 x 10-2T

(13.b)

(W/m-K) for T≥ 1050K.

Eq. (12) can be written in finite-difference form as follows:

(

1
1
−2
1
1
−
)Ti −1 + ( 2 )Ti + ( 2 +
)Ti +1 = 0 .
2
∆Rc 2 Ri ∆Rc
∆Rc
∆Rc 2 Ri ∆Rc

where, ∆Rc is the inter-nodal spacing in the cladding.
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(14)

1.4 Heat transfer between the fuel and cladding
It is assumed that there is a metallurgical bond between the fuel meat and cladding for the
dispersion fuel, which would result in no gap. So the heat conduction equation at the contact point
between fuel meat and cladding is given by;
'''
d 2T dT qeff
+
+
= 0.
dr 2 rdr k eff

(15)

where, keff is the effective thermal conductivity at the contact point between fuel and cladding, q'''
eff=effective

rate at which heat is produced per unit volume at the contact point between fuel and

cladding. keff is given by;

Vf
V f + Vc
1
=
+
k eff
kf
where, Vf
Vc

Vc
V f + Vc
kc

.

(16)

= fuel control volume at the contact point between fuel and cladding
= cladding control volume at the contact point between fuel and cladding.

Eq. (15) can be written in finite difference form as follows;

(

2
1
−
)Ti −1
∆R f (∆R f + ∆Rc ) ∆Ri (∆R f + ∆Rc )

+(

2
−2
)Ti
−
∆Rc (∆R f + ∆Rc ) ∆R f (∆R f + ∆Rc )

.

(17)

'''
− q eff
2
1
+(
+
)Ti +1 =
∆Rc (∆R f + ∆Rc ) ∆Ri (∆R f + ∆Rc )
K eff

1.5 Temperature distribution at the fuel center
By applying the L’Hopital’s rule into Eq. (7), heat conduction equation at the fuel center is
given as follows:

2

d 2T q '''
+
= 0.
dr 2 k f

(18)
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Eq. (18) can be written in finite difference form as follows:

(

2
−2
− q '''
)
T
(
)
T
+
=
.
i
i +1
2k f
∆R 2f
∆R 2f

(19)

1.6 Heat generation rate per unit volume
Depression of the fast flux within fuel is small because the neutron mean free path in the fast
reactor is long enough, around 10 to 15 cm, so that the self-shielding effect is negligible in the
calculated HYPER neutron spectrum. Consequently, it is assumed that the heat generation rate at
each annulus is linearly proportional to the TRU concentration, which varies with burnup because
of the fuel constituent redistribution.
Heat generation rate per unit volume for node i of cylindrical fuel rod can be given as
follows ;

qi''' =

q'
,
πR 2fo

(20)
where, Rfo = Radius of fuel meat.

1.7 Solution method
Eqs. (11), (14), (17) and (19) can be generally represented in finite different form by:
AiTi-1 + BiTi + CiTi+1 = Di.

(21)

Using the boundary conditions of Eq. (1), temperature in Eq.(21) can be calculated by
tridiagonal matrix as follows:

 b1

 a2








c1
b2
a3

c2
b3

c3

⋅

⋅

⋅
am

  T1   d1 


 
  T2   d 2 
 T   d 
 3  =  3  .
 ⋅   ⋅ 

c m −1  Tm −1  d m −1 

 

bm   T m   d m 
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(22)

Each Ti at each node in Eq. (22) is calculated by a tridiagonal matrix algorithm.

0 Input Data
- T/H data
- Neutronic data
- Node numbers and Position
- material property

IDATA,
iteration loop
of power
history

0 Boundary condition
- Cladding surface temp.
0 Heat generation rate

0 Finite difference form for
temp. distribution
- Temp. distribution for fuel rod
- Temp. distribution for cladding
- Temp. distribution for contact
point
- Temp. distribution for fuel
center

0 Call subroutine TDMA
- Tridiagonal matrix for
calculation of each temp. at
each node

0 check fuel melting Temp.

End

Figure 2. Calculation Scheme for TEMP1D
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2. Subroutine DSWELL
2.1 Modeling Solid Fission Product Swelling
The solid fission products produced in the lattice of fuel particles lead to volumetric swelling.
The swelling of the fuel meat due to the formation of solid fission products is caused by
incorporation of these fission products into the fuel alloy lattice and is, therefore, proportional to the
fission density in the fuel meat. Furthermore, the volumetric change potentially caused by phase
transformations as a result of burnup is also proportional to the fission density. Therefore, these two
contributions to swelling combine to yield a linear dependence of solid swelling on fission density.
The fractional volume change for TRU-Zr fuel particlesdue to the generation of solid fission
products (ftp) is given by:

f tp = C ⋅ 10 −3 ⋅ Ba .

(23)

where C is a coefficient generally ranging from 1.26 to 1.86 and is derived from experimental data
[25,26], and Ba is the burnup in atomic percent. In DIMAC, the value employed for C is 1.26. Not
only is the overall yield of solid fission products under fast fission conditions slightly higher than
under thermal fission conditions, but also the yield of solid fission products due to the fission of Pu
is slightly greater than that due to the fission of U.
In order to model the swelling behavior of (TRU-Zr)-Zr fuel, it is assumed that fabrication
porosity only exists at the boundary area between TRU-Zr fuel particles and the Zr matrix. The
fractional volume change due to the formation of solid fission products per unit volume of the fuel
meat is given by:

 ∆ V uc

 V uc

  WT zr


=  
 tp
  ∂ zr


 + V


ip

+ (V

tp

N

tp

)(1

+ f tp

)}−

where

Vuc = Vtp ⋅ N tp +

WTzr

δ zr

+ Vip = 1 , the unit volume of (TRU-Zr)-Zr fuel
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1 .

(24)

WTzr = δ fc ⋅ Fzr , the Zr-matrix weight per unit volume of (TRU-Zr)-Zr fuel

δ fc = the density of (TRU-Zr)-Zr fuel
δ fp = the density of TRU-Zr alloy

δ zr = the density of Zr
Fzr = the weight fraction of the Zr matrix in the (TRU-Zr)-Zr fuel meat
Vtp =

the volume of a TRU-Zr fuel particle

Vip = 1 − (Vtp ⋅ N tp + VTzr ) ,

the

initial

porosity

per

unit

volume

of

the

fuel

N tp = δ fc ⋅ Ftp / M tp , the number of TRU-Zr fuel particles per unit volume of fuel
VTzr = the volume of Zr-matrix per unit fuel meat volume, WTzr / δ zr
Ftp = the weight fraction of TRU-Zr in (TRU-Zr)-Zr fuel

M tp = the mass of a TRU-Zr fuel particle.
2.2 Modeling Gas-Driven Swelling
Gaseous fission products, primarily Xe and Kr, are an even more important source of swelling
than solid fission products. These gas atoms agglomerate into bubbles which have volumes many
times greater than the fuel atoms from which they originated. In order to estimate the volume
change due to the accumulation of gas bubble nucleation, it is necessary to calculate the bubble size
distribution formed by the gas atoms produced within the fuel particles. The procedure for
calculating the bubble size distribution on grain boundaries consists of dividing the bubbles into
equal size ranges on a logarithmic scale and averaging their properties over the ranges as modeled
by Hwang et al. [27].
The bubble sizes are defined according to the number of gas atoms. The gas is assumed to
obey a Van der Waals equation, where the Van der Waals constant depends upon temperature and
pressure. ni is the number of gas atoms in the bubble with radius ri, which is given by the following
expression [27,28]:
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  3 kT
r i =  
  8 πγ


 n i }1 / 2 .


