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a b s t r a c t

A new task of using the Jacobian-Free-Newton-Krylov (JFNK) method for the PWR core transient sim-
ulations involving neutronics, thermal hydraulics and mechanics is conducted. For the transient scenario
of PWR, normally the Picard iteration of the coupled coarse-mesh nodal equations and parallel channel
TH equations is performed to get the transient solution. In order to solve the coupled equations faster
and more stable, the Newton Krylov (NK) method based on the explicit matrix was studied. However, the
NK method is hard to be extended to the cases with more physics phenomenon coupled, thus the JFNK
based iteration scheme is developed for the nodal method and parallel-channel TH method. The local gap
conductance is sensitive to the gap width and will influence the temperature distribution in the fuel rod
significantly. To further consider the local gap conductance during the transient scenario, a 1D mechanics
model is coupled into the JFNK scheme to account for the fuel thermal expansion effect. To improve the
efficiency, the physics-based precondition and scaling technique are developed for the JFNK iteration.
Numerical tests show good convergence behavior of the iterations and demonstrate the influence of the
fuel thermal expansion effect during the rod ejection problems.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In PWR core transient simulations, multiphysics calculation is
indispensable to resolve the feedback effects between the physical
fields, such as neutronics field and thermal-hydraulics (TH) field.
Normally, the nodal method is employed to solve the neutronics
field and the parallel channel TH method is used to solve the TH
field. The coupled nodal equations and parallel channel TH equa-
tions are solved to obtain the transient solution.

The coupling strategy can be categorized into two manners as
the loosely coupled manner and the tightly coupled manner [1].
When the individual physical fields are loosely coupled, the gov-
erning equations are solved independently by adding an outer
iteration and the feedback terms are transferred between the
physical fields. It is also called as the Picard method. For practical
multi-physics calculations involving neutronics, thermal-
hydraulics and fuel performance, it is usually realized by replac-
ing the heat transfer module in a thermal-hydraulics code with a
more detailed fuel performance code [2e4]. When the physical
).

by Elsevier Korea LLC. This is an
fields are tightly coupled, the field equations are solved simulta-
neously with the Newton-based method. Currently, there are 2 N-
based methods which are the Newton-Krylov (NK) method and the
Jacobian-Free-Newton-Krylov (JFNK) method used for tight
coupling. Tight coupling has a better robustness comparing to the
loose coupling. The previous work of the authors implemented the
Newton-Krylov method to solve the coupled neutronics and
thermal-hydraulics equations [5], which showed good conver-
gence. However, it is indicated that the NK method is hard to be
extended to the cases with more physical fields.

Beside the interactions between the neutronics and thermal-
hydraulics where the Doppler feedback plays the key role, the
thermal and mechanical behavior of the fuel rods also has a great
impact on the important security related parameters in transient
conditions. This is due to the fact that the heat transfer from the fuel
rod to the coolant is dependent on the gap conductance of the
pellet-cladding gap [6]. For coupling calculations involving only the
neutronics and the thermal-hydraulics, a fixed value or an empir-
ical model for the gap conductance is usually adopted. To deter-
mine the gap conductance is a complicated procedure requiring the
knowledge of the thermal and themechanical properties of the fuel
rod and this is usually accomplished by a dedicated fuel perfor-
mance code such as BISON [7], FEMAXI [8], and FRAPCON [9].
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A dedicated fuel performance analysis needs to consider a great
many of physical and chemical phenomena such as swelling,
thermal expansion, fission gas release, creep, irradiation growth,
etc. [10]. But for transient scenario in PWR, the thermal expansion
plays the dominant role for the fuel rod behavior, thus this study
introduces the multiphysics transient calculation with a 1D me-
chanics model to consider the thermal expansion of the fuel pellet
and the fuel cladding. Thermal expansion of the fuel pellet and fuel
cladding will change the gap width, which will in turn lead to a
significant change of the gap conductance. Meanwhile, the het-
erogeneous distribution of the fuel temperature through the core
will lead to a large gap conductance difference at different locations
of the core. These phenomena introduce a strong physical coupling
between the mechanics and fuel temperature through the gap
conductance. As from the neutronics prospective, the deformation
caused by the thermal expansion of the fuel rod will lead to a
reactivity insertion to the reactor core. The reactivity insertion
cannot be ignored in fast reactors (FR) since the deformation of
metallic fuel type is relatively large [11]. For ceramic fuel type in
PWRs, the deformation is so small that its contribution to reactivity
can be neglected [12]. Mechanics and neutronics are still coupled
through fuel temperature, indirectly. As a result, the three physical
fields are still physically coupled with each other.

