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INTRODUCTION

Coolant Boiling in Rod Arrays–Two Fluid (COBRA-TF),
or CTF1 [1], is a nuclear thermal hydraulic subchannel code
used throughout academia and industry. CTF’s fuel rod model-
ing is originally developed for VIPRE code [2]. Its methodol-
ogy is based on GAPCON [3] and FRAP [4] fuel performance
codes, and material properties are included from MATPRO
handbook [5]. This work focuses on review of CTF’s fuel
rod modeling to address shortcomings in CTF’s temperature
predictions. CTF is compared to FRAPCON which is U.S.
NRC’s steady-state fuel performance code for light-water re-
actor fuel rods. FRAPCON calculates the changes in fuel rod
variables and temperatures including the effects of cladding
hoop strain, cladding oxidation, hydriding, fuel irradiation
swelling, densification, fission gas release and rod internal gas
pressure. It uses fuel, clad and gap material properties from
MATPRO. Additionally, it has its own models for fission gas
release, cladding corrosion and cladding hydrogen pickup. It
allows finite difference or finite element approaches for its
mechanical model.

In this study, FRAPCON-4.0 [6] is used as a reference
fuel performance code. In comparison, Halden Reactor Data
for IFA432 Rod 1 and Rod 3. CTF simulations are performed
in two ways; informing CTF with gap conductance value from
FRAPCON, and using CTF’s dynamic gap conductance model.
First case is chosen to show temperature is predicted correctly
with CTF’s models for thermal and cladding conductivities
once gap conductance is provided. Latter is to review CTF’s
dynamic gap conductance model. These Halden test cases are
selected to be representative of cases with and without any
physical contact between fuel-pellet and clad while reviewing
functionality of CTF’s dynamic gap conductance model. Im-
proving the CTF’s dynamic gap conductance model will allow
prediction of fuel and cladding thermo-mechanical behavior
under irradiation, and better temperature feedbacks from CTF
in transient calculations.

THEORY

CTF employs a finite difference form of the conduction
equation. The difference equations are formulated using the
“heat balance” approach accommodating unequal mesh spac-
ing, material properties, internal resistances, and radial power
profiles. The finite difference nodes of the conduction equa-
tion are modeled as control volumes connected by thermal
resistances. Formed set of linearized equations is solved by
Gaussian elimination. Temperature distribution is obtained in
the fuel rod, and fuel centerline temperature is calculated by

1RDFMG version of COBRA-TF, being developed in conjunction with
ORNL in CASL’s VERA-CS

Hermite interpolation.
The user can either specify constant properties of fuel, gap

and cladding in CTF’s input deck or allow CTF to calculate
fuel thermal conductivity as function of temperature, burnup
and gadolinia content; gap conductance using its dynamic
gap conductance model; and cladding thermal conductivity
as a function of temperature. In this study, main focus is to
review the CTF’s dynamic gap conductance model, which can
be summarized into two categories; thermal and mechanical
aspects of the gap.

Thermal Aspects CTF allows two options for specification
of gap conductance; user-defined gap conductance and dy-
namic calculation of the gap conductance. The dynamic gap
conductance model calculates the gap conductance as a sum-
mation of conduction through the fill gas, solid-solid conduc-
tance through contact, and radiation. The convective heat
transfer in the gap is ignored due to a thin gap approxima-
tion. Surface deformations of fuel pellet and cladding are
encountered in calculation of the gap conductance.

Mechanical Aspects The changes in the gap thickness are
due to fuel and cladding differential thermal and irradiation-
driven expansion and contraction. CTF assumes that the fuel
is centered in the cladding as a perfect cylinder. When there
is a physical contact between fuel pellet and cladding, the
minimum gap thickness is set to a mean surface roughness
value as the surface roughness will maintain a minimum gas
layer. The criterion for the pellet-clad contact is either the gap
thickness is less than 3.6 times the summation of the fuel and
clad inner surface roughnesses or contact pressure is greater
than zero. The gap thickness is calculated mechanistically
including phenomena affecting the gap thickness; fuel and
clad thermal expansions, fuel relocation due to cracking and
elastic deformation of the cladding.