Hence, the mean radius,

(25)

ri , in a size bin that has bubble radii that range from ri to

ri +1 is given

by:

  3 kT   n i + n i + 1 
 
ri =  

2

  8πγ  

1/ 2

,

(26)

where γ is the surface tension of the TRU-Zr alloy, k is the Boltzmann constant, and T is
temperature (K) .
The fractional swelling due to the formation of fission gas bubbles, per unit fuel meat volume, is
calculated by Subroutine BUDIS, and then given by:

 ∆Vuc

 Vuc

((V + Vb )⋅ N tp + VTzr + Vip ) − Vuc ((

 = tp
= Vsp + Vb ) ⋅ N tp + VTzr + Vip ) − 1 . (27)
Vuc
 gb

where, VTzr is the volume of the Zr matrix per unit fuel meat volume, WTzr / δ zr ,

Vuc is the unit volume of the fuel meat,
∆V
 
 V sp

is the volume of a fuel particle which is treated as an equivalent sphere of uniform
size characterized by a single equivalent radius, and

∆V
 
 V sp

is the volume of the initial porosity per unit volume of the fuel meat,

[1 − (V tp

⋅N

tp

+ VT

zr

)]
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Figure 3. Calculation Scheme for DSEWLL
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3. Subroutine BUDIS
Subroutine BUDIS Calculate the bubble size distribution for gas bubble coalescence at grain
boundary region.
An equivalent volume diffusion coefficient for surface diffusion migration of a bubble on a
grain boundary is given [29] by:

D b = 0 . 301 D s α o4 (ri − 4 + r j− 4 ) ,

(28)

where ri and r j are the radii of bubbles i and j, and α o is the lattice parameter. It has been
assumed that the TRU-Zr alloy has the face centered cubic δ-Pu structure [30] with α o = 4.66x10-10
m. Ds is the surface diffusion coefficient of the bubble on a grain boundary {cm2/sec, 5.4x10-5 exp(108000/RT)} [31].
Since one fission yields 0.310 atoms of Xe and Kr, and 3.12x1010 fissions per second
produce 1 W, the total number of gas atoms produced within a fuel particle is given by:

m = 0 . 310 ⋅ C F ⋅ q ′′′ ⋅ t ,
where

CF = 3.12x1010, t

(29)

is irradiation time (sec), and q ′′′ is the volumetric heat generation rate

per fuel particle (W/cm3).
Based on the bubble size distribution [27] on a grain boundary according to the random migration
of the bubbles, the average number of bubbles per fuel particle in a given bubble size range ( f i )
is given by:

∫

ni +1

f i (ni +1 − ni ) = 0.23m ' ⋅ τ −4 /5 {exp( − A(nτ −2 /5 − 0.5)} × {sinh[ B (nτ −2 /5 − 0.5)]1/ 2 }dn . (30)
ni
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Hence, using

f i from Eq. (30), a balance equation can be written as follows:

m = Cs

 ni + ni +1 
.
2


∑ f 
i

sizerange

(31)

where Cs is a correction coefficient for the concentration per fuel particle. Therefore, the equivalent
number of bubbles for the median atom size in a given bubble size range i, is given by:

fi = fi ⋅ Cs .

(32)

Eq. (32) is solved for the bubble size distributions incrementally by using Gaussian quadrature.
Finally, the swelling due to the accumulation of gas bubbles on a grain boundary is calculated. The
volume increase per fuel particle due to the accumulation of gas bubbles is calculated by
considering the bubble size distribution (fI) using

Vb =

4π
3

∑
sizerange

(r ) ⋅ f .
3

i

(33)

i

where Vb is the volume increase due to the formation of fission gas bubbles per fuel particle.
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4. Subroutine STRESS
In the fuel element deformation model incorporated into DIMAC, the system is assumed
to be axisymmetric, and the cylindrical coordinate system (r, θ, z), where r, θ, z are radial,
tangential, and axial directions, respectively, is used. However, since this model is a onedimensional model, no parameter has tangential or axial variation. Also, since the fuel meatcladding composite is assumed to be a continuum, no central void can form during irradiation.
4.1 Strain Rate Distribution
Since the fuel element considered in this modeling is assumed to be a continuum, the
deformation must satisfy the compatibility equation. In the cylindrical coordinate system (r, θ, z),
the compatibility equation is given by [32]:

dε θ ε θ − ε r
+
= 0,
dr
r

(34)

where εθ and εr are hoop strain and radial strain, respectively.
Differentiating the strain components with respect to time (t), the strain rate components
labeled έθ and έ r , also satisfy the same form of the compatibility equation. That is,

dε&θ ε&θ − ε&r
+
= 0.
dr
r

(35)

Replacing the two terms in Eq. (35) with finite-difference equations, Eq. (35) becomes:

pε&θi +1 + qε&ri +1 = hε .
where, p =

(36)

ε&θi
ε&θi − ε&ri
1
1
1
+
q
=
−
h
=
−
,
,
.
ε
2r i
r i +1 − r i
r i +1 − r i 2r i +1
2r i +1
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Since isotropic fuel meat swelling and isotropic thermal expansion are assumed, the strain rate
components can be expressed as:

ε&r = ε&th + ε&s + ε&rc

(37-a)

ε&θ = ε&th + ε&s + ε&θc .

(37-b)

where έth is the thermal expansion strain rate, έs is the swelling strain rate, and έrc and έrθ are the
creep strain rate components.
Creep deformation and instantaneous plastic deformation occur under constant volume
conditions (unlike elastic deformation, swelling, and thermal expansion). The present model
assumes that creep does not occur along the axial direction), έzc. So the components of creep strain
are related by the constant volume condition : έrc + έrθ = 0.
Using this constant volume condition and equations (36, 37-a), and (37-b), the θ components of
creep strain rate at the (i+1)th annulus can be expressed as

ε&θc ,i +1 =

hε − ( p + q )(ε&th ,i +1 + ε&s ,i +1 )
.
( p − q)

(38)

With the constant volume condition, the radial component of creep strain rate at the (i+l)th annulus
is given by:

ε&rc ,i +1 = −ε&θc ,i +1 .

(39)

Each total strain rate component is the sum of the thermal strain rate, swelling strain rate, and
creep strain rate. These strain rates are calculated by separate models. The thermal strain rate is
calculated under the assumption of isotropic thermal expansion. The thermal expansion strain rates
are given by:
έth= α(TRU-Zr)-ZrT

for fuel meat

(40-a)
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έth= αHT9T

for cladding

(40-b)

where α(TRU-Zr)-Zr = fuel meat thermal expansion coefficient
αHT9 = cladding thermal expansion coefficient.
The swelling strain rate is evaluated by a fuel swelling model in which the swelling of the fuel
is comprised of three major components:
(i) volume change due to chemical reactions at the interfaces of TRU-Zr fuel particles and the
zirconium matrix,
(ii) volume change due to nucleation, growth and coalescence of fission gas bubbles, and
(iii) volume change due to solid fission products and phase changes caused by the radial
temperature gradient within the fuel and the depletion of TRU in the TRU-Zr alloy with burnup.
The equivalent strain rate is expressed as follows:
έc

= 0.25 × [4.01823 × 10-6 T + (-1.2266 × 10-3)] σ.

where

έc

: effective strain rate, (% per dpa )

T

: temperature in °C

σ

: effective stress in MPa.

(41)

With the constant volume condition (έrc + έrθ =0) and with the assumption of έzc =0, the
equivalent plastic strain rate is given by:

ε&c =

[

2 c
(ε&r − ε&θc ) 2 + (ε&θc ) 2 + (ε&rc ) 2
3

]

1/ 2

=

2
3

ε&θc .

(42)

4.2 Stress Distribution
In the cylindrical coordinate system (r, θ, z) the force equilibrium conditions become a
governing equation for stress distribution by eliminating shear stresses and azimuthal and axial
derivatives:
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dσ r σ r − σ θ
+
= 0.
dr
r

(43)

Regarding that the stress components of the ith annulus, σri and σθi, and radial position, rj and rj+1,
are known, and the above equation becomes a relationship for σri+1 and σθi+1 by the finite difference
equation as follows;

pσ ri +1 + qσ θi +1 = hε

(44)

where, p and q are defined in Eq. (36) and

hε =

σ ri
r i +1 − r i

−

σ ri − σ θi
2r i

.

