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ABSTRACT
A three dimensional neutron kinetic nodal code NLSANMT has been developed based on the
semi-analytical nodal expansion method and nonlinear iteration strategy, and it has been
coupled with the subchannel thermal hydraulic core analysis code COBRA-Ⅳ to form the
integrated code system NLSANMT/COBRA-Ⅳ for PWR core transient analysis. This paper
describes the features and status of the integrated NLSANMT/COBRA- Ⅳ system. A
demonstration application of the NLSANMT/COBRA- Ⅳ code to rod ejection accident
analysis is presented using the OECD NEACRP PWR hot zero power full core rod ejection
benchmark problem. The NLSANMT/COBRA-Ⅳ solution agrees well with the reference
solution, even when one node per assembly and one channel per assembly are used.

1. INTRODUCTION
The accident analysis and safety review of reactor usually require a coupled neutron kinetic
and thermal-hydraulic calculation. For severe core accident analysis the three-dimensional
kinetic model is necessary to obtain the satisfactory transient results. Based on the
semi-analytical nodal expansion method and nonlinear iteration strategy a three-dimensional
neutron kinetic code NLSANMT is developed and coupled with the wide used subchannel
thermal-hydraulic transient analysis code COBRA-Ⅳ to form the integrated NLSANMT/
COBRA-Ⅳ code system for PWR core transient calculations[1-7].
In this paper, the neutron kinetic and mathematical model of the code NLSANMT, the features
and status of the integrated NLSANMT/COBRA-Ⅳ system are described. A demonstration
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application to rod ejection accident analysis is presented using the OECD NEACRP PWR hot
zero power full core rod ejection benchmark problem[8-10]. The NLSANMT/COBRA-Ⅳ
solution shows good agreement with the reference solutions, even one node per assembly and
one channel per assembly are used.

2. NEUTRON KINETIC CODE NLSANMT
In the NLSANMT, an efficient fully implicit scheme is applied for time discretization of
neutron flux equations in combination with directly integration of the delayed neutron
precursor equations over the time interval ∆tn. A variable time-step size is used during the
numerical procedure for decreasing the total amount of time-steps and computing time. The
resulted fixed-source neutron diffusion problem (FSP) is solved by the method based on the
semi-analytical nodal expansion method and nonlinear iteration strategy[1-4].
First, the fully implicit scheme is used for time discretization of neutron flux equations as
∂Φ g (r, t )
∂t

|t

n

=

Φ g (r, t n ) − Φ g (r, t n −1 )
∆t n

(1)

where Φ (r, t n ) is neutron flux at tn.
And then, the delayed neutron precursor equations are integrated over the time interval [tn-1,tn]
assuming a linear dependence of the neutron flux. The result follows as
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where the notations are fairly standard.
Substituting the expression (1) and (2) into the neutron flux equation we obtain the
time-discretized neutron flux equations as
− ∇ ⋅ D g (r, t n )∇Φ g (r, t n ) + Σ tg (r, t n )Φ g (r, t n ) =
G

G

g ' =1

g ' =1

∑ Σ g'g (r, t n )Φ g' (r, t n ) + χ g ∑ νΣ fg' (r, t n )Φ g' (r, t n ) + S g (r, t n )
where
I

χ g = (1 − β)χ pg + ∑ β i χ dgi
i =1

(3)
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and all other notations are very fairly standard.
As a result we have the FSP equations similar to the steady-state neutron diffusion equations.
The nonlinear iteration semi-analytical nodal expansion method is used for solving the FSP
equations. In this method, the surface-average finite-difference neutron current is expressed as
follows
k +1

k +1

k

k

k
k , FDM
k , NOD
J gu
(Φ g − Φ g ) − D gu
(Φ g + Φ g )
+ = − D gu +
+

(4)

k , FDM
k , NOD
denotes the finite-difference coupling coefficient, D gu
is the nonlinear
where D gu
+
+

nodal coupling coefficient[1-4].
Substituting the expression (4) into the nodal neutron balance equation we can obtain the
coarse-mesh finite-difference (CMFD) formulation, which contains the nonlinear nodal
coupling coefficients. By solving the two-node problem at the interfaces of two adjacent nodes
using the semi-analytical nodal expansion method, the nodal surface-average neutron currents
are obtained. Then it is used for determining the nonlinear nodal coupling coefficients by
expression (4). By nonlinear iteration strategy the nonlinear nodal coupling coefficients are
updated iteratively which forces the CMFD equation to yield the high-order nodal method
predicted values.
Solution of the two-node problem is based on the transverse-integrated neutron diffusion
equations of FSP. In the semi-analytical nodal expansion method, the transverse-integrated
neutron flux is expanded over the node into basic functions as
4