The mechanical properties of UO2 are from MATPRO-11
handbook [5]. Metallurgical and chemical status of the fuel,
gap and cladding is not encountered in CTF. More information
about the dynamic gap conductance model can be found in
CTF’s Theory Manual [1].

VERIFICATION

The aim is to compare predicted result with simple hand-
calculation. CTF is thermal-hydraulic subchannel code, and
provides better prediction of clad outside as a boundary condi-
tion to fuel performance codes. This study verifies that CTF
is capable of calculating the fuel centerline temperature once
all properties are provided to CTF correctly, which could be
through look-up tables.
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A simple case is chosen without any source, viscous dis-
sipation and pressure effect in a single channel. The problem
is steady-state and one-dimensional. A constant linear power
rate is applied along the fuel length. The fuel thermal con-
ductivity and gap heat transfer coefficients are kept constant.
Parameters are perturbed as given in Table I.

TABLE I: Input model parameters.
Symbol Description Unit Value

q� Linear power rate kW/m 5-30
ṁ Inlet mass flow rate kg/s 0.1-0.5
Df Fuel pellet diameter m 0.007-0.009
tg Gap thickness m 0.00002-0.000065
tc Cladding thickness m 0.0002-0.000824
k f Fuel thermal cond. W/m-K 5.0-25.0
hg Gap conductance W/m2-K 1000-4000

Fig. 1 shows the agreement between the analytical results
and CTF predictions. The results are in good agreement. CTF
temperature predictions are in good agreement with analytical
results. The maximum discrepancy is found to be 0.2% in fuel
centerline temperature.

Fig. 1: CTF-predicted temperature vs. analytical temperature

COMPARISON

CTF’s dynamic gap conductance model is tested with
Halden experimental and FRAPCON–4.0 simulation results
for UO2 fuel. First, the gap conductance is specified in CTF
from FRAPCON-4.0 to show temperature profile is predicted
correctly with CTF’s models for thermal and cladding conduc-
tivities. CTF has options for fuel thermal conductivity as a
function of burnup, temperature and gadolinia content. This
feature is recently added to CTF. Then, CTF’s dynamic gap
conductance model is turned on to examine existing status
of CTF’s fuel rod modeling. For the assessment, following
Halden test cases are selected as: IFA432 Rod 1 and Rod 3
through of the reactor’s life (i.e., as a function of burnup).
Those rods are chosen to be representative of test cases with
and without any physical contact between fuel-pellet and clad

while reviewing functionality of CTF’s dynamic gap conduc-
tance model.

CTF Input Model Description Pressure–pressure inlet and
outlet boundary conditions are specified. The mass flow rate is
set to ∼1x10−5 kg/s, which is very near zero. CTF input decks
are created based on the simulated results via FRAPCON-4.0.
The radial power distribution and burnup values are defined in
CTF from FRAPCON-4.0 simulations for the selected Halden
IFA test cases; IFA432 Rod 1 and Rod 3. The specifications
for the test cases are provided in Table II.

TABLE II: Input Specifications for IFA432
Rod
Fuel stack height m 0.579
Coolant pressure MPa 3.448
Fuel
Material UO2

Surface roughness μm 85
Theoretical density % 95.5
Pellet diameter

Rod 1 mm 10.681
Rod 3 mm 10.528

Cladding
Material Zr-2
Outside diameter mm 12.789
Wall thickness mm 0.94
Surface roughness (inner) μm 25
Gap
Fill gas pressure MPa 0.1
Fill gas composition helium

Experimental data are extracted from FRAPCON’s Inte-
gral Assessment Manual [7]. FRAPCON input decks are from
the same manual as well. A burnup dependent fuel thermal
conductivity is used in both codes. Radial power distribution,
linear power rate and burnup are provided to CTF at each time-
step from FRAPCON. Additional simulation specifications
are as:

• CTF with gap conductance from FRAPCON; gap con-
ductance value and rod dimensions from FRAPCON are
provided to CTF at every time-step

• CTF’s dynamic gap conductance model; CTF-predicted
hot-state rod dimensions from previous time-step are
provided to next-time step in CTF

Fig. 2 shows the average linear heat rate (left y-axis) and
burnup (right y-axis) with respect to time for IFA432 Rod 1
and 3. The power history is provided to CTF. The clad outside
(i.e., wall) temperature is set to a constant value in CTF from
FRAPCON-4.0 simulations.