(45)

Since two-dimensional deformation in the r-θ plane is assumed, the stress components are related
by Tresca equation; σ = σθ - σr, where σ is the equivalent stress. At each annulus, the equivalent
stress can be evaluated by the creep rate equation.
Inserting the Tresca equation into Eq. (45), the hoop stress at the (i+l)th annulus can be expressed
by:

σ

i +1
θ

hσ + pσ i +1
=
.
( p + q)

(46)

From the Tresca equation, then, the radial stress at the (i+l)th annulus is given by:

σ ri +1 = σ θi +1 − σ i +1 .

(47)

4.3 Total strain
Total strain components are obtained using the constitutive equations. Each strain component
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comprises five strain terms. Letting εθ and εr be the total strain components in the radial and hoop
directions, the constitutive equations are expressed by:

ε r = Aσ r − B(σ θ + σ z ) + ε th + ε s + ε rc

(48-a)

ε θ = Aσ θ − B(σ z + σ r ) + ε th + ε s + ε θc .

(48-b)

Here εth is the strain due to isotropic thermal expansion, εs the swelling strain component, and εrc
and εθc the creep strain components. These three kinds of strain are obtained by summation of the
strain increments (ε∆t) of respective time (burnup) intervals. Further, on the basis of general linear
elasticity and Hencky’s total strain theory, the coefficient A and B (and H) are given by:

A=

B=
H=

1 2
+ H
E 3

(49-a)

ν

1
+ H
E 3

(49-b)

3 ε p 3 (σ / K )1 / n
=
.
2 σ
2
nσ

(49-c)

In equations (49), E is Young's modulus (88.6 GPa for fuel meat and 70 GPa for cladding), and v is
Poisson ratio (0.3 for fuel meat and 0.33 for cladding). Power-law hardening is assumed for the
stress-plastic strain relationship; σ = K(εp)n here is the instantaneous equivalent plastic strain, K is
the strain coefficient (100 for both fuel meat and cladding), and n is the strain hardening coefficient
(0.2 for both fuel meat and cladding).
If using the strains calculated by Eq. (48), the radial displacement (u) at each annulus and element
volume change can be evaluated. The radial displacement and hoop strain are related by an equation
of U=rεθ. The element volume change (%) is defined by 100 x ((ro+Uo)2-ro2)/r2, where ro is the
outer radius of the cladding before deformation, and Uo is the displacement at cladding outer
surface.
At the center of fuel element (r=0) no variable can have a radial gradient. This condition can be
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applied to the strain rate and stress distributions; Applying these conditions to Eqs. (35) and (43),
the stress and strain components have to satisfy the following relationships:
έr = έθ

(50-a)

σr = σθ.

(50-b)

At the interface between fuel meat and cladding the following conditions can be derived from the
continuity condition of displacement and force:
έθmeat = έθclad

(51-a)

σrclad = σrclad.

(51-b)

At fuel element surface the boundary condition applied is that the radial stress is balanced with
the coolant Pressure (Pfc =0.3 MPa).
σr = -Pfc.

(52)

This boundary condition will be used as the criterion for the convergence of the solution in an
iterative calculation. Iteration is stopped when the calculated radial stress at cladding surface
satisfies the convergence criterion:
Radial stress at cladding surface + coolant pressure ≤ 0.02Mpa
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Figure 4. Calculation Scheme for deformation
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5. Subroutine HGAP
The DIMAC gap conductance is a simplification of the Ross-Stoute gap conductance
model. Certain procedures of the model have been simplified for efficiency and because there is a
lack of precise input values for some of the constants. The gap conductance model has three
identified parameter which have been adjusted by calibrating to postirradiation observation of fuel
pin performance.
The model considers three components contributing to the heat transfer across the fuel-tocladding gap. When the fuel and cladding are not in contact, the mechanisms are radiant heat
transfer and heat conduction through the gas in the fuel-cladding gap. If the fuel and cladding come
into contact, the third component, solid-solid conduction at points along the fuel-cladding interface
is used. In this case, there is still heat transfer through “pockets” of gas trapped between the points
of contact.
Radiant Heat Transfer
The radiant heat transfer relationship for two concentric cylinders can be written as:

qλ / A f = σ [

1

εf

+ A f / AC (

1

εC

− 1)] −1 [T f4 − (Ti C ) 4 ] .

(53)

Where Tf and Tci are the fuel and cladding temperatures(oK), Af and Ac the heat transfer areas per
unit length, εf and εc their respective emissivities, and σ the Stefan Boltzman constant. If the gap
coefficient is defined as:

Hr =

qλ / A f
T f − Ti C

and is substituted into equation (53), the following expression is obtained:

Hr = σ[

1

εf

+ A f / AC (

1

εC

− 1)] −1 [T f2 − (Ti C ) 2 ][T f + Ti C ] .

(54)

Heat Transfer Across a Gas Filled Effective Gap
The gas conductance of Ross and Stoute is given by;

H gas =

km
C (r f + rC ) + ( g f + g C ) + GAP

30

(55)

where

km = the conductivity of the gas mixture in the fuel-cladding gap
GAP = fuel-cladding hot gap
gf,gc = the temperature jump distances to be described below
C(rf+rc) = a term dealing with the fuel and cladding surface roughness
C = a fitting parameter.

The temperature jump distances, gf and gc, represent temperature increases at the fuel and
cladding surfaces as a result of incomplete energy interchanges between the surfaces and the gas
and can be written as:

g'=

km
2−a
(2πRm T )1 / 2
.
a
(γ + 1)CV PP

Where a = accommodation coefficient reflecting the extent of energy transfer
Rm = the gas constant for the mixture
Pp = the gas pressure of the gap

γ = ratio of Cp/Cv
T = temperature at the surface for gf of at the cladding surface for gc
Cv = specific heat at constant volume for the mixture.
g′ is to be evaluated at both the fuel and cladding surfaces to produce gf +gc. This expression
was simplified by combining terms and making assumptions about the behavior of the variables.
Factoring and combining terms, we obtain:

g f + gC =

)

(

2πRm
2−a
k mf T f + k mc Ti c .
a (1 + γ )CV PP

If it is assumed that the last term can be replaced by: 2k m T

k m is km evaluated at T , the expression reduces to:
g f + gC = 2

2 − a 2πRm
km T .
a 1 + γCV PP

We now substitute the following known values and approximations:
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(

c
where T = 0.5 T f + Ti

)

and

2π = 6.2832
(1+γ) = 1.659
Rm = 8.308/ W
CV = 2.988/ W

W is the atomic weight of the mixture.
The following expression is obtained,

g = ( g f + g C ) ≈ 1373(

2 − a km T W
)(
) ,[cm].
a
PP

(56)

Solid to solid Heat Transfer Component
Ross and Stoute have suggested that the solid to solid heat transfer coefficient be written as:

H S = K S P /( A0 × r 1 / 2 H ), W/cm2-oC

(

c
f
c
where K s = 2 K × K / K + K

 rc2 + r f2
r =
 2


f

) , the effective solid conductance, W/cm- C
o

1

2
 , the root mean squared roughness, cm



p = the interfacial pressure, dynes/cm2
H = the Meyer hardness, dynes/cm2
Ao = a constant used in fitting, cm1/2.
Simplification of this expression was accomplished by substituting into the expression the
values for the roughness term and Brinell hardness which was assumed to be proportional to the
yield strength, to obtain:
Hs = A×Ks×P/Y.