k
k
ϕ gu
( u ) = Φ g + ∑ a gui
pi (
k

i =1

2u
)
∆u k

(5)

k

k
where Φ g is the nodal average neutron flux, a gui
is the expansion coefficient, ∆u k is the

nodal width on the u-direction, and {p i ( 2u ∆u k ), i = 0,1,2,3,4,5} is an orthogonal analytical
basic function set as follow
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which results in an efficient algorithm for the solution of the nodal equations for the two-node
problem[1-2].
To the two-node problem, 8G unknowns should be calculated, where G is the number of
neutron energy groups. In order to calculate the 8G unknowns the follwing equations are used:
2G neutron balance equations, 2G first-order and 2G second-order moment-weighting
equations, and 2G equations of the neutron flux and neutron current continuity at the internal
interface between two nodes. Using the orthogonality of basic functions set the initial system
of 8G nodal equations for two-node problem can be reduced to a set of 1G and 2G
equations[1-2].
In NLSANMT the solution of the resulting CMFD equations is performed using traditional
outer and inner iterations. The convergence is accelerated by source extrapolation and
Wielandt method in combination with coarse mesh rebalancing method. At the exterior of
outer iteration a nonlinear iteration is using for updating the nonlinear nodal coupling
coefficients.
Verification of the NLSANMT code has been performed against a series of LWR benchmark
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and test problems[2]. The comparison of numerical results with those of other nodal codes
shows good agreement for all considered transient parameters and confirms its validity,
stability and high efficiency, even using rather coarse spatial and temporal meshes calculation.

3. SUBCHANNEL THERMAL-HYDRAULIC CODE COBRA-Ⅳ
The subchannel thermal hydraulic steady and transient analysis code COBRA-Ⅳ is a well
verified code widely used in nuclear industry, which is the extended version of the COBRAⅢ subchannel analysis code developed at the Pacific Northwest Laboratory[5-7]. The

COBRA-Ⅳ code can compute the flow and enthalpy distributions in nuclear fuel rod bundles
and core for both steady and transient conditions.
In the COBRA-Ⅳ code the two-phase flow is assumed to be incompressible, homogeneous
and thermal-equilibrium, but thermally expandable. The conservation equations for mass,
energy, axial and transverse momentum conservation can be solved by two numerical methods,
implicit method and explicit method. COBRA-Ⅳ is very flexible for modeling reactor core
and fuel assemblies. A flow channel in the COBRA-Ⅳ model can be a subchannel or a
lumped channel representing an entire fuel assembly.
In addition, COBRA- Ⅳ also solves heat conduction equations for nuclear fuel rods to
compute the rod internal temperature distribution and the rod surface heat fluxes, in which the
effects of radial and axial conduction and temperature dependence of thermal conductivity are
considered. The method of Weighted Residuals (MWR) using orthogonal collocation is used
in radial direction and the finite difference method is used for time derivatives and axial space
derivatives.
4. THE COUPLED NLSANMT/COBRA-Ⅳ CODE SYSTEM

NLSANMT and COBRA- Ⅳ

are coupled to form the integrated code system

NLSANMT/COBRA-Ⅳ for PWR core transient analysis through a module for controlling the
data transfer between the two codes. Each one of the two codes is otherwise left intact. The
inputs of the NLSANMT and the COBRA-Ⅳ remain unaffected by the integration, and is
read in only once at the beginning of a case of coupled analysis[2].
In the NLSANMT/COBRA-Ⅳ code, the NLSANMT reactor core model is very flexible that
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an assembly can be divided into a node or some nodes in radial direction. Accordingly each
node is represented as a coolant channel in COBRA-Ⅳ model, but the axial meshing can
differ from NLSANMT. An interface module is used for controlling the data transfer and
interpolation for axial direction between the two codes. On the one hand the module calls the
COBRA- Ⅳ for coolant density, coolant temperature and fuel temperature feedback
calculations during the NLSANMT feedback iterations of a neutronic calculation. On the other
hand the power distribution calculated by NLSANMT is transferred to COBRA- Ⅳ for
thermal-hydraulic calculation. During each time step an iteration calculation between
NLSANMT and COBRA-Ⅳ is performed till power distribution converges and the code
interface can use the COBRA-Ⅳ feedback based on the most updated power distribution.
The coupled NLSANMT/COBRA-Ⅳ code system has been used to simulate rod ejection
accident. As a benchmark application of the coupled NLSANMT/COBRA-Ⅳ code system,
the OECD NEACRP PWR hot zero power full core rod ejection benchmark problem has been
analyzed. The results are presented in the next section.