By far, publications on tight coupling based on Newton-based
methods has mainly focusing on solving the neutronics/TH
coupling problems [13e15]. In this paper, a simple 1D mechanics
model is added to the physical models to account for the defor-
mation of the fuel rod caused by thermal expansion. This me-
chanics model gives adequate capability to resolve the gap width
for the rod ejection transient scenario.

Since the enhanced complexity of the multiphysics nonlinear
system, the partial derivatives, which is required for the NKmethod
to calculate the Jacobian, relating to the gap cannot be derived
directly. This makes the former NK method no longer applicable. In
order to inherit the robustness of the Newton's method, the
Jacobian-Free-Newton-Krylov method [16] is implemented as the
multiphysics solver in this study since the Jacobian is not required
by the JFNK method.

This paper is arranged as follows. In Section 2, the JFNK based
multiphysics method is introduced. In section 3, a PWR rod ejection
case derived from the OECD NEACRP rod ejection benchmark [17] is
performed to analyze the convergence of the Picard, NK and JFNK
methods. Besides, the impact of considering the thermal expansion
effect in multiphysics calculation is analyzed. The last section gives
the conclusion.

2. The JFNK based multiphysics method

In this section, the basic idea of the JFNK method are firstly
introduced. Then, the discrete forms of the physical models that can
be solved by the JFNK method are derived. At last, the imple-
mentation of nonlinear elimination and preconditioning are
introduced.

2.1. The JFNK method

The fundamental of JFNK method is based on Newton's method.
The basic idea of Newton's method is to find the root of a nonlinear
problem with its discrete governing equations written in residual
form FðxÞ ¼ 0. Newton's method's inner iteration level needs to
solve a linear problem for dx,

JFdx¼ � FðxÞ: (1)

where JF is the system Jacobian, dx is the update vector, x is the
solution vector. The linear problem is solved with the GMRES
method [18,19].

The most essential trick of the JFNK method is to approximate
the matrix-vector product by using the finite difference approxi-
mation as shown below:

Jvz
Fðx þ εvÞ � FðxÞ

ε

; (2)

where v is the krylov sub-space vector that has the same length
with x, ε is a scalar parameter called as the finite difference step. As
a result, to implement the JFNK method to solve a nonlinear
problem only requires to calculate the residual function FðxÞ. The
requirement to calculate the Jacobian is never needed.
2.2. The JFNK based nodal and parallel-channel coupling method

The primary task to implement the JFNK method is to get access
to the residual form of the physical field equations. In this section,
the residual form of the nodal method for neutronics field and the
parallel-channel model for the thermal-hydraulics field are intro-
duced. In this section, the terms with superscript n-1 are relate to
the previous time-step. For the terms related to the current time-
step, the superscript of current time-step n is neglected. All the
residual functions are fully implicit derived.

The neutronics model adopts the governing equations from the
non-linear semi-analytical method [20]. It resolves the 3-D neutron
flux in assembly level via the transverse integration technique by
solving a local 2-node problem combining with a neutron balance
equation. The final form of the discrete 2-group neutron balance
equations are shown below:
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where Sx is the cross-sections, F is the node average neutron flux, L
is the leakage term, Seff is the transient fixed source term that only
contains information of the previous time-step, subscripts 1 and 2
denotes the energy group, superscripts k is the node number. The
leakage term is related to the adjacent node where
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DFDM is the equivalent diffusion coefficient. Dnod is the nodal
coupling coefficient (NCC) obtained by solving a local 2-node
problem. The cross sections in the neutronics equations are
related to thermal-hydraulics parameters such as moderator den-
sity, fuel temperature and moderator temperature. Thus, the
equations of the neutronics field is dependent on thermal-
hydraulics condition. The basic unknown for the neutronics field
is the neutron flux f.