(57)

Where Y is the cladding yield strength and A is a Parameter to be determined by data correlation
and includes the yield strength at room temperature, A, r1/2, and the Brinell hardness.
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Gas Conductivity
The fuel-cladding gas gap is assumed to be filled with a mixture comprised of helium, nitrogen,
argon, xenon, and krypton. Data for gas component conductivities are analysed using standard
regression techniques to obtain a quadratic of the form ki=Ai + BiT + CiT2, where T is in oC. From
these component conductivities a gas mixture conductivity is computed using Brokaw’s law:

k m = .5(∑ xi k i +

1
)
∑ xi / k i

Where Xi is the molar fraction of the ith component.
Calculation of Interface Pressure
The interface pressure calculation is computed as if only elastic deformation occurs. If the fuel
outer radius exceeds the cladding inner radius by ∆r, it is assumed that the cladding and fuel deform
elastically by this amount. For the derivation of the interface pressure the following symbols are
defined:

σ rc , σ θc = cladding radial and hoop stresses at rfc
σ rf , σ θf = fuel radial and hoop stresses at rfc
ε rc , ε θc = cladding radial and hoop strains at rfc

ε rf , ε θf = fuel radial and hoop strains at rfc
Ef, Ec = fuel and cladding Young’s Moduli
νf, νc = fuel and cladding Poisson’s ratios.
Pp = plenum pressure
Pe = external cladding pressure
P = interface pressure
rfc = fuel-cladding interface radius
rf = fuel inner radius
rc = cladding outer radius
∆r = fuel-cladding interference.
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For the radial stress relationships

σ rc =
σ

f
r

{

}

Ec
ε rc + ν c ε θc = − p at r fc
c 2
1 − (ν )

{

(58)

}

Ec
=
ε rf + ν f ε θf = − p at r fc
f 2
1 − (ν )

(59)

For the hoop stress relationships

σθ =
c

σ θf =

Ec

{

ε + ν c ε rc
c 2 θ

1 − (ν )

c

}=

2
P(rc2 + r fc
)
2
(rc2 − r fc
)

+

2 Pe rc2

(60)

2
(rc2 − r fc
)

P(r f2 + r fc2 )
2 Pe r f2
Ef
f
f
f
+
ε
ν
ε
+
=
θ
r
1 − (ν f ) 2
(r fc2 − r f2 ) (r fc2 − r f2 )

{

}

(61)

ε θc − εθf = ∆r / r .

(62)

c
Solving (60) for ε r

ε rc

=

2
P (rc2 + r fc
)(1 + (ν c ) 2 )
2
(rc2 − r fc
)ν c E c

− εθc / ν c +

2 Pe rc2 (1 + (ν c ) 2 )
2
(rc2 − r fc
)ν c E c

.

(63)

Solving (61) for ε rf

ε rf =

− P(r f2 + r fc2 )(1 + (ν f ) 2 )
(r fc2 − r f2 )ν f E f

− ε θf /ν f +

Substituting (63) and (64) in (58) and (59), we have

P (rc2 + r fc2 )

2

2 Pp rc
E 0c
Ec
−P= 2
−
(
− νε θc ) + 2
2
c
c 2
c
(rc − r fc )ν
1 − (ν ) ν
(rc − r fc2 )ν c
or

−P=

2
P(rc2 + r fc
)
2
(rc2 − r fc
)ν c

Ec c
εθ +
−

νc

2 Pp rc2
2
(rc2 − r fc
)ν c

and
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2 Pp r f2 (1 + (ν f ) 2 )
(r fc2 − r f2 )ν f E f

. (64)

−P=

2
P(r f2 + r fc
)

Ef

−

2
(r fc
− r f2 )ν f

ν

f

2 Pp r f2

f

εθ +

.

2
(rc2 − r fc
)ν f

The preceding equations can be written as

ε θ = {ν +
c

c

2
(rc2 + r fc
)

(rc2

2
− r fc
)

}P / E c + {

2 Pe rc2
(rc2

}/ E c

(65)

}/ E f .

(66)

2
− r fc
)

and

ε θ = {ν −
f

f

(rc2 + r fc2 )
(r − r )
2
fc

2
f

}P / E + {
f

2 Pp r f2
(r − r )
2
fc

2
f

Subtracting (66) from (65)

ε θ − ε θ = [ν +
c

f

c

+[

(rc2 + r fc2 )
(r − r )
2
c

2
fc

+{

(rc2 + r fc2 )
(r − r )
2
fc

2
f

− ν f }E c / E f ]P / E c

2 Pp r f2
2 Pe rc2
+
Ec / E f ]/ Ec
2
2
2
2
(rc − r fc ) (r fc − r f )

or solving for P and substituting (62)

Pp r f2
(rc2 + r fc2 )
Pe rc2
∆r c
c
f
c
P = { E + 2[ 2
+
E / E ]}{ν + 2
r
(rc − r fc2 ) (r fc2 − r f2 )
(rc − r fc2 )
+(

(r fc2 + r f2 )
(r − r )
2
fc

2
f

(67)

− ν f )( E c / E f )}−1 .

The thermal stress contribution has been neglected for these calculations because for extended
steady state operation it can be shown that it releases to nearly zero due to creep mechanisms. But
The plenum pressure has been neglected for these calculations because it is assumed that there is no
fission gas release in the dispersion fuel.
Figure 12 shows the HGAP flow chart.
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Figure 5. Calculation Scheme for HGAP
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6. Other Subroutine
6.1 RNUM
Subroutine RNUM calculate the optimum node number for fuel and clad as follows;
MAXM=IFIX(MTOT*DIAM/DIAC), MAXC=MTOT-MAXM
where

MTOT=total node number,
MAXM=fuel node number, MAXC=cladding node number
DIAM=fuel meat dia.,
DIAC=cladding dia.

6.2 Gauss
Subroutine Gauss computes the value of the integral function f(x)dx between integration
limits A and B using Gauss-Legendre quadrature formular.
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IV. Sample problem
To evaluate the predictive capability of the DIMAC analytical models, benchmark calculations
were performed and compared with results from the HEATING [33] code, which has been
previously verified.

DIMAC calculations for zirconium-matrix dispersion fuel were also

compared to the results of DIFAIR [5] calculations for U3Si/Al. The fuel dimensions and major
input data are given in Table 2. The same external input data, such as linear power and fuel
dimensions were used for both test cases.

Table 2. The major input data for DIMAC and DIFAIR swelling calculations
Fuel Type
Parameters
Fuel meat

Fuel dia. (mm)
Composition
Density(g/cm3)

Fissle
Density(g/cm3)
Cladding
Inside dia
(mm)
Outside dia
Thickness
Peak LHGR (kW/m)
Young’s modulus of fuel meat
(GN/m2)
Young’s modulus of fuel cladding
(GN/m2)
Thermal expansion coefficient of
fuel particle(µm/mK)[5,34]

U3Si/-Al
Dispersion Fuel
(DIFAIR)
5.18

(TRU-10Zr)-Zr
Dispersion Fuel
(DIMAC)
5.18

61wt%U3Si-39wt%Al

3.10

45wt%(TRU-10Zr)55wt%Zr
9.16
(TRU-10Zr : 18.37)
3.7

5.28
6.68
0.7
21.6
88.6

5.28
6.68
0.7
21.6
280

70

172.6

22 (U3Si)

67 (α-Pu)
41 (β-Pu)
35 (γ-Pu)
-8.6 (δ-Pu)
-596(δ’ -Pu)
15(ε-Pu)

5.3
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1. Temperature Profile Calculations
The DIMAC calculational model for temperature distribution computes the one dimensional
radial temperature distribution of a cylindrical fuel rod. The temperatures predicted by DIMAC for
a U-10Pu-20Zr alloy at a peak linear power 21.6 kW/m are compared with results from the
HEATING code and plotted in Fig.6 (a). The DIMAC code shows good agreement with the
(validated) HEATING code in predicting temperature distribution. Fig. 6(b) shows the radial
temperature distribution of a TRU-Zr/Zr dispersion as a function of linear power at a burnup of 0.98
at.%. The temperature profile results of this model are compared with the temperature distributions
of U3Si/Al dispersion fuel and of TRU-Zr metal alloy fuel.
Figure 6(b) shows that in the case of (Pu-10Zr)-Zr dispersion fuel at a peak linear power of 21.6
kW/m and a coolant temperature of 613K, the centerline temperature is 815 K and the ∆T from the
fuel centerline to the cladding outer surface is 150 K. This contrasts with the case of a U3Si/Al
dispersion fuel, where the temperature difference between the fuel centerline and the outer cladding
surface is 20 K. The thermal conductivity of matrix aluminum in the U3Si/Al fuel is about 10 times
higher than that of the Zr matrix in (TRU-Zr)-Zr.