5. OECD NEACRP PWR ROD EJECTION BENCHMARK
There are six PWR rod ejection benchmark problems documented in ref. 8. All of them have
been calculated by NLSANMT/COBRA-Ⅳ and the numerical results are in good agreement
with the reference solution[2]. Of the six, problem C1, the hot zero power full core case, is
most severe and challenging and is chosen for analysis with NLSANMT/COBRA-Ⅳ. The
PWR core geometry is of the Westinghouse 3-loop core type, with 157 fuel assemblies. The
top and bottom of the active core are covered with 30cm thick axial reflectors. In radial the
core is surrounded by one layer of reflector assemblies, which are of the same size as the fuel
assembly. The ejected rod is located near the core periphery. The initial core power is 2775W.
This benchmark problem makes some simple assumptions on thermal-hydraulic and fuel
temperature modeling. The gap conductivity is assumed constant. The temperature
dependence of material properties is provided through given equations. Rod expansion and
cross flow effects are not considered. A flat power distribution in the fuel rod is assumed. The
clad surface heat transfer model is not specified in ref. 8, but the reference solution assumes
Dittus-Boelter correlation for the heat transfer. All these assumptions can be easily
implemented in COBRA-Ⅳ.
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In our analysis, NLSANMT/COBRA-Ⅳ models the core radially with one node per assembly
and one channel per node. In axial NLSANMT models with 16 unequal nodes over the active
core height and one node for the top and bottom axial reflectors respectively, but COBRA-Ⅳ
models with 80 equal meshes. The time step interval ∆tn used 0.0025 sec time step up to 1 sec,
then switched to 0.02 sec time step up to 2 sec and then switched to 0.2 sec time step up to 5
sec.
The reference solution of this problem was calculated by the PANTHER code provided by
Nuclear Electric. There are two versions of this reference solution, which differ appreciably
from each other. The old reference solution is documented in ref. 9, and the new one is
documented in ref. 10. There are a number of refinements for the new solution. The most
significant effect is from a change of a steam table named “SIBDYM” to another steam table
called “CEGB”. The next more significant effect is from refinements in solving the fuel rod
heat conduction equation.
The results of the steady state calculation for this benchmark problem are compared to the old
and new reference solutions in Table 1. The results of the transient calculation are compared to
the old and new reference solutions in Table 2 and the core average power as a function of time
are plotted in Figure 1. The results show that good agreement with the reference solution is
obtained, even when one node per assembly and one channel per assembly are used. And from
ref. 9 we can know that our numerical results are in the range of results obtained by the other
codes.
Table 1. Comparison of Rod Ejected Steady State Calculations
Rod worth

Power peak

Fuel temp

Solution

Boron(ppm)

Old Ref.

1135.29

953.12

2.1870

286.0

New Ref.

1128.29

949.09

2.1867

-

NLSANMT/COBRA-Ⅳ

1101.50

940.08

2.1872

286.0

(pcm)

Table 2. Comparison of Rod Ejected Transient Calculations

(℃)
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Max

Max

Core

power in

power at

power at

transient

time(s)

5s

Old Ref.

4.7515

0.2675

0.1458

315.88

291.46

New Ref.

4.4112

0.2712

0.1460

315.91

291.53

NLSANMT/COBRA-Ⅳ

4.5021

0.2700

0.1484

317.58

291.50

Solution

Fuel temp
at 5s (℃)

Coolant
temp at 5s
(℃)

Relative Core Average Power

5. 0
4. 0
3. 0
2. 0
1. 0
0. 0
0. 0

0. 2

0. 4
0. 6
Transient Time (sec)

0. 8

1. 0

Figure 1. OECD NEACRP PWR Rod Ejection Benchmark Problem C1

CONCLUSIONS
The three dimensional neutron kinetic nodal code NLSANMT based on the nonlinear iteration
semi-analytical nodal expansion method has been coupled with the subchannel thermal
hydraulic steady and transient analysis code COBRA- Ⅳ to form the integrated code
NLSANMT/COBRA-Ⅳ for PWR core transient analysis. An application of the coupled code
system to the OECD NEACRP PWR hot zero power full core rod ejection benchmark problem
shows that good agreement with the reference solution is obtained, even when one node per
assembly and one channel per assembly are used.
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