The thermal-hydraulics model consists of the flow field and fuel
rod heat transfer field. For the flow field, each assembly is modeled
as an independent channel where energy and momentum ex-
change between the adjacent channels is neglected. Exit pressure
are used as the reference pressure to calculate the water property,
so only the mass equation and the energy equation are needed. The
discrete form of the flow field equations are given below:
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where the A is the channel flow area, Dz is the length of the node in
axial direction, Dt is the time-step size, r is the density, m is the
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mass flow rate, h is the enthalpy, HDB is the Dittus-Boeler heat
transfer coefficient, Pr is the heat perimeter, Tw is the fuel rod
surface temperature, Tb is the flow temperature, subscripts j is the
number of the axial node. The basic unknowns for the flow field is
the mass flow rate m and enthalpy h.

For the fuel rod, a 1D heat conduction model is utilized to
calculate the radial heat transfer where axial and circumference
heat transfer is neglected. The discrete equation of the 1D heat
conduction is shown below:

�
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�
m
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�
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(7)

where r is the fuel rod density, cp is the specific heat, Tm is the rod
temperature at ring m, K is the equivalent heat conduction coeffi-
cient, l ¼1 if the fuel ring belongs to the fuel rod and ¼ 0 if the fuel
ring belongs to the fuel cladding, q000 is the volumetric heat source,
Vm is the volume of the ring. The heat transfer through gap is
described by the gap conductancemodel. As a result, the solution of
heat conduction is dependent on mechanics parameters. The basic
unknown for heat conduction is the fuel temperature at each ring
Tf .

To write the equations of the neutronics and thermal-hydraulics
into their residual form, we can get the coupled nonlinear neu-
tronics and thermal-hydraulics equation set that can be solved by
the JFNK method. The arrangement of the equations are as shown
in Eq. (8).
Based on Eq. (8), the overall matrix representation of the
nonlinear system can be expressed in such form:
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Subscripts S;Dnod; r;m; Tf ; Tb denote that the related matrix or
vector is related to the certain parameters.
2.3. The nonlinear elimination method for the mechanics model in
JFNK

2.3.1. Mechanics model and the gap conductance model
In order to obtain the gap conductance, the primary task for the

mechanics model is to give the gap width and the contact force
between the pellet outer surface and the cladding inner surface.
They are determined by the solution of themechanics field. In static
equilibrium, the momentum conservation is prescribed by,

Vsþ rf ¼ 0; (10)

where s is the stress tensor, r is the density, and f is the body force.
For linear elasticity, the constitutive relations between stress and
strain is prescribed by,

s ¼ C½ε� εth� (11)

where C is the forth order elasticity tensor in which the tensor el-
ements contains material Young's modulus and passion ratio, ε is
the total strain, and εth is the thermal strain. Total stress is in
relation with displacement u through kinematic relations.

Both C and εth are temperature dependent. The basic unknown
for the fuel performance model is the displacement vector u. Thus,
the mechanics solution u is dependent on fuel temperature.

Heat transfer through the pellet-cladding gap has a great impact
on the fuel temperature. In this paper, the gap conductance model
is adopted from the Ross and Stoute's experiments [21]:

hgap ¼hg þ hs; (12)

where the total gap conductance hgap is the sum of the non-contact
gap conductance hg and the contact gap conductance hs.

The expression of the non-contact gap conductance is:

hg ¼ Kg
�
Tg
�

CðR1 þ R2Þ þ ðg1 þ g2Þ þ Dr
; (13)

where Kg is the thermal conductivity of the filling gas, Tg is the
temperature of the filling gas, C is the constant for contact pressure,
R is the surface roughness, g is the temperature jump distance,
subscripts 1 and 2 denotes the pellet side and cladding side,
respectively, and Dr is the gap width.

The expression of the contact gap conductance is:

hs ¼ Km,P
a,H

(14)

where Km ¼ 2K1K2
K1þK2

, K is the thermal conductivity, P is the contact
pressure, a is the average radius of contact part, and H is the
Meyer's hardness of the soft side.

The gap conductance therefore depends on both thermal solu-
tions and mechanics solutions.
2.3.2. The nonlinear elimination method
The purpose of the nonlinear elimination method is to convert

the original problem to an equivalent one. By such an approach, the
solution vector x of the new problem is much shorter comparing to
the original problem [22]. For the multiphysics system containing
neutronics, thermal-hydraulics and mechanics, the original prob-
lem can be represented as:
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2
66664
fneuðxÞ
fflowðxÞ
fheatðxÞ
fmechðxÞ

3
77775 ¼

2
666666664

fneu
�
F;hm; Tf ;u

�
fflow

�
F;hm; Tf ;u

�
fheat

�
F;hm;Tf ;u

�
fmech

�
F;hm; Tf ;u

�

3
777777775
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where FðxÞ represents the residual of the multiphysics system, x ¼
½F;hm;Tf ;u�T is the solution vector, F;hm;Tf ;u represents the
basic unknowns of the neutronics, the thermal-hydraulics and the
mechanics, respectively.