The temperature difference across a U-10Pu-

20Zr metal alloy fuel was calculated to be 90K at a linear power of 21.6 kW/m, compared to 330 K
for Pu-50Zr at 21.6 kW/m.
Fig. 7 shows the thermal conductivities calculated as a function of temperature for several
examples of dispersion (eqn. 8) and the metal alloy fuels [35].

The thermal conductivity

relationship for Pu-Zr metal alloy, eqn. (8), was estimated by using a rule of mixtures based on the
thermal conductivity of δ-stabilized Pu-1Al [36] alloy and zirconium, and assuming that the shape
of the conductivity-composition curve is approximately that same for Pu-Zr as for U-Zr.

The

thermal conductivity of Pu-Zr alloys estimated in this way is much lower than that of alloys which
contain a significant amount of uranium.

The thermal conductivity is thus substantially improved

by dispersing the Pu-Zr fuel phase in a zirconium matrix, and is in some cases similar that of U-PuZr alloys. As a result, the temperature gradient across the (Pu-Zr)-Zr dispersion is flatter than the
gradient across a metallic Pu-Zr alloy fuel meat.
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Fig. 6(a) Radial temperature distribution with linear power at the burnup of 0.98 at.%.
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Fig. 6(b) Radial temperature distribution with linear power at the burnup of 0.98 at.%.
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Figiure 7. Thermal conductivity of zirconium matrix dispersion fuel, Pu-Zr and U-Pu-Zr alloy

2. Swelling Calculations
Fig. 8 shows a comparison of the calculated swelling components due to the buildup of solid
fission products products and the accomodation of gaseous fission products in a (TRU-10Zr)-Zr
dispersion as predicted by the DIMAC code; and U3Si/-Al dispersion is shown for comparison as
predicted DIFAIR codes. As shown in Table 2, the peak linear power was 21.6 kW/m for both cases.
The predicted gas-driven swelling rate of (TRU-Zr)-Zr fuel is higher than that of silicide fuel,
because the radial temperature of (TRU-Zr)-Zr fuel meat is higher than that of U3Si-Al fuel. From
this result, the volume change due to the accumulation of the solid fission products is proportional
to the burnup and its absolute magnitude is relatively less than that of gas bubbles. And, it is
apparent that the most dominant parameter of dispersion fuel swelling is the volume change due to
gas bubble formation and growth.
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Figire 8. The Results of swelling mechanism for (TRU-10Zr)-Zr and U3Si-Al

3. Strain Calculations

Figure 9 shows the strain rate comparison with He effects as a function of the burnup for (UTRU-10Zr)-45Zr dispersion fuel at a linear power density of 24kW/m.
The values of cladding strain without the He effects are about 1.25% at 30at%. But the values
of cladding strain with the He effects are about 1.7 %. It is assumed that there is no gap, and no
fission gas release in the dispersion fuel, so the He effects of the dispersion fuel will also be a very
important factor. Even though burnup limit criteria for the dispersion fuel has not been determined
yet, the value of cladding strain was 1% at 10at% with He, but 1% at 20at% without He.
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Figure 9. The strain rate comparison with He effects as a function of the burnup for the
dispersion fuel

In the dispersion fuel, it is estimated that the deformation by swelling within the fuel meat is
large, and the major deformation mechanism for the cladding is creep by the fuel swelling. The
thermal expansion and swelling rates for TRU-Zr fuel particles are much higher than those of
the zirconium matrix. These differences may cause the high swelling rate of (U-TRU-Zr)-Zr
fuel. Otherwise, the zirconium matrix may restrain the swelling of the U-TRU-Zr fuel particles.
In this case, the stress is not only getting larger as the burnup increases, but it is also applied for
the matrix during a long residence time. Hence, the dispersion fuel performance may be limited
by swelling.
The strain in the dispersion fuel strongly depends on the gas generation rate and the
swelling rate, a gap may be needed to satisfy the fuel integrity at the higher burnup. So the need
for a gap in the dispersion fuel was analyzed by the insertion of gap module into DIMAC. In the
case of a gap module in DIMAC, it is also assumed that there is no fission gas release in the
dispersion fuel.
Figure 10 shows the strain rate comparison as a function of the smear density for the intermetallic fuel calculated by the DIMAC code with a gap module. The values of cladding strain
were about 1.27, 1.09 and 0.99% at 25at% for the 85, 75 and 70% smear densities, respectively.
The value of cladding strain was 1% at 24at% with a gap (75% smear density like alloy fuel),
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but 1% at 10at% without a gap. A lower smear density for the dispersion fuel gives a very
smaller total diametric strain like the alloy fuel type.
In this paper, it is conservatively assumed that the cladding strain of 1% is also the burnup
limit criteria like the alloy fuel, even though the deformation mechanisms for both fuels are
different. So the case of the smear density of 70% may satisfy the HYPER discharge burnup
goal. But the smear density of 70% may be inappropriate because of the thin and long fuel meat
characteristics(i.e., fuel slug diameter=5.4mm, fuel slug length= 2142mm, in case of the smear
density pin of 70%), so the possibility of achieving the burnup goal by increasing the cladding
thickness were analyzed.
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Figure 10. Dispersion fuel strain according to the gap
Figure 11 shows the strain rate comparison with He effects as a function of the cladding
thickness for dispersion fuel. The burnup limit also increases with an increasing cladding
thickness. The values of the burnup limits are 26 and 28at% for the cladding thickness of 0.7
and 0.8mm, for the smear density of 75%. So it is estimated that the burnup limit for the case of
the cladding thickness of 0.57mm and smear density of 70% was very similar to that for the
case of the cladding thickness of 0.7mm and smear density of 75%. If it is difficult to
accommodate the long and thin fuel, the cladding thickness of 0.7mm is recommended to satisfy
the burnup limit.
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Figure 11. Cladding strain due to the clad thickness for the (U-TRU-Zr)-Zr dispersion fuel
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Appendix A
Parameter Definition and Description
Variable

Definition

ABUNUP(I)

Burnup (at%)

ALP1

Thermal expansion coefficient of fuel rod

ALP2

Thermal expansion coefficient of cladding

BUNUM

Burnup (MWH/KGU)

BUNUM(I,J)

Number of bubble at group J and burnup I

DI

Outer diameter of the fuel slug (mm)

DR12(I)

Node I of fuel slug

DR22(I)

Node I of cladding

DTEMP1

Temperature difference in the fuel slug

DTEMP2

Temperature difference in the cladding

EYPR12

Radial strain of fuel slug

EYPT12

Tangential strain of fuel slug

EYPR22

Radial strain of cladding

EYPT22

Tangential strain of cladding

FILMCO

Film coefficient

FPSIZ(I)

Size of the fuel particle (мm)

HGR(I)

Heat generation rate at node I

LAMAL

Thermal conductivity of the cladding (kW/mK)

LAMFC

Thermal conductivity of the fuel slug (kW/mK)

MTOT

Total node numbe

MAXC

cladding node number

MAXM

fuel node number

NNRC

Total node number of the cladding -1

NNRF

Total node number of the fuel slug -1

POWER

Linear power (kW/m)