Results Fig. 3 show the measured and predicted fuel cen-
terline temperature predictions at the lower thermocouple po-
sition for IFA432 Rod 1 and 3. Also, CTF–predicted fuel
centerline temperatures are plotted against the FRAPCON-4.0
predicted fuel centerline temperature predictions for the speci-
fied IFA test cases in Fig. 4. CTF simulations are performed
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Fig. 2: Average linear heat rate and burnup vs. time

for two cases when (1) gap conductance values are provided
from FRAPCON-4.0 at each time-step, and (2) CTF’s dy-
namic gap conductance model is turned on. CTF centerline
temperature predictions agree well with the FRAPCON-4.0
for first case, which indicates that CTF calculates fuel and
cladding thermal conductivities correctly. For latter case, CTF
simulations follow the similar trend as FRAPCON-4.0.

The gap conductance is dominated by the fill gas conduc-
tance in these simulations. Fig. 5 shows the fraction of the gap
conductance due to the gas conductance. The effects of the
radiation in the gap conductance is less than 4% for IFA432
Rod 1 and 0.04% for Rod 3. The contact between fuel pellet
and cladding starts after around 400 days in Fig. 5, where CTF
predictions start to deviate significantly from FRAPCON’s
predictions in Fig. 3.

Contact conductance between fuel pellet and clad is de-
fined in terms of material properties and geometry of the
interface. Interfacial pressure between the fuel and clad is
generated by applied displacement, and is computed using the
equilibrium stress, Hook’s Law and the applied displacement.
Main reason for the deviation in Fig. 3 is that FRAPCON has
a more complicated mechanical model than CTF. It calculates
the applied displacements including effects of several physics
such as densification, swelling, relocation, creep etc. as com-
pared to CTF. As an example, the effects of these physics on
overall fuel surface deformation are shown for IFA432 Rod 1
and 3 in Fig. 6. For IFA432 Rod 3, total change in fuel radius
is mainly governed by thermal expansion of the fuel. CTF
takes into account only the effects of thermal expansion and
fuel relocation due to cracking on the fuel radial deformation.
This is why CTF’s predictions are better in Fig. 4 for IFA432
Rod 3 as compared to Rod 1.

CONCLUSIONS

CTF’s dynamic gap conductance model is reviewed. CTF
fuel temperature predictions are compared with FRAPCON-
4.0 predictions for the selected Halden test cases; IFA432 Rod
1 and 3. Those rods are chosen to be representative of test cases
with and without any physical contact between fuel-pellet and
clad while reviewing functionality of CTF’s dynamic gap con-
ductance model. CTF simulations are performed in two ways;

Fig. 3: Measured and predicted fuel centerline temperature for
IFA432 Rod 1 and 3 at lower thermocouple position

informing CTF with gap conductance value from FRAPCON,
and turning on CTF’s dynamic gap conductance model. In the
first case, the CTF’s temperature predictions agree well with
FRAPCON results. This indicates that CTF calculates fuel
and cladding thermal conductivities accurately. For the second
case, the fuel centerline predictions follow similar trends, yet
CTF starts to deviate from FRAPCON significantly. Even ther-
mal aspects of gap conductance in CTF is similar to FRAP-
CON, FRAPCON is superior in calculation of mechanical
changes in gap. This study underlies need for improvement of
mechanical model in CTF’s dynamic gap conductance model.
Improvement of CTF’s model is particularly important for tran-
sient calculations in CASL’s VERA-CS to provide accurate
thermal feedbacks. Methodology to improve CTF’s mechani-
cal model is to add missing deformation models to CTF from
MATPRO or develop new transient low-fidelity models using
high-to-low fidelity modeling approach. In this case, BISON
will be used as the high-fidelity fuel performance code.
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Fig. 4: CTF vs. FRAPCON-4.0 predicted fuel centerline
temperature

Fig. 5: Fraction of the gap conductance due to gas conductance
for IFA432 Rod 1 and 3 based on FRAPCON0-4.0 predictions
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