Since the JFNKmethod solves themultiphysics problemdescribed
by Eq. (15) as a monolithic system, the computational burden is
heavily influenced by the total number of the basic unknowns. As a
result, it is desired to use the nonlinear eliminationmethod to reduce
the amount of the basic unknowns during the solving procedure.

Based on the dependencies of the different physical fields, re-
sidual function of the mechanics field fmech is only related to
displacement and fuel temperature. To note that the fuel temper-
ature is part of the thermal-hydraulics basic unknowns, an inde-
pendent mechanics solve under a given fuel temperature can be
represented by the following equation,

u ¼ G
�
Tf
�

(16)

Thus, by substituting Eq. (16) to Eq. (15), there is no need to
evaluate the residual functions of the mechanics field fmech since
the unknowns of displacement u is eliminated. The multiphysics
problem is converted to,

~FðxÞ¼

2
664
fneuðxÞ
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fheatðxÞ

3
775 ¼

2
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�
Tf
��

3
777775 ¼ 0 (17)

By comparing Eq. (15) with Eq. (17), it is not hard to find that ~F is
a smaller problem with the mechanics field been ‘eliminated’. Be-
sides, Eq. (17) has the same form with Eq. (9). As a result, the
computational burden at each of the linear solve for the JFNK
method to perform the finite difference approximation is signifi-
cantly reduced.
2.4. Physics based preconditioning

While utilizing iterative methods to solve a linear problem, the
purpose of preconditioning is to reduce the condition number of
the matrix in order to minimize the iteration number. More
importantly, preconditioning is a must for multiphysics calcula-
tions based on the JFNK method. Fig. 1 shows an example of the
convergence behavior of using the GMRES as the iterative solver for
a multiphysics problem. In the figure, the GMRES without pre-
conditioning case is labeled as GMRES, and the GMRES with pre-
conditioning case is labeled as P-GMRES. The Y axial is the absolute
residual of the GMRES's solution to the Newton inner linear prob-
lem. The GMRES case failed to converge and is stopped when the
iteration number goes to the limit (1500 times). The P-GMRES case
quickly reached convergence criterion with much fewer iterations.
This is because the Jacobian of the multiphysics system is usually



Fig. 1. Preconditioning impact on the convergence behavior in JFNK method.
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ill-conditioned, a ‘brutal’ solve usually cannot handle the problem.
In this study, left preconditioning is used. Left preconditioning

means the preconditioningmatrix is multiplied from the left side of
the Jacobian. By applying left preconditioning, the linear problem
described by Eq. (2) is converted to:

P�1JFdx¼ � P�1FðxÞ; (18)

where P is the preconditioner. For the JFNK method, the finite
difference process to the preconditioned problem becomes:

h
P�1JF

i
v¼P�1½JFv�zP�1Fðx þ εvÞ � FðxÞ

ε

: (19)

Since the Jacobian has never been explicitly built for the JFNK
method, it is more desired that the preconditioner to the Jacobian is
also ‘free’. Physics based preconditioning indicates that the pre-
conditioning process is carried out based on the physical meaning
of the Jacobian. Based on the matrix representation (Eq. (9)), the
matrix representation of the Jacobian is derived as follows:
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(20)

where the coupling terms between the field equations are written
in bracket ½$�. Based on the physical meaning in Eq. (20), the pre-
conditioning matrix can be constructed by keeping the main block
terms and neglecting the coupling terms as follows:

P¼
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0 0
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where,

Pneu ¼ vfneu
vF

¼ NS;
Pth ¼

2
6666664

vfflow
vhm

vfflow
vTf

vfheat
vhm

vfheat
vTf

3
7777775

Introducing ~v ¼ Jfv ¼ ½~vneu; ~vth�T , the preconditioning problem
can be decoupled to two independent problem as:

P�1~v¼P�1
neu~vneu þ P�1

th ~vth (22)

It is easy for the individual neutronics solvers and thermal-
hydraulics solvers to get the inverse of Pneu and Pth. As a result,
by sending the appropriate elements of the matrix vector product
~vneu and ~vth to the related solvers would obtain the preconditioned
vector. Since the preconditioning process is achieved via the
physical meaning of the Jacobian, it is called as the physics-based
preconditioning.
2.5. Scaling

For the elements in the solution vector x (Eq. (9)), there is a large
magnitude of difference due to the elements belong to different
physical fields. This usually leads difficulty to numerical calcula-
tions. Besides, the residual functions of the different physical fields
are proportional to the related elements.