QGEN(I)

Heat generation rate per unit volume for node I (kW/m3)

RAD(I)

Radius at Node I (m)

RAD12

Radius of fuel rod

RAD22

Radius of cladding

RCO

Outer diameter of fuel rod (m)

RFM

Radius of fuel slug

RFO

Outer diameter of fuel slug (m)

SIGR12

Radial stress of the fuel slug

SIGR22

Radial stress of the cladding
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SIGT12

Radial stress of the fuel slug

SIGT22

Tangential stress of the cladding

TCL

Coolant temperature (K)

T(I)

Temperature at Node I (K)

UD12

Radial displacement of fuel slug

UD22

Radial displacement of cladding

VOL(I)

Volume of fuel slug for node I
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APPENDIX B
Input Data for DIMAC
1

169
6.50
70.0
0.01633
8.92
3.67
0.50
1500.0
2
16.22
280.0
17.0
0.3
0.5
0.0
3
0
0.60
172.6
6.1
0.025
6.89
0.00225
0.267
4
0.0
1.02
0.78
5
1
713.0
0.0000
0.0
6
7
8
2
SENSITIVITY STUDY FOR FUEL PARTICLE SIZE ( 70 - 150 ㎛, EVERY 10 ㎛)
FUEL PARTICLE SIZE 70 ㎛
9
0
10
5
24.0
0.50
770.15
0.30
32.20
12.50
24.0
5.00
770.15
0.30
32.20
12.50
24.0
10.0
770.15
0.30
32.20
12.50
24.0
15.0
770.15
0.30
32.20
12.50
24.0
55.0
770.15
0.30
32.20
12.50
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APPENDIX C
Example of Problem Output
1
SENSITIVITY STUDY FOR FUEL PARTICLE SIZE ( 70 - 150 ㎛, EVERY 10 ㎛)
FUEL PARTICLE SIZE

70 ㎛

FUEL MEAT DATA
**************
DIA. OF FUEL MEAT

=

6.50000

LENGTH OF FUEL ELEMENT

(MM)

= 1500.00000

ENRICHMENT OF FUEL

=

DENSITY OF MEAT

19.75000

= 0.89200E+04
= 0.36700E+04

WEIGHT FRACTION OF U3SI

=

U3SI PARTICLE SIZE
SURFACE TENSION

=
=

POISSON'S RATIO OF MEAT

(KG/M**3)

0.50000
70.00000

(UM)

= 0.50000E+01

YOUNG'S MODULUS OF MEAT

(KG/M**3)

0.50000

= 0.16220E+05

WEIGHT FRACTION OF AL

(%)
(KG/M**3)

DENSITY OF URANIUM

DENSITY OF U3SI

(MM)

(KJ/M**2)

= 0.28000E+06
=

(MPA)

0.30000
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THERMAL EXP. COEFF. OF MEAT

= 0.17000E-04

THERMAL CONDUCTIVITY OF MEAT

(1/C)

= 0.11717E+00

(KW/M-K)

1
FUEL CLADDING AND FIN DATA
**************************
DIA. OF FUEL CLAD

=

7.70000

(MM)

CLADDING THICKNESS

=

DENSITY OF ALUMINUM

= 0.68900E+04

NUMBER OF FINS

0.60000

=

(MM)
(KG/M**3)

8

FIN HEIGHT

=

1.02000

(MM)

FIN WIDTH

=

0.78000

(MM)

YOUNG'S MODULUS OF CLAD

= 0.17260E+06

POISSON'S RATIO OF CLAD

=

THERMAL EXP. COEFF. OF CLAD

0.26700

= 0.61000E-05

THERMAL CONDUCTIVITY OF CLAD

(MPA)

(1/C)

= 0.25000E-01

THERMAL CONDUCTIVITY OF CRUD AND OXIDE LAYER = 0.22500E-02
OPERATIONAL HISTORY

(KW/M-K)
(KW/M-K)

2

OPERATIONAL PARAMETERS
**********************
POWER=
24.00000 (KW/M)
BURNUP= 0.11291E+04 (MWH/KGU)
ATOMIC PERCENT BURNUP= 0.50000E+01

(at.%)

53

FISSION DENSITY= 0.46555E+21 (FISSIONS/CC)
COOLANT TEMPERATURE=
770.15002 (K)
COOLANT PRESSURE=
0.30000 (MPA)
FILM HEAT TRANSFER COEFFICIENT(1D/2D CORRECTION VALUE)=
CRUD AND OXIDE LAYER THICKNESS=
0.01250 (MM)

17.74523

(KW/M**2-K)

SWELLING OF FUEL ELEMENT
************************
VOLUME CHANGE
DIA. OF FUEL ELEMENT

=
=

1.67901 (%)
7.76437 (MM)

MECHANICAL BEHAVIOR OF FUEL
***************************
RADIUS (M)
STRESS(MPA)
0.00000000E+00
0.12500001E-03
0.25000001E-03
0.37500000E-03
0.50000002E-03
0.62500004E-03
0.75000001E-03
0.87500003E-03
0.10000000E-02
0.11250001E-02
0.12500001E-02
0.13750001E-02
0.15000000E-02
0.16250000E-02
0.17500001E-02
0.18750001E-02
0.20000001E-02
0.21250001E-02
0.22500001E-02
0.23750002E-02
0.25000002E-02
0.26250002E-02

TEMP. (K)

R- STRESS(MPA)

T- STRESS(MPA)

0.95323755E+03 -0.30000001E+00 -0.30000001E+00
0.95310712E+03 -0.29999837E+00 -0.29999354E+00
0.95271564E+03 -0.29999599E+00 -0.29999232E+00
0.95206305E+03 -0.29999176E+00 -0.29996714E+00
0.95114905E+03 -0.29998350E+00 -0.29994106E+00
0.94997333E+03 -0.29997244E+00 -0.29990268E+00
0.94853534E+03 -0.29995808E+00 -0.29985362E+00
0.94683447E+03 -0.29994151E+00 -0.29981372E+00
0.94486987E+03 -0.29992408E+00 -0.29977238E+00
0.94264087E+03 -0.29990494E+00 -0.29971117E+00
0.94014636E+03 -0.29988369E+00 -0.29965192E+00
0.93738544E+03 -0.29986069E+00 -0.29958570E+00
0.93435699E+03 -0.29983625E+00 -0.29952368E+00
0.93105963E+03 -0.29981065E+00 -0.29945704E+00
0.92749207E+03 -0.29978457E+00 -0.29940730E+00
0.92365271E+03 -0.29975823E+00 -0.29934561E+00
0.91954004E+03 -0.29973194E+00 -0.29930404E+00
0.91515234E+03 -0.29970607E+00 -0.29925424E+00
0.91048779E+03 -0.29968068E+00 -0.29921851E+00
0.90554443E+03 -0.29965648E+00 -0.29919884E+00
0.90032031E+03 -0.29963407E+00 -0.29919705E+00
0.89481323E+03 -0.29961368E+00 -0.29919541E+00

R- STRAIN

0.13019843E-01
0.13016503E-01
0.13006302E-01
0.12989938E-01
0.12967090E-01
0.12937451E-01
0.12901869E-01
0.12859539E-01
0.12810702E-01
0.12755563E-01
0.12693845E-01
0.12625533E-01
0.12550599E-01
0.12469243E-01
0.12380956E-01
0.12286181E-01
0.12184403E-01
0.12076056E-01
0.11960851E-01
0.11838741E-01
0.11709679E-01
0.11573843E-01
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0.13019843E-01
0.13019008E-01
0.13016194E-01
0.13011181E-01
0.13004040E-01
0.12994433E-01
0.12983011E-01
0.12969443E-01
0.12953704E-01
0.12935805E-01
0.12915752E-01
0.12893533E-01
0.12869141E-01
0.12842572E-01
0.12813820E-01
0.12782871E-01
0.12749717E-01
0.12714351E-01
0.12676765E-01
0.12636949E-01
0.12594892E-01
0.12550586E-01