To cope with such issues, scaling is implemented as follows to
‘drag’ the variables to the same level of magnitude.

S�1JS $ S�1dx ¼ S�1F (23)

where S ¼ diagðFn�1;hmn�1;Tf
n�1Þ is the scaling matrix. It uses

the solution of the previous time-step as its diagonal elements. For
convergence check, the scaled residual is used which is




S�1F




2
. In

this paper, it is referred to as the normalized L2 norm.
2.6. Integration the JFNK solver to SCOCONUT

SCOCONUT [5] is a coupling neutronics thermal-hydraulics code
developed at Xi'an Jiaotong University for studying the perfor-
mance of the NK method with the traditional Picard method in
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PWR transient simulations. Unlike the JFNK method, the NK
method requires to explicitly construct the Jacobian. For the neu-
tronics/TH/mechanics problem, the Jacobian cannot be derived for
the NK method since the relations between the field equations are
too complicated. In this study, the mechanics model and the JFNK
method have been integrated into SCOCONUT.

3. Results and analysis

In this section, the performance of the newly developed JFNK
solver is compared with the NK method and the Picard method.
Then, a multiphysics transient problem initiated by rod ejection is
carried out. The impact of considering the thermal expansion effect
in the transient simulations on lumped parameters and local pa-
rameters are analyzed. At last, the performance of the JFNK solver
and the traditional Picard solver to the multiphysics problem is
compared.

3.1. Description of the multiphysics problem

NEACRP PWR Rod Ejection Benchmark [17] problem was pub-
lished in the early 90's to assess the discrepancies between three-
dimensional codes for transient calculations in Light Water
Reactor cores. The benchmark is a well-established benchmark
with detailed information and definition for core geometry,
neutron modeling, macroscopic cross sections and derivatives, and
so on. The original benchmark problem only requires the coupling
calculation of neutronics and thermal-hydraulics with a pre-
Fig. 2. Core configuration of the NE
defined gap conductance hgap ¼ 10000 ðW=m2KÞ. The core
configuration is illustrated in Fig. 2. The benchmark consists of 6
cases labeled as A1, A2, B1, B2, C1 and C2. According to the different
kinds of locations and movements, the control rod assemblies are
divided into 8 groups. For all the cases, the rod ejects from its
original position to maximum during 0.1s and assumed to stuck
outside the core afterwards.

The original B1 case is carried out for evaluating the perfor-
mance of the JFNKmethod. Then, the Hot Zero Power (HZP) C1 case
of the benchmark problem (where the ejected control assembly are
located in 8B) is modified by replacing the heat exchange correla-
tions for the pellet-cladding gap with the Ross and Stoute's gap
conductance model. Thus, beside the neutronics model and the
thermal-hydraulics model, the modified problem requires a me-
chanics model to give the gap width between the pellet-cladding
gap. For clarity, the modified C1 case will be referred to as the
C1-MP case. Readermay refer to Ref. [17] and the references therein
for the detailed description of the benchmark problem.

For the modified problem, the time for control assembly (CA)
ejection is 100 ms. A peripheral CA is ejected at hot zero power
(HZP) and the ejected CA is assumed to be stuck out of the core after
ejection has occurred.

The transient calculation lasts for 6 s. From 0s to 1s is a null
transient where the CA to be ejected remains at its initial position.
The CA ejects at 1s and move to its maximum position at 1.1s. After
then, it stays at its maximum position from 1.1s to 6s.

The rod ejection transient problem is run on laptop with a single
core of Intel® Core™ i5-8250U at 1.6 GHz with 8 GB memory. For
ACRP rod ejection benchmark.



Table 1
Variable time-step scheme.

Time interval Time-step size

0:0s� t � 1:0s Dt ¼ 0:2s
1:0s� t � 2:0s Dt ¼ 0:0025s
2:0s� t � 3:0s Dt ¼ 0:02s
3:0s� t � 6:0s Dt ¼ 0:2s

Table 3
Iteration number of the multiphysics solvers in SCOCONUT for case B1.