T- STRAIN
0.30529499E-02
0.30528307E-02
0.30522346E-02
0.30514002E-02
0.30502081E-02
0.30486584E-02
0.30468702E-02
0.30446053E-02
0.30419827E-02
0.30391216E-02
0.30359030E-02
0.30323267E-02
0.30283928E-02
0.30242205E-02
0.30195713E-02
0.30146837E-02
0.30093193E-02
0.30037165E-02
0.29977560E-02
0.29914379E-02
0.29847622E-02
0.29778481E-02

SWELL STRAIN
0.00000000E+00
0.16273760E-05
0.32540486E-05
0.48791931E-05
0.65020204E-05
0.81215212E-05
0.97372586E-05
0.11348263E-04
0.12953705E-04
0.14552782E-04
0.16144691E-04
0.17728609E-04
0.19303712E-04
0.20869180E-04
0.22424185E-04
0.23967883E-04
0.25499434E-04
0.27017997E-04
0.28522723E-04
0.30012756E-04
0.31487230E-04
0.32945289E-04

DISPL. (M)

0.00000000E+00
0.48279762E-05
0.36656857E-05
0.24616718E-04
0.42438507E-04
0.69767237E-04
0.10445714E-03
0.12779236E-03
0.15169382E-03
0.19377470E-03
0.23177266E-03
0.27498603E-03
0.31256676E-03
0.35360456E-03
0.37726760E-03
0.41261315E-03
0.42790174E-03
0.45183301E-03
0.46217442E-03
0.45764446E-03
0.43702126E-03
0.41827559E-03

EQUI.

0.27500002E-02
0.28750002E-02
0.30000000E-02
0.31250000E-02
0.32500001E-02
0.32500001E-02
0.34000000E-02
0.35500000E-02
0.37000002E-02
0.38500002E-02

0.88902100E+03 -0.29959556E+00 -0.29921690E+00 0.11430934E-01
0.88294116E+03 -0.29958060E+00 -0.29927364E+00 0.11280662E-01
0.87657141E+03 -0.29956737E+00 -0.29923865E+00 0.11125784E-01
0.86990912E+03 -0.29954967E+00 -0.29898968E+00 0.10969416E-01
0.86295172E+03 -0.29952472E+00 -0.29878601E+00 0.10805449E-01
0.86295172E+03 -0.29952472E+00 -0.29911810E+00 -0.42732786E-02
0.85459460E+03 -0.29921618E+00 -0.29884392E+00 -0.33725773E-02
0.84659821E+03 -0.29893410E+00 -0.29859200E+00 -0.25917324E-02
0.83893274E+03 -0.29867521E+00 -0.29835975E+00 -0.19116508E-02
0.83157184E+03 -0.29843676E+00 -0.29814497E+00 -0.13168501E-02

0.12504025E-01
0.12455189E-01
0.12404110E-01
0.12350935E-01
0.12295730E-01
0.12295729E-01
0.11134712E-01
0.10104441E-01
0.91849780E-02
0.83600963E-02

0.29705763E-02
0.29628277E-02
0.29560328E-02
0.29518604E-02
0.29473305E-02
0.00000000E+00
0.00000000E+00
0.00000000E+00
0.00000000E+00
0.00000000E+00

0.34386074E-04
0.35808669E-04
0.37212332E-04
0.38596670E-04
0.39961124E-04
0.39961120E-04
0.37858023E-04
0.35870766E-04
0.33984419E-04
0.32186374E-04

0.37866831E-03
0.30696392E-03
0.32871962E-03
0.55998564E-03
0.73871017E-03
0.40662289E-03
0.37226081E-03
0.34210086E-03
0.31545758E-03
0.29179454E-03

BU. (MWH/KGU)
POWER (KW/M)
ABUNP.(AT%)
FBUP(FIS/CC)
VIPZR
FRASFP
FRMSP(I)
FRSWFP(I)
ATIL
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14914989E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14913917E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14910817E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14905691E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14898419E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14889002E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14877677E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14864087E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14848590E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14830947E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875718E+19 0.34646243E-02 0.00000000E+00 0.14811277E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14789462E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14765620E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14739633E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14711738E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14681578E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14649510E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14615297E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14579058E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875718E+19 0.34646243E-02 0.00000000E+00 0.14540792E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14500499E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14458060E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14413595E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14367223E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14325738E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14300346E-01 0.49099606E-06
0.22581045E+04 0.24000000E+02 0.10000000E+02 0.93110409E+21 0.37875713E+19 0.34646243E-02 0.00000000E+00 0.14272690E-01 0.49099606E-06
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0.00000E+00
-0.26890E-10
-0.57426E-10
-0.15207E-09
-0.27650E-09
-0.43429E-09
-0.64354E-09
-0.84534E-09
-0.10865E-08
-0.13831E-08
-0.16928E-08
-0.20384E-08
-0.24186E-08
-0.28523E-08
-0.32781E-08
-0.37597E-08
-0.42539E-08
-0.48027E-08
-0.53637E-08
-0.59381E-08
-0.65670E-08
-0.72282E-08
-0.79207E-08
-0.86045E-08
-0.91626E-08
-0.92454E-08
-0.94085E-08
-0.51740E-06
-0.47370E-06
-0.43531E-06
-0.40140E-06
-0.37131E-06
elastic str
-0.42857141E-06
-0.42857408E-06
-0.42856604E-06
-0.42857417E-06
-0.42857516E-06

0.00000E+00 0.00000E+00 0.00000E+00 0.52999E-06 0.52999E-06 0.19980E-08 0.99788E-02
0.26890E-10 -0.14066E-05 0.14066E-05 0.52995E-06 0.52995E-06 0.19948E-08 0.99768E-02
0.57426E-10 -0.52752E-05 0.52752E-05 0.52989E-06 0.52989E-06 0.19858E-08 0.99708E-02
0.15207E-09 -0.11492E-04 0.11492E-04 0.52974E-06 0.52974E-06 0.19703E-08 0.99609E-02
0.27650E-09 -0.20059E-04 0.20059E-04 0.52954E-06 0.52954E-06 0.19491E-08 0.99470E-02
0.43429E-09 -0.30979E-04 0.30979E-04 0.52927E-06 0.52927E-06 0.19214E-08 0.99290E-02
0.64354E-09 -0.44258E-04 0.44258E-04 0.52891E-06 0.52891E-06 0.18880E-08 0.99071E-02
0.84534E-09 -0.59795E-04 0.59795E-04 0.52854E-06 0.52854E-06 0.18490E-08 0.98812E-02
0.10865E-08 -0.77726E-04 0.77726E-04 0.52810E-06 0.52810E-06 0.18043E-08 0.98513E-02
0.13831E-08 -0.98045E-04 0.98045E-04 0.52758E-06 0.52758E-06 0.17544E-08 0.98174E-02
0.16928E-08 -0.12065E-03 0.12065E-03 0.52702E-06 0.52702E-06 0.16997E-08 0.97794E-02
0.20384E-08 -0.14568E-03 0.14568E-03 0.52639E-06 0.52639E-06 0.16399E-08 0.97374E-02
0.24186E-08 -0.17313E-03 0.17313E-03 0.52571E-06 0.52571E-06 0.15755E-08 0.96913E-02
0.28523E-08 -0.20300E-03 0.20300E-03 0.52494E-06 0.52494E-06 0.15070E-08 0.96411E-02
0.32781E-08 -0.23521E-03 0.23521E-03 0.52415E-06 0.52415E-06 0.14346E-08 0.95868E-02
0.37597E-08 -0.26988E-03 0.26988E-03 0.52327E-06 0.52327E-06 0.13584E-08 0.95284E-02
0.42539E-08 -0.30703E-03 0.30703E-03 0.52236E-06 0.52236E-06 0.12792E-08 0.94658E-02
0.48027E-08 -0.34666E-03 0.34666E-03 0.52136E-06 0.52136E-06 0.11969E-08 0.93991E-02
0.53637E-08 -0.38869E-03 0.38869E-03 0.52032E-06 0.52032E-06 0.11119E-08 0.93282E-02
0.59381E-08 -0.43312E-03 0.43312E-03 0.51924E-06 0.51924E-06 0.10251E-08 0.92530E-02
0.65670E-08 -0.48023E-03 0.48023E-03 0.51807E-06 0.51807E-06 0.93658E-09 0.91736E-02
0.72282E-08 -0.52978E-03 0.52978E-03 0.51684E-06 0.51684E-06 0.84649E-09 0.90900E-02
0.79207E-08 -0.58192E-03 0.58192E-03 0.51555E-06 0.51555E-06 0.75576E-09 0.90020E-02
0.86045E-08 -0.63656E-03 0.63656E-03 0.51424E-06 0.51424E-06 0.66471E-09 0.89097E-02
0.91626E-08 -0.69166E-03 0.69166E-03 0.51304E-06 0.51304E-06 0.57334E-09 0.88129E-02
0.92454E-08 -0.74373E-03 0.74373E-03 0.51231E-06 0.51231E-06 0.48228E-09 0.87118E-02
0.94085E-08 -0.79904E-03 0.79904E-03 0.51152E-06 0.51152E-06 0.39220E-09 0.86063E-02
0.51740E-06 -0.15168E-01 0.15168E-01 0.00000E+00 0.00000E+00 0.36156E-09 0.79340E-02
0.47370E-06 -0.13887E-01 0.13887E-01 0.00000E+00 0.00000E+00 0.26499E-09 0.78033E-02
0.43531E-06 -0.12762E-01 0.12762E-01 0.00000E+00 0.00000E+00 0.17260E-09 0.76780E-02
0.40140E-06 -0.11768E-01 0.11768E-01 0.00000E+00 0.00000E+00 0.84379E-10 0.75577E-02
0.37131E-06 -0.10885E-01 0.10885E-01 0.00000E+00 0.00000E+00 0.00000E+00 0.74421E-02
thermal sw
0.99787684E-02
0.99767819E-02
0.99708186E-02
0.99608758E-02
0.99469516E-02

gas sw
R- STRAIN
0.60893297E-02 0.00000000E+00
0.60889721E-02 -0.14065935E-05
0.60880184E-02 -0.52752312E-05
0.60863495E-02 -0.11492186E-04
0.60839653E-02 -0.20059018E-04

T- STRAIN
0.00000000E+00
0.14065935E-05
0.52752312E-05
0.11492186E-04
0.20059018E-04
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-0.75000088E-06
-0.75000179E-06
-0.74998064E-06
-0.74996206E-06
-0.74995154E-06
-0.74992897E-06
-0.74990584E-06
-0.74988134E-06
-0.74986332E-06
-0.74982381E-06
-0.74979323E-06
-0.74975134E-06
-0.74971751E-06
-0.74967198E-06
-0.74961616E-06
-0.74956915E-06
-0.74952010E-06
-0.74946837E-06
-0.74939618E-06
-0.74925310E-06
-0.74888936E-06
-0.74857377E-06
0.46407879E-06
0.46407879E-06
0.46407879E-06
0.46407879E-06
0.46407879E-06

0.99290414E-02
0.99071357E-02
0.98812282E-02
0.98513067E-02
0.98173637E-02
0.97793825E-02
0.97373510E-02
0.96912533E-02
0.96410699E-02
0.95867841E-02
0.95283734E-02
0.94658183E-02
0.93990918E-02
0.93281707E-02
0.92530288E-02
0.91736373E-02
0.90899644E-02
0.90019815E-02
0.89096548E-02
0.88129481E-02
0.87118261E-02
0.86062541E-02
0.79340395E-02
0.78032664E-02
0.76779625E-02
0.75577036E-02
0.74421167E-02

0.60808659E-02 -0.30979078E-04
0.60770512E-02 -0.44258250E-04
0.60726404E-02 -0.59794795E-04
0.60675144E-02 -0.77725657E-04
0.60616732E-02 -0.98044562E-04
0.60552359E-02 -0.12065170E-03
0.60480833E-02 -0.14567738E-03
0.60402155E-02 -0.17312649E-03
0.60316324E-02 -0.20300492E-03
0.60224533E-02 -0.23521148E-03
0.60125589E-02 -0.26988375E-03
0.60019493E-02 -0.30702696E-03
0.59906244E-02 -0.34666149E-03
0.59787035E-02 -0.38868521E-03
0.59661865E-02 -0.43312323E-03
0.59528351E-02 -0.48022775E-03
0.59388876E-02 -0.52978162E-03
0.59242249E-02 -0.58192341E-03
0.59089661E-02 -0.63655857E-03
0.58952570E-02 -0.69165544E-03
0.58869123E-02 -0.74372545E-03
0.58778524E-02 -0.79904124E-03
0.60893297E-02 -0.15168450E-01
0.60889721E-02 -0.13887207E-01
0.60880184E-02 -0.12761700E-01
0.60863495E-02 -0.11767672E-01
0.60839653E-02 -0.10885419E-01

0.30979078E-04
0.44258250E-04
0.59794795E-04
0.77725657E-04
0.98044562E-04
0.12065170E-03
0.14567738E-03
0.17312649E-03
0.20300492E-03
0.23521148E-03
0.26988375E-03
0.30702696E-03
0.34666149E-03
0.38868521E-03
0.43312323E-03
0.48022775E-03
0.52978162E-03
0.58192341E-03
0.63655857E-03
0.69165544E-03
0.74372545E-03
0.79904124E-03
0.15168450E-01
0.13887207E-01
0.12761700E-01
0.11767672E-01
0.10885419E-01
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서
수행기관 보고서 번호

지

정

위탁기관 보고서 번호

보

양

식
INIS 주제코드

표준 보고서 번호

KAERI/TR-2589/2003
제목/부제 : DIMAC 프로그램 사용자 지침서
이병운 (노심설계기술개발)

주저자 및 부서명
연구자 및 부서명
발 행 지
페 이 지

대

송태영 (핵종변환기반기술개발)

전

발

57 p.

행

기

도

표

관

한국원자력연구소
유(○)

무(

)

발 행 일
크

기

2003년 11월
29 cm

참고사항
비밀여부 공개(○)
연 구 위 탁 기 관

대외비(

)

급 비밀

보고서 종류

기술 보고서

계약번호

초록(15-20줄내외)

DIMAC 은 HYPER 의 정상운전상태 하에서 금속간 분산형핵연료봉의 노내 거동을 모
사하는 전산 프로그램이다. DIMAC 은 정상상태의 운전 조건에서 연료봉 팽윤 및 피복관
변형을 포함한 연료봉의 1 차원적 온도 분포 및 조사/열기계적 특성을 계산한다.
DIMAC 의 연구로용 분산형 연료경험을 바탕으로 개발되었으며, 출력에 따른 변형율
을 분석하기 위하여 온도계산, 스웰링 계산 및 변형 계산 모듈로 구성된다. 또한 UTRU-Zr 연료특성 자료가 불충분하기 때문에 U-TRU-Zr 혹은 TRU-Zr 물성대신에 UPu-Zr 혹은 Pu-Zr 물성치를 사용한다. .
본 보고서는 MACSIS 전산코드의 사용자 지침서로서, DIMAC 코드에 관한 개요, 입
력변수에 관한 설명, 각 subroutine 에 대한 설명, 예제 및 입력자료와 출력결과 등이 기
술되어 있다.
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