Time points/s Iter # of NK solver Iter # JFNK solver Iter # Picard solver

1.1000 24 24 24
1.4500 8 8 102
1.5275 10 9 93
1.7500 9 9 65
2.0000 9 9 44
3.0000 8 8 189
4.0000 12 12 244
5.0000 11 11 352
6.0000 11 11 375
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the original cases and the modified case, a same variable time-step
scheme is applied as shown in Table 1.

3.2. Performance comparison between the NK method and the JFNK
method

The performance of the newly developed JFNK solver in SCO-
CONUT is compared with the NK solver and the Picard solver using
the original benchmark problem case B1. The transient results of
core relative power and core average doppler temperature is shown
in Fig. 3.

The runtime information is illustrated in Table 2. In the table, the
total CPU time of all the time-steps and the major time consump-
tion components to the CPU time are given. For the Picard solver,
the components are the neutronics solver and the TH solver. For the
NK solver, the residual evaluation component indicates the CPU
time to compute the residual functions. The Derivatives component
is the CPU time to calculate the derivatives. The Jacobian compo-
nent is the CPU time to construct the Jacobian. The Newton Inner
iteration component is the time consumption of the GMRES solver
itself. For the JFNK solver, the neutronics solver and the TH solver
Fig. 3. Results

Table 2
CPU time of the multiphysics solvers in SCOCONUT for case B1.

Solver Total CPU time/s Speedup ratio CPU time for the m

Picard 2953 1.0 Neutronics solver
933.4

NK 966 3.1 Residual evaluation
5.0

JFNK 1001 3.0 Residual evaluation
10.0
components indicate the time consumption for the individual
physical solvers to perform the physics-based preconditioning.
Results show that the newly developed JFNK solver has a compa-
rable numerical performance with the NK solver. Both of the
Newton-based solvers outperforms the traditional Picard solver at a
speedup ratio of around 3. This is due to the Picard method usually
requires more iterations to achieve convergence. Table 3 gives the
iteration number of different multiphysics solvers. It is found that
the iteration number of the Picard solver is the most among these
solvers. Fig. 4 shows the convergence history at time points 1.1s and
1.45s,1.5275s and 1.75s. The NK method and the JFNK method has
nearly the same convergence history. For the Picard method, it is
comparable with the Newton-based methods at 1.1s since at that
time point the feedback in the core is still small. After a few seconds
with the power increases and feedback effect becoming stronger,
the iteration number for the Picard method increases significantly.
of case B1.

ajor components/s

TH solver
1902.1

Derivatives Jacobian Newton Inner iteration
19.2 5.6 868.3

Neutronics solver TH solver Newton Inner iteration
200.8 348.6 727.3



Fig. 4. Convergence history at various time points of case B1.

Q. He et al. / Nuclear Engineering and Technology 52 (2020) 258e270 265
3.3. Performance of the multiphysics solver

The performance of the multiphysics solver based on the JFNK
method is evaluated against the traditional Picardmethod based on
the C1-MP case. In the following sections from section 3.4 to section
3.6, the numerical results are all based on the C1-MP case.

In order to see the detailed convergence behavior, a tight cri-
terion of 10�8 is applied. The CPU time information for the solvers is
listed in Table 4. For the JFNK solver, the CPU time to execute the
problem is 3520s. For the Picard method, it takes 11098s. The
overall speedup ratio is around 3.2. The convergence history at 1.3s,
2.0s, 4.0s and 6.0s are displayed in Fig. 5. The convergence behavior
is similar with the previous study in Ref. [5] which shows the strong
convergence ability of Newton based method.
Table 4
CPU time of the multiphysics solvers in SCOCONUT for case C1-MP.

Solver Total CPU time/s Speedup ratio CPU time for the m

Picard 11098 1.0 Neutronics solver
969.9

JFNK 3520 3.2 Residual evaluation
13.1
3.4. Temporal behavior of gap conductance

Since the impact of the mechanics field to the multiphysics
calculations is through the heat transfer between the pellet-
cladding gap, it is informative to know the temporal behavior of
the gap conductance. Fig. 6 (left) shows the core averaged gap
conductance during the transient. The core averaged gap conduc-
tance is calculated based on the formula below:

hgap ¼

P
i
hgap;iDTiAiP
i
DTiAi

(24)

where hgap is the gap conductance, DT is the temperature
ajor components/s

TH solver
8535.0

Neutronics solver TH solver Newton Inner iteration
1016.7 975.8 2859.2



Fig. 5. Convergence history at various time points of case C1-MP.
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difference at the gap, A is the heat transfer area at the gap, subscript
i denotes the location. Both of the results are carried out using the
Ross and Stoute's gap conductance model. The red curve (labeled as
‘wo’ for without mechanics) assumes no deformation exists in fuel
rod and the mechanics modeling is turned off. The gap width Dr is
equal to its initial value during the whole simulation. For this case,
the heat transfer through the pellet-cladding gap only considers the
non-contact heat conductance through the filling gas and the gap
width is constant. The black curve (label as ‘with’ for with me-
chanics) is a true multiphysics calculation involving the mechanics
modeling. Fig. 6 (right) shows the gap width evolution at the
ejected position. The evolution of the gap width change is caused
by thermal expansion.

It is obvious to observe from Fig. 6 that the core averaged gap
conductance for the ‘with’ case is generally larger than the ‘wo’
case. This is caused by the thermal expansion effect that enhanced
heat transfer between the pellet-cladding gap. Another interesting
observation is the change of the core averaged gap conductance.
The core averaged gap conductance changes from nearly 2.8 kW/
m2K to 2.95 kW/m2K for the ‘wo’ case. For the ‘with’ case, it varies
from 3.0 kW/m2K to 3.45kW/m2K. It indicates that the temporal
behavior of gap conductance has a sharper variation under a more
realistic condition. In other words, gap conductance is sensitive to
gap width. The relative change of the core averaged gap conduc-
tance of the ‘with’ case is nearly 14% from minimum to maximum.

3.5. Impact on lumped parameters

In this section, the impact of considering the thermal expansion
effect in multiphysics calculations to the core lumped parameters is
studied. Here the lumped parameters are core relative power and
core average Doppler temperature. Doppler temperature is deter-
mined by the following equation Tdop ¼ aTf ;s þ ð1� aÞTf ;c. Where
Tf ;c is the fuel center temperature, Tf ;s is the fuel surface tempera-
ture, and a ¼ 0:7 is the Doppler coefficient.

With the knowledge of the temporal behavior of the core
averaged gap conductance of the problem, it is known that the
minimum value and the maximum value of the core averaged gap
conductance during the simulation process is 3027 W/m2K and
3450 W/m2K, respectively. Three more cases are carried out by
setting the gap conductance at a fixed value of 3027 W/m2K,
3240 W/m2K, and 3450 W/m2K, respectively. Thus, it is capable to
compare the results of using a whole core averaged gap conduc-
tance against the result of using the real time one.



Fig. 6. The left figure shows the temporal behavior of the core averaged gap conductance. The right figure shows the gap width evolution at the ejected assembly.
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Fig. 7 and Fig. 8 display the evolution history of core relative
power and the core average Doppler temperature. The added cases
are labeled as gapH3027, gapH3240 and gapH3450, respectively.
The curves in Fig. 7 can hardly be distinguished from each other.
This can be explained by the Doppler temperature shown in Fig. 8.
For all the five cases, the difference of the core average Doppler
temperature is less than 4K. This in turn reflects that the difference
of the Doppler feedback is too small to show its influence on
relative power. For the core average Doppler temperature, it should
be noted that the ‘with’ case (black curve) lies among the other
cases.

From these results, it is learned that with a proper core averaged
gap conductance as the input, the impact of a real time mechanics
calculation to the core lumped parameters is small enough to be
neglected under HZP condition. An overestimation of core averaged
gap conductance will lead to an underestimation to the core
Fig. 7. Core relative power evolution history. The subgraph shows the result of the
whole process from 0s to 6s.

Fig. 8. Core average Doppler temperature evolution. The subgraph shows the result of
the whole process from 0s to 6s.
average Doppler temperature and vice versa. Therefore, an ideal
value for the core average gap conductance is likely to be existed
between 3240 W/m2K and 3450 W/m2K that can recover the
lumped results calculated with mechanics model involved in the
multiphysics calculation.
3.6. Impact on local fuel temperature

In this section, the impact of considering the thermal expansion
effect on local fuel temperature is studied.

Fig. 9 and Fig. 10 show the channel averaged Doppler temper-
ature (CADT) and channel maximum Doppler temperature (CMDT),
respectively. In both figures, each column (X direction) corresponds
to the same case. Each row (Y direction) corresponds to the same
time point. The first column (from left to right) regards to the ‘with’
case, the second column regards to the ‘gapH3027’ case, the third
and the forth column regard to the ‘gapH3240’ case and ‘gapH3450’



Fig. 9. Channel average Doppler temperature.

Fig. 10. Channel maximum Doppler temperature.
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Table 5
Maximum channel average Doppler temperature.

Time point with gapH3027 gapH3240 gapH3450

0s 559 559 559 559
1.3s 661 661 661 661
2s 690 698 695 693
6s 700 712 709 705

Table 6
Core maximum Doppler temperature.

Time point with gapH3027 gapH3240 gapH3450

0s 559 559 559 559
1.3s 741 743 743 742
2s 786 802 799 795
6s 800 829 823 817
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case, respectively. Similarly, the rows from bottom to top regard to
time at 0s, 1.3s, 2s, and 6s, respectively. Unlike the lumped pa-
rameters, the discrepancies between the ‘with’ case and the other
three cases is relatively significant and becoming larger as the time
marches.

The detailed data are listed in Table 5 and Table 6. Comparing to
the ‘with’ case, all the other three cases give an overestimation to
CADT and CMDT. Even though the value of the gap conductance for
the ‘gapH3450’ case is overestimated for the lumped parameters
which leads to a lower estimation to the core average Doppler
temperature as shown in Fig. 8, the results of CADT and CMDT are
higher than the ‘with’ case at 5� and 17�, respectively. This is due to
the local Doppler temperature is much higher than the core average
Doppler temperature, which in turn leads to a stronger thermal
expansion. The heterogeneous thermal expansion at different lo-
cations of the core leads to a heterogeneous heat transfer thorough
the pellet-cladding gap. Thus, this leads to a controversy between
the lumped parameters and local parameters to reduce the safety
margin while preserving conservative.

4. Conclusions

In summary, the coupled neutronics, thermal hydraulics (TH)
and mechanics field equations are solved simultaneously using the
Jacobian-Free-Newton-Krylov (JFNK) method for PWR core tran-
sient simulations. The neutronics equations are based on the nodal
method. The TH equations are based on the parallel channel TH
model. The mechanics equations are based on a simple 1D me-
chanics model. The physics-based precondition based on the indi-
vidual physical solvers is implemented to improve efficiency. To
reduce the size of the coupled multiphysics equation set solved by
the JFNK method, the nonlinear elimination technique is used to
eliminate the mechanics field equations. Leveraged from previous
study on Newton-Krylov (NK) method, the mechanics model and
the JFNK multiphysics solver are integrated into a multiphysics
code SCOCONUT.

With the new features in SCOCONUT, the performance of the
JFNK method, the NK method and the Picard method are compared
with each other. It showed that the JFNK method has a similar
convergence history with the NK method since both the methods
are based on the Newton's method. The performance of the newly
developed JFNK solver is comparable with the NK solver for the
neutronics/TH coupled problem. Both of the Newton-based solvers
outperforms the Picard solver with a speedup ratio of around 3. A
PWR rod ejection transient problem considering the fuel rod
thermal expansion is calculated. For this multiphysics problem, the
JFNK solver outperforms the Picard solver with a speedup ratio of
3.2. Results demonstrate that the thermal expansion has a great
impact on gap conductance. The core averaged gap conductance
has a relative change of 14% during the transient process. With the
knowledge of the temporal behavior of the core averaged gap
conductance, the transient simulation is performed with the me-
chanics model excluded by setting the core averaged gap conduc-
tance at its minimum, medium and maximum value, respectively.
For the core local parameters, all the three cases using the core
averaged gap conductance have an overestimation of Doppler
temperature. For the case using the maximum core averaged gap
conductance, the core maximum Doppler temperature is over-
estimated by 17�. Since fuel temperature is one of the key param-
eters in safety analysis, this could potentially lead to an over-
conservative estimation. Therefore, it is important to involve me-
chanics in multiphysics calculations to reduce the safety margin
while maintaining safety. It should be pointed out that the
conclusion of this paper is still limited since only HZP rod ejection
accidents is analyzed. More tests will be carried out in the future.
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